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1
INTRODUCTION

1.1. THE DOWNSCALING ERA

The continuous strive for miniaturization of electronics and the increased computing

capability, all at an affordable price, are among the driving forces of our societal evo-

lution. As result, the performances of modern high-density and highly functional de-

vices are often severely limited by overheating and insufficient heat management [1, 2].

Therefore, when considering device fabrication and packaging, it is important to select

materials based on their thermal performance. The increasing demand for more inte-

grated functionality and miniaturization of microelectronic systems, is pushing the lim-

its of traditional cooling and packaging approaches [3]. Efficient thermal management

solutions are required at chip level as well as system level. For example, effective heat

dissipation is fundamental in microprocessors and integrated circuits (IC) as in mobile

electronics as well as server farms. Therefore, the thermal management may well be the

major bottleneck of the next electronics revolution [4].

During the last decade, a novel trend driven, not by scaling but by functional di-

versification, to satisfy societal needs is emerging: the More than Moore (MtM) ap-

proach. The major requirement in MtM paradigm is the interaction between an elec-

tronic system and the outside world, interaction that is highly dependent on the appli-

cation envisioned. This implies the heterogeneous co-integration of IC technology with

MEMS/NEMS sensors and actuators to supply non-digital functionalities [5]. Hybrid,

sustainability, (power) consumption reduction have become the mainstream concepts

nowadays. In order to provide multi functionalities and to contain the chip-shrinking

competition, emerging packaging strategies are moving towards the third dimension, in

1
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order to increase the integration density and to shorten interconnecting structures [6].

By stacking multi-chip modules, lower power consumption, reduced signal path length

with footprints comparable to the largest chip involved, can be achieved.

However, the MtM approach has to face an old challenge: efficient heat dissipa-

tion at chip level as well as at system level. No matter if you are approaching the MtM

paradigm with hybrid multi-chip (Figure 1.1 (a)) or system-on-chip solutions (Figure 1.1

(b)), the major bottleneck in both cases will be the overheating of the chips. In fact,

by integrating components diverse in both working principles and performances, un-

balanced power densities and consequently non-uniform temperature distribution (in

time and space domains) arises on the chip. Moreover, during the system operation the

heat is not dissipated effectively through the various chips, producing localized high

temperature regions, known as hot spots. The size of a localized hot spot on a chip may

vary from ∼ 500µm2 up to ∼ 5 mm2 [7]. The chip overheating is a serious source of fail-

ures causing reliability issues and performance degradation.

Figure 1.1: Integration methods adopted to combine MEMS and IC technologies. (a) Multi-chip-solutions are
less complex and flexible compared to (b) the system-on-chip integration. However, the latter has smaller
footprints and it is more robust. Figure adapted with the permission from [8].

Thermal management solutions predominantly promote the heat removal through

one of the heat transfer mechanisms: conduction, convection and radiation. In heat

spreader, thermal interface material (TIM) and thermal vias (TSV), it is fundamental

to employ a material with high thermal conductivity to promote the heat distribution

(Figure 1.2 (a-c)). For heat sink instead, it is required to have adequate surface area of

the fins to uniformly and efficiently distribute the heat to the surrounding air streams

(natural or forced convection as well) (Figure 1.2 (d-e)). High emissivity coatings, sur-

face treatments and paints are widely used in high temperature applications to dissi-
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pate heat through the surrounding by radiation. In this thesis, we study novel nanoscale

material for improved passive cooling approaches, where there is no need to introduce

external energy to enhance the heat transfer as for the active ones.

Figure 1.2: Schematic illustration of some of the conventional chip-cooling techniques. (a) A heat spreader
is used to absorb the heat from the bottom layer and then distribute it uniformly toward the surrounding an
heat sink. (b) A TIM is generally used to reduce the thermal resistance between the heat source and heat sink,
by reducing the interstitial air gaps between the matching parts. (c) TSV interposer allows to conduct the heat
from a die to die. (d) When a large amount of heat has to be dissipated an heat sink is required. It enhances
the heat dissipation by increasing the surface area in contact with the surrounding coolant through fins. A
heat sink can be both an active or passive cooling solution. It is passive (e), when the air flow is not externally
induced. It is active (f), when the air flow is forced mechanically within the system.

1.2. MINIATURIZED THERMAL MANAGEMENT SOLUTIONS

Traditional cooling approaches both active and passive, are reaching their limits in elec-

tronic systems due to physical limitation of the heat transfer capabilities as well as for

complexity and size constrain [9, 10]. However, it is very difficult to re-design a well-

established cooling technique. A more suitable approach it is to overhaul the current

cooling methods by using novel materials. Metals are the materials of choice in most of

the cooling approaches due to their relatively high thermal conductivities and low cost.

However, due to the thickness reduction of both the package and the chip, metal layers

such as aluminum (Al) and copper (Cu), are subjected to an enhancement of electron

scattering phenomenon at the layer surface. This implies a substantial thermal conduc-

tivity reduction compared to the bulk material (as example from 237 W m-1 K-1 to 94 W

m-1 K-1 for bulk Al and 140 nm Al film, respectively) [11, 12].

Nowadays, a viable on-chip cooling solution, besides being effective, has to be sim-

ple to integrate with the whole system and it has to be reliable and mechanically stable.
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The based cooling material needs to exhibit a superior thermal conductivity at small

scale.

Recently, a better understanding of nanomaterial properties and their integration in

microfabrication processes proved to improve heat transfer efficiency, while achieving

non-bulky versions of well-known cooling solution (thermoelectric coolers, microchan-

nel heat sinks, heat spreader, etc.). For example, a fully functional chip-scale thermo-

electric cooler based on nanostructured thin-film has been demonstrated (Figure 1.3

(a)) [13, 14]. In addition, significant enhancement of the heat transfer has been obtained

using silicon nanowire-coated two-phase microchannels (Figure 1.3 (b)) [15]. Lately, the

exploitation of highly flexible ferroelectric ceramic nanowire arrays for wearable cooling

devices has been reported (Figure 1.3 (c)) [16].

Figure 1.3: Lightweight and compact thermal management solution based on nanomaterials: (a) Schematic
of a thin film thermoelectric array and the final device, reprinted with permission from [13]. (b) Two-phase
microchannel liquid cooling technology decorated with Si nanowires to increase the flow boiling heat transfer
( reprinted with permission from [15]). (c) Wearable cooling patch based on ferroelectric nanowire ( reprinted
with permission from [16]).
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1.3. CARBON NANOTUBE BASED ON-CHIP COOLING SOLUTIONS

Since carbon allotropes and their derivatives possess superior thermal properties within

a wide temperature range [17], are inert and have low density [18], carbon-based nanos-

tructured materials appear to be a promising candidates for achieving lightweight and

localized on-chip cooling solution [17]. Therefore, our aim is to scale from nano to a

macrodomain. Applications spanning from heat spreading through graphene layers or

nanocrystalline diamond [19–22], towards carbon nanotubes (CNTs) as thermal inter-

face material (TIM) and heat sinks [23–25] have been reported. In particular, CNT with

its exceptional high axial thermal conductivity ( >3000 W m-1 K-1 for multi-walled tubes)

[26], resulting from the strong sp2 bonds between the constituent carbon (C) atoms, has

attracted the interest of many scientists.

1.3.1. CNT BASED HEAT SINK

Kordás et al. have reported the possibility to achieve a scalable micro-fin structure based

on multi-walled CNTs (Figure 1.4) [25]. The obtained micro-scale heat sink has shown to

have performance comparable to a copper fin design of equal dimensions, thus demon-

strating the effectiveness of the cooling method. Therefore, employing CNT micropins

as cooling elements is advantageous as it can avoid the use of bulky cooling elements,

such as metal blocks and complex fluid-based structures. However, to employ these

structures in commercial applications, several challenges need to be faced. First of all,

higher effective thermal conductivity values of the fins, possibly while decreasing the

CNT growth temperature, should be achieved. Also, it is necessary to increase their me-

chanical stability, to lower the thermal contact resistance between the CNTs and the

substrate and to optimize the geometry and the aspect ratio of the micropins as well as

the density of the CNTs within the fins. All these aspects require the development of

a methodology to evaluate the heat transfer through CNT micropins as well as a deep

understanding of convection and radiation phenomenon that are often neglected.

Figure 1.4: Mounting process of a CNT fin array, made of vertically aligned tubes of 10×10 fin, on top of 1 mm2

surface. Image reprinted with permission from [25].
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1.3.2. CNT BASED TIM
Over the last few years, TIM composed or containing a certain percentage of CNTs have

been investigated by many research groups [12, 27–34]. Most of the TIM layers are made

of short vertically oriented CNT forests (in the order of tens of microns) used as inter-

poser between a die and a heat sink (Figure 1.5). To effectively conduct the heat from

the source toward the heat sink, the CNTs have to reduce the asperities among the two

elements [30–34]. Then, it is of primary importance to minimize the thermal contact

resistance between the CNTs and the two interfaces. To achieve so, a gradual pressure

is applied to the sample to increase the number of CNTs in close contact with the facing

substrates and consequently decreasing the thermal contact resistance [32, 35].

Although in the above-mentioned works, the use of vertically aligned CNTs (VA-CNTs)

for IC cooling is promoted, there are still aspects that discourage their practical applica-

tion. Improved growth conditions or post growth treatments to increase the CNT ther-

mal conductivity are required. Moreover, it is necessary to overcome the lack of a proper

physical contact between the forest tip and the opposite interface. In fact, even when

pressure was applied to the sample, the thermal contact resistance value obtained (in

the order of 10-5 m2 K W-1)[36] were comparable to the magnitude of solid-solid in-

terface without TIM [37]. Therefore, also for TIM based solutions improvements are

desirable.

Figure 1.5: Schematic representation (not to scale) of : (a) Surface roughness at the interface between two
chip; (b) Interface with addition of TIM, required to reduce air gaps and the thermal contact resistance; (c)
TIM made of vertically aligned CNT forest with close up on the direct contact between the tubes and the
substrate. The stripes illustrates the thermal paths through the two substrates.

1.3.3. CNT BASED HEAT SPREADER

Another approach to counteract the localized high heat fluxes is to add extra in plane

thermal paths on the chip. It is fundamental that the material composing the heat

spreader has a high in plane thermal conductivity. Therefore, graphene as 2D layered

material with high thermal conductivity has been extensively studied as heat spreader

[19, 38, 39]. For example, Gao et al. reported an hot spot temperature reduction of

13°C after the introduction of a single layer of graphene [38]. For practical applications

graphene is less attractive since it needs an insulator support layer to be integrated at
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chip level, which causes a thermal performance reduction [40]. An alternative solution

can be provided by simply varying the CNTs orientation from vertically to horizontally

aligned CNTs (HA-CNTs) [41]. By horizontally aligning the CNT it is still possible to take

advantage of the high axial thermal conductivity of nanotubes in plane instead of out-

of-plane as it was the case for the VA-CNTs. A complete thermal investigation on this

novel arrangement is required.

1.4. VA- AND HA- CNTS FOR ON-CHIP THERMAL MANAGE-

MENT
Individual carbon nanotube has shown superior thermal, mechanical, electrical and op-

tical properties. Unfortunately, these excellent properties are difficult to be preserved in

macroscopic applications, and tend to vary with the synthesis method [42]. However, in

order to make a step toward the implementation of CNTs as effective thermal manage-

ment solution for practical applications, it is necessary to go against the “downscaling

trend” and move from nano to macro scale configurations, while enhancing their as-

grown properties.

As already mentioned, other researchers have worked toward the integration of VA-

CNTs as TIM and heat sinks. We strongly believe that the VA-CNT core value is not the

predicted desired high thermal conductivity, whereas it is their high aspect-ratio and

consequently the surface driven heat transfer mechanisms. The most innovative as-

pects of this work are:

• The thermal investigation which takes into account both convection and radia-

tion, while in previous works at least one of the two heat transfer mechanism was

neglected. In particular, we report for the first time the temperature dependence

of the convective heat transfer coefficient of VA-CNT micropins in air.

• A non-destructive in situ characterization method for hierarchical structured nano-

materials, which combines electrical characterization and high-resolution ther-

mographic analysis, was developed. The employed experimental procedure al-

lows to perform the investigations over a broad range of temperatures (294.15-575

K) while preserving the as grown VA-CNT properties.

• The foam-like morphology of VA-CNTs allows the infiltration of conformal coat-

ings within the array, achieving a hybrid composite with enhanced thermal per-

formances. The CNT scaffold concept opens the route toward the application of
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VA-CNT as thermal and electrical interposer.

However, for applications as heat spreading, a VA-CNT structure can be unpracti-

cal. Therefore, HA-CNT sheets are needed. This planar arrangement shows higher ro-

bustness than the VA counterpart, thus increasing the possibility to introduce CNTs in

standard microfabrication processes. Recently, research efforts has been spent in find-

ing the proper technique to achieve HA-CNTs, from the direct synthesis [43–45] toward

horizontal redirection of VA-CNTs by external stimulus [46–52]. The achieved structures

were often investigated in terms of electrical performance. In this thesis we report for

the first time:

• The thermal and electrical characterization of HA-CNT sheets integrated at wafer

scale using standard microfabrication techniques.

• The usage of HA-CNT sheets as scaffold to create reinforced heterostructures, by

varying their morphology through nanocoatings.

• An unprecedented enhancement in electrical conductivity and the possibility to

turn the thermal response of HA-CNT sheets from semiconductor to metallic be-

haviour, through coating infiltration.

• HA-CNT sheets obtained on ZrN, a conductive barrier layer, which has the poten-

tial to reduce both the electrical and thermal contact resistance.

1.5. MOTIVATION AND OUTLINE OF THIS THESIS
The performance of microelectronic and optoelectronic devices is often severely lim-

ited by high temperatures and insufficient heat management. Therefore, when consid-

ering device fabrication and packaging, it is important to select materials based on their

thermal performance. The goal of this research is to investigate and to demonstrate

that CNT arrays can be used as building block for thermal management solutions. The

focus will mostly be on assessing the thermal performance achieved in both VA- and

HA-CNTs, by jointly using MEMS technology and high-resolution thermographic mi-

croscopy analysis.

The initial research problem to be addressed is: Can VA-CNT micropins be used as

localized on-chip cooling solution? The answer to this question required several steps,

addressed in separate chapters:

• What is the thermal behaviour of a CNT configuration? How can it be determined?

(Chapter (3))
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• How to improve the achieved thermal conductivity? Can VA-CNT micropins be

integrated at wafer level? (Chapter (4))

The second research problem is: How can CNTs be used as heat spreader? The answer

at this question is addressed in two parts:

• How can we achieve and optimize HA-CNT sheets on an insulator and conductor

barrier layer? (Chapter (5))

• What are the electrical and thermal performances of the integrated HA-CNT? (Chap-

ter (6))

The thesis is composed of seven chapters and its structure is described below.

Chapter (2) contains a brief introduction on CNT properties, growth methods and char-

acterization. In particular, it serves the purpose of introducing the reader to the CNT

morphological aspects (such as diameter, crystallinity, packing density, etc.) and CNTs

grown on two different support layers, aluminum oxide (Al2O3 ) and zirconium nitride

(ZrN) are compared. Chapter (3) reports on the heat transfer performances of litho-

graphically defined micropins made of VA-CNT nanofoam directly grown on microhot-

plates. The obtained results and the proposed non-destructive characterization method

are discussed in detail. In Chapter (4), we present the thermal conductivity improve-

ment achieved by performing conformal nanocoatings. The successful attempt to inte-

grate amorphous-silicon carbide coated micropins in an epoxy molding compound is

presented. Chapter (5) introduces a spatially programmable folding used to promote

the permutation from VA- to HA-CNT sheets. In Chapter (6), we present the integra-

tion of HA-CNT sheets on multiple device configurations and the electrical and thermal

properties achieved for samples with and without nanocoatings. Chapter (7) summa-

rizes the main results of the thesis and gives recommendations for future work.
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2
CNT SYNTHESIS AND

MORPHOLOGICAL

CHARACTERIZATION

2.1. INTRODUCTION

Carbon nanotubes (CNTs) can be pictured as a graphene sheet rolled-up to form a tube.

Depending on the number of concentric tubes placed one into another a single (SWCNT),

a double (DWCNT) or a multi -walled carbon nanotube (MWCNT) is obtained. It is well

known that single and multi-walled carbon nanotubes possess superior properties at

individual tube level (stated in Table 2.1), namely high electrical and thermal conduc-

tivity [1, 2], high strength and flexibility [3, 4], high aspect ratio and leightweight [5, 6].

These findings have generated a significant interest in the scientific community as the

considerable increase in publications and patents indicates [7]. Recently, the trend is

to create and to engineer a novel class of multiscale macroscopic composite materials,

which include or are based on CNTs such as arrays, sheets, buckypapers and yarns (see

Figure 2.1). Although, these assemblies aim at exploiting the exceptional properties at

macroscopic scale of the as-grown CNT, they often show a remarkable drop (up to sev-

eral orders of magnitude) of the abovementioned properties. This is related to the diffi-

culty in achieving uniform distribution of catalysts, defect-free tubes, an effective inter-

facial bonding between CNTs and substrate, etc. In this chapter the synthesis method

and the growth conditions of high-aspect ratio CNT arrays are briefly described. In par-

ticular, two materials have been selected to be used as barrier layer: Al2O3 and ZrN, in-

15
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Figure 2.1: Macroscopic composite material based on CNTs: (a) nanotube yarn infused with paraffin from [8];
(b) CNT sheet from [9]; (c) high-aspect ratio CNT array (this work); (d) buckypaper from [10].

sulator and conductive layers, respectively. Both materials allow to achieve lithograph-

ically defined high-aspect ratio arrays, while providing CNTs different in both quality

and morphology. Moreover, due to their conductive behaviour, the ZrN can potentially

reduce the interface contact resistance between barrier layer and CNTs. The techniques

employed to characterize the CNTs morphology and physical properties, are briefly in-

troduced throughout the chapter.

Table 2.1: Experimental properties of an individual multi-walled carbon nanotube.

Properties Description Ref.

Thermal conductivity 3000 - 1400 W m-1 K-1 [11, 12]
Electrical conductivity 0.083×105-2×105 S cm-1 [13, 14]
Tensile strength 20 -150 GPa [15, 16]
Young’s modulus 0.9 - 2.4 TPa [15, 17]
Density 1.74 g cm-3 [18, 19]
Thermal stability diameter increase <500°C in air [20]

2.2. CNT SYNTHESIS

To grow CNT, three main ingredients are needed: catalyst nanoparticles, a barrier layer

and a carbon source. The way in which the carbon source is provided distinguishes the

method of CNT production. The main synthesis methods are arch discharge, laser ab-

lation, and chemical vapour deposition (CVD). The arc discharge was the first synthesis

method used by Iijima in 1991 to discover CNTs [21]. From then, research started to ex-

pand in different directions. Both the reproducibility and the scaling up of the carbon
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nanotubes growth were improved by optimizing the synthesis methods [22]. In this the-

sis the low-pressure CVD method is employed for the CNT nucleation, as it is considered

the most viable process for large-scale fabrication and, consequently, economically at-

tractive [23].

When growing CNTs by CVD, the sample loaded into the reactor contains a nano-

sized transition metal layer (such as iron (Fe), nickel (Ni), cobalt (Co) and molybdenum

(Mo)) deposited on top of a barrier layer. The most common barrier layer materials are

Al2O3 and SiO2, which have thermal and chemical stability under the synthesis condi-

tions [22, 24, 25]. When heated up in the reactor, the nanocatalyst layer breaks apart into

small particles to minimize the surface energy, increasing the specific surface area and

providing nucleation template for CNTs growth. After the grinding of the catalyst layer

into small nanoparticles (at temperatures from 500°C to 1100°C), the feedstock, con-

taining a mixture composed by a carrier gas and hydrocarbon precursors (like methane

(CH4) or acetylene (C2H2)), is introduced in the reactor. Ones the gases come in contact

with the catalyst nanoparticles (Figure 2.2 (i)) they dissociate. The carbon is absorbed

by the surface catalyst nanoparticle, leading to the nucleation of a tubular sp2 carbon

structure (Figure 2.2 (ii)), while the hydrogen is released into the reactor [26]. During

the CNT growth the metal particle can be lifted up (tip growth) or pulled down (base

growth), Figure 2.2 (a) and (b), respectively. The collective growth direction and the lat-

eral confinement of a CNT forest is dictated by the packing density of the catalyst parti-

cles and, consequently, to their van der Waals interactions (called crowding effect). By

varying the process temperature, the working pressure, the hydrocarbon concentration,

the pre-treatment of the catalyst layer and the reaction time the CNT characteristics can

be tuned [27].

Figure 2.2: CNT growth mechanisms: (a) tip growth and (b) base growth. Reprinted with permission from[28].
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Meanwhile, different combinations of substrates, barrier layers and catalyst nanopar-

ticles have been investigated aiming at achieving CNTs with higher quality and den-

sity. It is widely recognised that iron (Fe), nickel (Ni) and cobalt (Co) are the three most

promising catalysts for CNT growth [29], which are used in combination with oxide bar-

rier layers. CNTs directly grown on metallic barrier layer present many advantages in ap-

plications that requires low electrical contact resistance such as interconnects [30], su-

percapacitors [31], high power switches [32]. However, to achieve CNT growth on metal-

lic substrate is challenging due to the incompatibility between such substrates and the

catalysts nanoparticles, fundamental requirement for the CNT nucleation [29]. In fact,

the high temperature ( > 500°C) involved in the CVD process promotes the diffusion

of the catalyst into the thin metallic layer, resulting in low or even no CNT nucleation.

Therefore, to overcome the diffusion problem it is common practice to deposit on top

of the metallic substrate a thin layer, usually ceramic, prior the catalyst evaporation. An

exception is represented by the CNT growth achieved on ZrN layers, an alternative only

reported by our research group [33–35].

In this work two different growing recipes will be used for the CNT synthesis asso-

ciated to the different barrier layer used, namely the Al2O3 and the ZrN. The growth

conditions for both layer are almost the same. Therefore, in the following section the

synthesis recipe for the Al2O3 is briefly introduced. Further details for the ZrN can be

found in [35].

2.2.1. GROWTH CONDITIONS

The experiments reported in this thesis are based on CNTs grown using an AIXTRON

Black Magic CVD reactor. The system allows synthesis at wafer scale (up to 4 inch)

and it can operate in LPCVD, the carbon source decomposes when heated, or plasma-

enhanced CVD (PECVD) mode, the carbon source decomposes via plasma irradiation.

In this work the LPCVD mode is used.

The synthesis process starts by loading the sample in the reactor chamber. Later the

chamber is pumped down to < 0.1 mbar and 700 sscm of H2 is introduced. After reaching

the target pressure of 80 mbar, the chamber is heated up to 600°C for 3 minutes to pre-

anneal the sample. During this phase the Fe, used as catalyst layer, is grinded into small

nanoparticles on the support layer (Al2O3 or ZrN). The temperature is then ramped up

to the growth temperature of 650°C and a mixture of 50 sccm of C2H2 is introduced. By

varying the growth time, the CNT array height can be tuned. Once the growth time is

elapsed, the C2H2 and H2 are cut off as well as the heating, and the system is pumped
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down. The insertion into the reactor of N2 defines the start of the purging cycle of the

reactor that lasts until the reactor temperature is below 400°C. After reaching a temper-

ature below 300°C, the system can be vented and the sample taken out.

By using these growing conditions VA-CNTs are obtained, up to 500µm in height. As

mentioned in Chapter (1), we are also interested in achieving HA-CNTs. Although the

direct synthesis of HA-CNTs by CVD process has been reported [36, 37], it is generally

more difficult, less reproducible and the CNT alignment and density is poor. Therefore,

even for achieving horizontally oriented CNT we started from VA-CNTs and then a per-

mutation technique is adopted (see Chapter (6)).

2.3. MORPHOLOGICAL INVESTIGATION OF CNTS

After growing the CNT sample, detailed morphological investigations can be performed

by using various characterization techniques. The scanning electron microscopy (SEM)

allows to observe the shape, dimensions, degree of alignment and density of the CNTs.

To analyse the interior structure of the nanotube, transmission electron microscopy

(TEM) is used. Raman spectroscopy is necessary to gain insights about the nanotube

crystallinity and the effects on it after performing various process steps. Atomic force

microscopy (AFM) provides a better understanding of the interface barrier layer/Fe par-

ticles, and for HA-CNTs allows to determine the sheet thickness and nanotube diameter.

The sessile drop test is used to evaluate the surface energy and the wettability of both

the barrier layers and the CNTs. These techniques are briefly introduced and related to

the study of CNT arrays nucleated on ZrN and Al2O3.

2.3.1. INTERACTION CATALYST/BARRIER LAYER

Atomic force microscopy (AFM) is a non-destructive characterization technique, with

nanometer resolution, used to quantitative characterize the surface morphology of var-

ious materials. This technique consists in scanning the sample surface with the sharp

tip at the end of a cantilever, named probe. Depending on the sample surface, different

scanning modes are available. For our measurements the AFM was operated in semi-

contact mode (also known as tapping mode), in which the probe touches periodically

the surface. This mode is appropriate for fragile or soft samples on hard substrates. Af-

ter performing the scan, the data are post-processed to extract quantitative information

on the surface morphology. The main parameters monitored during our surface topog-

raphy analysis are:
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• RM AX : maximum height of the profile;

• RA : average profile roughness, no distinction between peaks and valleys;

• RQ : root mean square (RMS) roughness, i.e. the square root of the surface rough-

ness profile. It is considered more accurate than RA because is more sensitive to

peaks and valleys;

For more details on all the parameters that can be extracted from the AFM measurement

we refer to [38, 39].

In this thesis, the AFM system (NTEGRA Aura AFM) was primarily employed to quan-

tify the roughness of the barrier layer and the de-wetting of the nanocatalyst layer after

performing the annealing in the reactor. Since the barrier layer plays a vital role both in

promoting the Fe grinding, by confining the catalyst surface migration, and in obtain-

ing VA-CNTs, by achieving a sufficient nanocatalyst particle density, it is fundamental to

have a close look at its surface.

Barrier layer surface roughness

Figure 2.3 illustrates the surface morphology of 30 nm thin layer of Al2O3 and ZrN, with a

scanned area of 500×500 nm2. The RQ equal to 0.3 nm and the RM AX of 2.9 nm indicate

that the Al2O3 barrier layer is very uniform and no spikes are present. On the contrary,

the ZrN barrier layer presents a moderate number of hillocks, the biggest one of 58.4 nm

in height and around 85 nm in diameter. The RQ of the whole scanned area is 4.9 nm,

while by selecting an area with smaller hillocks it drops down to 1.58 nm with a RM AX of

22.6 nm. The data are summarized in Table 2.2.

Catalyst nanoparticles

The sizes of the metal nanoparticles are influenced by the thickness of the deposited

catalyst layer, the activation temperature and the roughness of the two barrier layers

[40]. To observe the catalyst nanoparticle size and distribution an activation step, con-

sisting of annealing the sample in the CVD reactor under H2 flow, is required. In our

experiment the catalyst activation temperature on both the Al2O3 and the ZrN layers

was 495°C. Prior the annealing. the thickness of the evaporated Fe catalyst layer was 1.2

nm and 0.8 nm for the Al2O3 and the ZrN, respectively. When heated, the evaporated Fe

catalyst film de-wets driven by the total surface free energy minimization at the surface-

metal interface, forming arrays of islands [41]. Since most of the oxide layers have a

substantially lower surface free energy than the most common metal nanoparticles, the

de-wetting of catalyst layer is almost naturally induced by the consistent difference in
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Figure 2.3: 3D and 2D images for an area of 500 × 500 nm2 of (a) Al2O3 layer and (b) ZrN layer, both on LPCVD
SiNx . The surface of the 30 nm layer of Al2O3 is uniform with no hillocks. The 30 nm layer of ZrN shows a
moderate number of hillocks with a maximum height of 58.4 nm. The analysis and post processing of the
collected data were performed by using the Nova by NT-MDT and Gwyddion software.

surface energy among them [42]. Both the Al2O3 and the ZrN layers have surface energy

and roughness suitable to achieve uniform distributed Fe nanoparticles. While the de-

wetting of the ultra-thin Fe layers on Al2O3 has been extensively studied [42, 43], here

for the first time the one of the Fe nanoparticles on ZrN are examined. The AFM maps

with the Fe nanoparticles are illustrated in Figure 2.4.
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The Fe nanoparticles are uniformly distributed, confirming their low mobility on the

barrier layer [43]. However, difference in sizes, density and diffusion depth depending

on the barrier layer underneath are presents. The finite radius of the cantilever tip re-

sults in a lateral broadening of the particle scan. Considering that, after the annealing

the nanocatalyst film assumes the resemblance of spherical nanoparticles and their av-

erage diameter can be inferred by their heights. The number of detected Fe particles and

clusters formed on scanned Al2O3 and ZrN area are reported in Table 2.2. The analysis

of the AFM scans and the processed images shows a slight variation of Fe nanoparticle

density with the barrier layer. In particular, the particles on the ZrN are smaller than the

one on the Al2O3. It is worth noting that after the annealing, the topography of the ZrN

with nanoparticles on top does not present hillocks anymore.

The different nanoparticle size achieved on the barrier layers indicates different agglom-

eration rates during the annealing phase [44]. In the most extreme case, if the nanopar-

ticle clusters achieved are too big, this might inhibit the crowding effect and no vertically

aligned CNTs will be obtained.

Figure 2.4: AFM surface images for a 500×500 nm2 area of Fe particles on (a) Al2O3 and (b) ZrN barrier layer.
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2.3.2. PACKING DENSITY AND ALIGNMENT OF CNT ARRAYS

After achieving the CNT growth with the mentioned conditions and barrier layers, the

samples are inspected by SEM. In this thesis a SEM Philips XL50, with an accelerating

voltage at 5 keV, is used to morphologically characterize the CNTs. In particular, the

aspect ratio, the height, the average diameter, the packing density and the degree of

alignment can be determined.

The two SEM images reported in Figure 2.5 are used in combination with a MAT-

LAB® script to estimate the packing density of vertically aligned CNT on ZrN and Al2O3.

The CNTs on Al2O3 show a packing density of ∼112 tubes µm-2 with a 10% variation

among the processed picture, while for the ZrN is ∼68 tubes µm-2 and can vary up to

17%. This shows that Fe on ZrN gives a reasonable tube density but for the employed

growth conditions, it does not reach the stability and density obtained by the combina-

tion Fe/Al2O3. The obtained value variations show the limitation in precisely determine

the packing density by SEM.

The CNTs grown on Al2O3 have a higher degree of alignment in comparison to those

grown on ZrN. Xu et al. have observed a strong correlation between the degree of align-

ment of CNT arrays and the catalyst nanoparticle spacing [45]. The link among the two

aspects has been found in the crowding effect. At low catalyst density the interaction

among neighboring CNTs was minimal (almost absent lateral confinement), producing

tubes with arbitrary directions. On the contrary, at high catalyst density, the interac-

tion among CNT increases (higher lateral confinement), thus orienting the tubes along a

preferential direction, the vertical one, to minimize the interactions. However, our CNT

forests, even if vertically oriented, show waviness and entanglement between neigh-

boring tubes. They can be ascribed to a non-uniform growth rates, due to variation in

Figure 2.5: SEM picture of the vertically aligned CNT arrays growth (a) on Al2O3 and (b)on ZrN. The nanotubes
achieved on the ZrN show a lower degree of alignment and more entangled compared to those on Al2O3. The
scale bar is 500 nm in both pictures.
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catalyst nanoparticle sizes, observed by AFM both ZrN and Al2O3, and van der Waals

interactions being stronger than the crowding effect [46]. The alignment is important

because straighter tubes induce potentially higher thermal, electrical and mechanical

performances.

2.3.3. TUBE DIAMETER AND CRYSTALLINE STRUCTURE

Transmission electron microscopy (TEM) is used to precisely determine the diameter

and the wall numbers that constitute the as-synthesized CNTs, due to its high resolution

(down to few angstroms) compared to most other imaging. The core of a TEM system

is a high-energy beam of electrons focused on a thin cross-section of a sample. The in-

teraction between the electrons and the sample allows to observe the details related to

the latter, like grain boundaries, crystal structure and defects. The samples for TEM are

prepared by drop casting a solution containing carbon nanotubes, detached by their na-

tive substrate by sonication. The close inspection of the internal structure of nanotubes

nucleated on ZrN and Al2O3 are reported in Figure 2.6, and the collected data are sum-

marized in Table 2.3. The carbon nanotubes nucleated on Al2O3 are MWCNTs with wall

numbers varying from 8 to 10. The ZrN sample reports few DWCNTs and a higher quan-

tity of MWCNTs made of 4 walls. The data collected by TEM and AFM show that the

outer diameters of the tubes are equivalent to the size of the activated Fe nanoparti-

cles. This confirms the strong influence that the catalyst size has on the CNT structure.

From other investigations, both samples have a base growth mode, that reveals a strong

adhesion between the metal nanoparticles and the barrier layers [47].

Table 2.3: Summary of the values collected on CNT growth on both barrier layer by SEM and TEM.

CNT parameter Al2O3 ZrN

Packing density 112 tubes µm-2 68 tubes µm-2

MWCNT di n 3.8 ± 0.6 nm 3.5 ± 0.8 nm
MWCNT dout 10 ± 1.2 nm 5.8 ± 0.6 nm
DWCNT di n / 3.8 ± 0.4 nm
DWCNT dout / 4.5 ± 0.3 nm
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Figure 2.6: Low magnification TEM images of CNTs grown on (a) Al2O3 and (b) ZrN barrier layer. The walls,
inner and outer diameters are indicated.

2.3.4. SAMPLE QUALITY ASSESSMENT

Although, the TEM it is the most appropriate technique to investigate the crystal struc-

ture of the CNTs, it is an expensive and time consuming technique that requires experi-

enced operators in handling the system. A valuable alternative for the lab routine and a

non-destructive characterization of the CNT arrays is Raman spectroscopy. The sample

is placed under monochromatic light emitted by a laser, which interacts with molec-

ular vibration in the material causing inelastic scatterings. The scattered light from

the sample is collected by a spectrometer. Only a small portion of the light scattered

varies in energy in comparison to the incident one, underlying the occurrence of inter-

actions between photons and molecular vibrations in the sample. The Raman spectra

are collected with a Renishaw inVia system with a laser wavelength, λ, of 514 nm (green

laser) or a Horiba LabRAM HR Raman spectroscope, with a nitrogen cooled CCD, with

λ of 488 nm (blue laser). The analysis outcome is a graph that reports on the x-axis

the acquisition range (from 0 cm-1 to 3600 cm-1) and on the y-axis the intensity of the

scattered light. The various scattering processes relevant to CNT have been extensively

studied [48–51]. The three main interesting regions in a CNT Raman spectra are the ra-

dial breathing mode (RBM) from 60 cm-1 to 300 cm-1, the first-order region from 1100

cm-1 to 1700 cm-1 and the second-order region from 2400 cm-1 to 3100 cm-1. A typical
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spectrum of a MWCNT sample achieved on Al2O3 whit λ=488 nm is shown in Figure 2.7.

Figure 2.7: (a) Raman intensity versus wavenumber of the MWCNT grown on Al2O3, obtained using incident
laser of λ=488 nm. Spectra normalized to the G peak. (b) First-order band and (c) second-order band. The
dashed lines indicates the fitted spectra.

The first-order band (Figure 2.7 (b)) shows three characteristics peaks related to the

D band ( 1350 cm-1), the G band ( 1580 cm-1) and the D’ band ( 1610 cm-1). The D

band arises from one-phonon scattering process and indicates the sample defects such

as broken sp2 and carbonaceous impurities. The graphitic nature of the MWCNT is re-

flected in the G band. It corresponds to the stretching vibration of C-C bond. When the

G band begin to broaden and consolidate in a single peak it means that contains an in-

creasing number of concentric walls [52].

The second-order band is composed by the overtones and the combination of modes
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of the first-order band (Figure 2.7 (c)) [53]. The G’ band ( 2700 cm-1), also named as 2D,

arises from the two-phonon scattering process and it is an overtone mode of the D band

[54]. Its intensity decreases while the sample crystallinity decreases due to the reduction

of the chance to couple two phonons [55], thus leading to information on the lattice or-

der of the synthetized material. The D+G band ( 2700 cm-1), is defect activated, and is a

combined overtone of the G and the D band. The 2D’ ( 3250 cm-1), is an overtone of the

D’ band.

The low frequency region containing the RBM, originated from a radial coherent

contraction-expansion of the carbon atoms and it is usually not visible in the MWCNT

spectra. In fact, it is detectable only in tubes having diameter as small as < 2 nm, that

are usually SWCNTs. However, we observed low-energy modes in MWCNT as in a few

cases reported in literature (see Figure 2.7 inset) [52, 56, 57]. The RBM frequencies of the

synthesized MWCNTs are in the same range ( 120 cm-1 to 160 cm-1) of the SWCNT ones

detected with the same excitation laser wavelength [56, 58]. Possible explanations of the

observed low-energy modes (LEM) are that the observed modes originates from individ-

ual SWNT contained in the bundle, or good resonance conditions have been achieved.

Further investigations need to be carried out to understand the origin of the observed

peaks.

The most valuable data extracted from Raman spectra are the relative intensity ratios

of the peaks, which are less affected by errors ascribable to both environmental condi-

tion and measurement system. The intensity ratio of D over G band, ID /IG , gives an es-

timation of the number of defect in the tube. The intensity ratios G’ over G band, IG ′/IG ,

and G’ over D band, IG ′/ID , correlate the field emission properties and a more accurate

indication of the CNT quality, respectively [55]. Here we report the comparison between

the intensity ratios of MWCNT arrays synthesized on Al2O3 and ZrN, which is summa-

rized in Table 2.4 and shown in Figure 2.8. A spectra fitting was performed through a

MALTLAB® routine, explained in details in [35], before the band intensity ratio evalua-

tion. In particular, the G-, D-, D’-band peaks were fitted to Laurentzians curves, the T2

with Gaussian curve. The CNTs nucleated on ZrN shows a higher lattice order than for

the Al2O3, has observed by the lower ID /IG ratio.
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Figure 2.8: (Fitted Raman spectra for Al2O3 (in blue) and ZrN (in red).

Table 2.4: Band intensity ratio of the fitted Raman spectra, obtained from MWCNTs grown on Al2O3 and ZrN

Sample ID /IG IG ′/IG IG ′/ID

Al2O3 0.78 0.34 0.42
ZrN 0.59 0.79 1.33

Crystallinity variation over the length of CNTs

Usually, before the acquisition of Raman spectra, the laser is focused on the tip of the

CNT array. However, by acquiring the Raman spectra in different positions along the

array length, in both VA- and HA -CNT samples, a crystallinity variation is observed. In

previous work carried out by our group [59], the crystallinity variation has been high-

lighted through the Raman band ratios versus the position along the VA-CNTs (tip, cen-

tre and bottom). Here we report the intensity ratio-spatial variations of HA-CNTs (Fig-

ure 2.9). For both VA- and HA –CNTs it has been found that the centre has higher quality

than the top and bottom.

The observed quality variation can be attributed to the growth dynamics reported

in Section 2.2.1 and studied in details by Bedewy et al.[60]. In particular, they explained

the evolution and the termination of CNT forest growth in four stages (see Figure 2.10).

During the initial phase of CNTs nucleation, the tube within the array starts to self-align

due to the Van der Waals interactions. In this phase the CNT results more bent and,

as also indicated by our Raman inspection, more defective. The aligned CNTs keep on

growing under steady growth conditions, corresponding to the central region of the for-
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est. Since the gas and the heater are abruptly cut-off after the growing time elapses, the

CNT bundle is subjected to a further morphological variation. In fact, at the bundle tip

the tube self-alignment worsen due to the presence of carbon feedstock leftover, which

induces defects.

Figure 2.9: Raman Spectra showing the crystallinity variations over the length of a HA-CNT sheet (see inset).

Figure 2.10: (A) Schematic illustration of the four stages of a CNT forest growth: self-organization, steady
growth, density decrease, and abrupt self-termination and consequent loss of alignment. High resolution
SEM images showing the tube alignment in different section over the length forest; (B) entangled tips of the
forest; (C) aligned and dense array; (D) packing density decay; (E, F) randomly oriented morphology at the
bottom. Reprinted with permission from [60].
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2.3.5. SURFACE ENERGY OF MATERIALS INVOLVED

The surface energy of the barrier layers and the CNTs plays an important role in the

work explained in this thesis. In fact, since the surface morphology of the barrier lay-

ers and the diffusion of the catalyst ultimately affect the characteristics of the MWCNT

forests (such as packing density, tube diameter, etc.), it is important to investigate the

surface energy of the barrier materials. In addition, to achieve a successful permuta-

tion from VA- to HA-CNTs induced by a liquid, and specifically isopropanol (IPA), it is

rather fundamental to understand the surface energies involved to optimize the flatten-

ing process. The following section is therefore focused on the wettability study of these

two elements: barrier layer and CNTs. To experimentally determine the surface energy

a sessile drop test is used. The sessile drop test is an optical measurement that consists

in dispensing a microliter droplet of a liquid on top of the sample through a needle. The

drop is then captured through a CCD camera and the analysis of its shape allows to opti-

cally measure the contact angle. The system adopted in our lab is a OCA-20 goniometer.

To infer the surface energy, three different models available in the SCA-21 software can

be used to compare the results: the Wu method, the Equation of State (EOS), and the

Owens, Wendt, Rabel and Kaelble method (OWRK), for details we cross-refer to [61].

As observed by the AFM maps, the catalyst nanoparticles de-wet on both barrier layers

(Al2O3 and ZrN) during the annealing phase to minimize the interfacial surface energy.

However, they are different in size and distribution, according to the catalyst thickness

and roughness, and the surface energy of the support layer [62]. As mentioned in Sec-

tion 2.3.1, to promote the catalyst layer grinding its surface energy has to be higher than

the one of the barrier layer [43]. The surface energy of the two barrier layers used in this

thesis was determined by dispensing 5 µL droplets of three solutions: DI water, ethylene

glycol and a mixture of both in equal parts. The surface free energy obtained ranges

from 38.3 mJ m-2 to 44.9 mJ m-2 for the Al2O3 and from 49.8 mJ m-2 to 60.7 mJ m-2 for

the ZrN. The values are close to each other and they are considerably lower than the

Fe surface energy [43], experimentally assessed around 1.72 - 2.12 J m-2. Moreover, at-

tempts were made to capture a sessile drop of IPA on both barrier layers. However, due

to the high wettability of the liquid on both Al2O3 and ZrN on top of the fast evaporation

rate of the IPA at room temperature, it made it impossible to measure. As soon as the

IPA touches the surface, it spreads completely on the surface in the attempt to lower its

surface energy. This reveals a higher surface tension of the substrate compared to the

liquid one. Microliter droplets of DI water and IPA were then dispensed with the same

volume on top of CNT forests grown on the Al2O3 and the ZrN layer (Figure 2.11). The

CNT arrays exhibit high hydrophobicity, as observed by the contact angle formed be-
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tween DI water drop and solid surface (CNT). In particular, contact angle of ∼123°for

CNT arrays grown on ZrN and ∼150°for CNT array grown on Al2O3 have been obtained.

Similar values are reported in literature [63, 64]. However, due to CNT foam-like mor-

phology, the water drop will start to seep into the forest voids as soon as is deposited.

The CNT clustering, due to the slow water spreading, is reported in Appendix (A). The

difference in packing density among the two samples is reflected in the droplet perme-

ation time into the forest, as well as in the contact angle. As observed in Section 2.3.2, the

Al2O3 forest shows higher packing density than the ZrN one, implying smaller voids and

a longer permeation time of the water droplet. The surface energy difference among

the two CNT forests can be mainly attributed to different nano-roughness due to the

voids among nanotubes. A study carried by Zhang and Resasco [65] has showed that the

void space generates nanoscale roughness, thus causing the formation of a higher hy-

drophobic surface. In particular, higher exposed areas due to bigger voids imply higher

hydrophobicity, as can be seen in ZrN forest. For the IPA droplet dispensed on CNTs,

both samples have been found completely wetted by the liquid. This behaviour is ex-

plained in detail in Chapter (5) and it is adopted to permute VA-CNTs into HA-CNTs.

Figure 2.11: Optical image of 5 µL of DI water droplet taken 10 sec after the drop casting on (a) ZrN/CNT and
(b) Al2O3/CNT. (c) 5 µL of IPA on a CNT forest. The highly wettability and the fast evaporation rate of the IPA
make the assessing of the contact angle challenging. The blue line represents the fitted contour.

2.3.6. LAYER THICKNESS

During a microfabrication process it is quite important to determine and to monitor

the thickness of the deposited layers. In this thesis, three techniques have been used to

quantify the layer thicknesses: spectroscopic ellipsometry, contact profilometer and op-

tical reflectometry, depending on the layer to investigate. We briefly introduce the first

two listed techniques, mainly used during the processing and monitoring of the CNTs

and their heterogeneous composite. Spectroscopic ellipsometry is an indirect measure-

ment method that allows to accurately determine the thickness of single or multi-layer



2.4. CONCLUSION

2

33

thin film materials. A light beam with a specified polarization is focused on the sam-

ple. The interaction between the layer and the incident light produces a reflected beam

different in polarization. The polarization variation, calculated by an ellipsometer, is

due to the physical (thickness, crystallinity, composition, roughness, etc.) and optical

properties of the material that constitutes the layer. In this work, a variable angle spec-

troscopic ellipsometry (VASE) was used to characterize the barrier layer thickness, its

variation during etching tests and the achieved coating thicknesses (used in Chapter (4)

and Chapter (6)). The contact profilometer is a direct measurement method of the layer

thickness, consisting of a diamond-tipped stylus that scans the sample recording the

height variation. The stylus is pressed onto the sample surface with a certain force that

can be tuned depending on the substrate hardness. The sample is moved through a mo-

torized stage, following a predefined trajectory. The measurement resolution can vary

from a few nanometers up to hundreds of microns, depending on the step height to

measure. This method is very precise, robust and can be used in routine monitoring to

control the profile and the thickness of the structure on a pre-patterned wafer prior to

the CNT growth (Chapter (5)), or to assess the thickness of the HA-CNT sheet (Chap-

ter (6)).

2.4. CONCLUSION
In conclusion, the growth and characteristics of two sample set comprising CNTs grown

on Al2O3 and ZrN have been studied. ZrN revealed to be a promising candidate as

conductive support layer for the synthesis of high aspect ratio vertically-aligned CNTs.

Compared to the Al2O3, the CNT grown on ZrN show lower packing density and align-

ment (SEM inspection, drop test) but higher degree of crystallinity (Raman spectroscopy),

including not only MWCNTs but also few DWCNTs (TEM inspections). The attempt to

integrate lithographically defined high-aspect ratio CNT structures achieved on this un-

conventional conductive support layer are reported in Chapter (6).

As future work, we suggest to compare the surface topography and roughness of the

reported ZrN with one subjected to an annealing process. Moreover, to study the Fe

nanoparticle diffusion into the ZrN layer, a composition depth profile by using the Auger

electron spectroscopy (AES) needs to be carried out. In fact, depending on the diffusion

depth, the catalytic activity and the CNT growth can be partially inhibited.
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3. THERMAL CHARACTERIZATION OF VA-CNTS USING MICROHOTPLATE AND

THERMOGRAPHIC ANALYSIS

3.1. INTRODUCTION

CNT-based nanofoam materials appear to be a promising candidate for achieving effec-

tive local heat dissipation [1]. However, the outstanding thermal properties only apply

to individual CNTs. When grown in a nanoporous network of vertically aligned CNT ar-

rays, a remarkable drop in thermal conductivity is observed, ranging from 0.1 to 220 W

m-1 K-1 [2]. The main explanation for the significant thermal conductivity reduction, as

compared to single CNTs, is the relative high porosity of the foam-like CNT arrays and

the weak thermal coupling between neighbouring nanotubes in van der Waals contact

[3].

Nevertheless, foam-like VA-CNT arrays exhibit significant advantages. Firstly, they

are one of the few nanoscale materials that can be grown from a bottom-up template,

which is lithographically defined and patterned using a CMOS compatible process. This

makes the material extremely suitable for large-scale integration with microelectronics,

replacing the need for heterogeneous integration and assembly of bulky macro-cooling

solutions, such as heat sinks and fans. Secondly, the material can grow fast (growth

rate of around 20µm min-1 and can span size scales ranging from nanometers to cen-

timeters. Therefore, it is very suitable for creating high-aspect-ratio three-dimensional

(3D) microarchitectures [4]. No other nanoscale material has shown similar capabili-

ties. By combining both lithographically defined patterns and the fast vertical growth,

almost infinite combinations of customized shapes and arrangements can be achieved,

making the CNT nanofoam suitable for fabrication of localized, passive, customized on-

chip cooling solutions, like microfins and pins, arrays and other 3D structures (see Fig-

ure 3.1). The achieved high-aspect ratio foam-like CNT micropins can be grown on top

of free standing membranes [5]. This has highlighted the possibility to take advantage

of the increased surface area, due to the high nanoporosity and high-aspect ratio of the

CNT arrays, to enhance convective and radiative heat dissipation from device towards

the surrounding environment. Thirdly, by combining the nanoporous morphology of

VA-CNTs with different nanoscale conformal coatings, we have the unique opportunity

to control the functionality and tune the material properties [6]. In fact, it has been

demonstrated that by using thin coatings of only a few nanometers, a high elastic re-

covery to the CNT nanofoam can be obtained while maintaining a high compliancy [7].

This makes the nanofoam promising as TIM, replacing the contaminating and difficult

to apply pastes. Moreover, they have great potential to be used as low weight frame-

work for a broad range of applications, from three-dimensional carbon electrodes [8],

to thermo-acoustic transducers [9], to thermo-chromic displays [10], to nanotexturing

for solar cells [11].
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For analysing and predicting microelectronic system performance, it is imperative

Figure 3.1: SEM images showing the customized shape of high-aspect ratio CNT nanofoams defined by
photolithographic patterning of the catalyst particles by lift-off.

that material properties are characterized and optimized. Even though considerable

research efforts have been devoted to characterizing the thermal conductivity of car-

bon based nanomaterials, significantly less attention has been paid to the more com-

plex interaction between gas and nanoporous material which is expressed in terms of

a convective heat transfer coefficient. This coefficient is important as it accounts for a

significant amount of dissipated heat, and should be included for accurate characteriza-

tion of thermal performance. The heat transfer coefficient across the solid-gas interface

and its variation with pressure, has been measured for a single nanowire in a gas envi-

ronment by Cheng et al. [12]. However, no experimental data can be found in literature

discussing the natural convective heat transfer coefficient of foam-like vertically aligned

CNT arrays and its temperature dependency at micron scale. Moreover, thermal inves-

tigations on CNT arrays are often carried out at relatively low temperature (up to 390

K), thus the thermal radiative heat transfer is often negligible [13]. Foam-like CNT ar-

rays have a large surface area to volume ratio. When combined with the almost perfect

black body radiative properties, significant radiative losses at low temperature can be

achieved [14].

In this chapter, we report on the heat dissipative properties of lithographically de-

fined foam-like CNT arrays in vacuum and in the natural convective regime. To perform

these thermal measurements a novel experimental approach was developed combining
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MEMS microhotplates (MHPs), on which the nanofoam materials are grown, with high-

resolution thermographic analysis. Using direct growth of CNTs on the chip, we can

limit contact resistance, facilitate the sample handling and examine more directly the

intrinsic properties of the nanofoam material. Using a MHP device as both the heating

source and as integrated thermal sensor, we characterize under a steady-state tempera-

ture condition several CNT arrays patterned in different configurations. The equivalent

natural convective heat transfer coefficient between solid-air interface (Hc ), the radia-

tive heat transfer coefficient (Hr ad ) and the CNT nanofoam effective thermal conduc-

tivity (ke f f ) over a wide temperature range are quantified. Furthermore, we develop a

3D finite-element model to be used as predictive tool of the thermal behaviour of differ-

ent CNT bundle arrangements, and we estimate the anisotropic thermal conductivity of

CNT nanofoam. This study demonstrates the effectiveness of lithographically defined

CNT nanofoam structures as on-chip cooling solutions for consumer electronics appli-

cations.

3.2. MEMS MICROHOTPLATE AND THERMOGRAPHIC ANALY-

SIS

Performing thermal measurements on nano- and microscale CNT structures is chal-

lenging. Difficulties arise from handling of the material, controlling contributions from

contact resistances as well as lack of an appropriate measurement apparatus with suffi-

cient resolution. To overcome these issues, we developed a measurement approach that

combines a micro-electro-mechanical systems (MEMS) based experimental platform

with high-resolution IR thermographic imaging. This new method provides several ad-

vantages. First of all, the material to be analysed is directly grown on our measurement

device; hence no complex sample handling or further processing is needed. Moreover,

there is no additional contact resistance caused by the assembly of the material on the

measurement apparatus as needed in conventional techniques. Lastly, the MEMS inte-

grated temperature sensor and power controller have a high accuracy because they are

placed within nanometer distance from the material to be analysed. Details about other

experimental characterization techniques can be found in [15].

3.2.1. DEVICE DESIGN

To accurately discern the dissipative contribution of the high-aspect ratio CNT nano-

foam and nanomaterial in general, firstly it is mandatory to conceive a structure that

will confine and direct the heat through the material under test, and secondly that will
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allow to know precisely the in situ temperature value. The mentioned objectives can

be reached by employing a suspended membrane, constituted from a material with a

low thermal conductivity in which a heating element is embedded. The answer to our

requirement is called microhotplate (MHP). The MHP consists of a low-stress 400 nm

thick SiNx square membrane with an area of 1 mm2, in which a platinum (Pt) micro-

heater is integrated, as shown in Figure 3.2. The microheater has a spiral geometry,

which covers a central area of 330µm × 330µm with a metal thickness of 180 nm. On

top of the MHPs high-aspect ratio CNT micropins are then directly grown on lithograph-

ically defined locations.

Figure 3.2: 3D sketch and cross-section of the microhotplate equipped with the VA-CNT micropins. Draw not
on scale.

3.2.2. DEVICE FABRICATION

The device fabrication can be divided in two phases: the MHP fabrication and the CNT

synthesis.

Phase 1: MHP fabrication

The starting material is a single side polished silicon (Si) wafer, with a thickness of 525µm

and 100 mm in diameter. First, a 200 nm thick low stress LPCVD SiNx layer is deposited

to provide electrical insulation. This step is followed by the evaporation of 160 nm of

Pt on an adhesion layer of 20 nm of Tantalum (Ta). A lift-off process is used to pattern

the Ta/Pt layer into a 18µm wide resistive spiral. A second layer of 200 nm of low-stress

LPCVD SiNx is deposited to seal the heater and to create a symmetrical thermal config-

uration. The wafer is then annealed at 1000 °C for 1 hour to stabilize the resistivity of

the metal. The final value of the spiral sheet resistance is 1.76Ω/2. The Pt contact pads

are opened by dry etching of the SiNx to allow electrical characterization of the micro-
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heaters. In order to release the 1×1 mm2 membrane, the backside is patterned and the

Si substrate is removed in a 33 wt% KOH solution at 85°C, using SiNx as hard mask. The

mentioned fabrication steps are summarized in Figure 3.3.

Figure 3.3: Microhotplate fabrication. (a) On a bare Si wafer (b) 200 nm of LPCVD SiNx is deposited. The wafer
is coated with 2µm of negative resist and patterned to define the microheater spiral, and then a layer stack of
Ta/Pt is evaporated on the entire surface. (c) Once performed the lift-off, (d) other 200 nm of LPCVD SiNx is
deposited. After annealing the full wafer, (e) the KOH is performed to release the membrane.

Phase 2: CNT synthesis

After the MHP fabrication a sputtered Al2O3 layer of 10 nm thick and 1.2 nm of Fe are

used as barrier and catalyst layer, respectively ( Figure 3.4). The catalyst islands are de-

fined by coating, exposing and developing 2µm negative photoresist spun on top of the

MHP surface. The as defined wafer underwent the Fe catalyst deposition by e-beam

evaporation, using a CHA Solution evaporator (Figure 3.4 (a-d)). After the metal evap-

oration, a lift-off process is applied by immersing the wafer in a stirred N-Methyl-2-

pyrrolidone (NMP) solution at 85°C for 3 minutes. The lithographically defined catalyst

(Fe) areas with diameters of 20µm or 200µm are now created (Figure 3.4 (e)). The CNT

micropins are grown by CVD at 650°C for 5 minutes (Figure 3.4 (f)). Tests were per-

formed on a wafer containing the same CNT arrangements on both suspended and not

suspended MHPs. No significant difference in CNT growth rate was observed between

the two types of samples, as confirmed by measuring the achieved height after 5 min

synthesis under SEM inspection. This indicates a good uniformity of the heat distribu-

tion in the CVD reactor and the recipe robustness. Details on the fabrication process are

reported in Appendix (B).
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Figure 3.4: CNT growth process on MHP. (a) On a bare microhotplate device (b) 10 nm of Al2O3 barrier layer
was sputtered. The wafer was (c) coated with 2µm of negative resist and patterned. (d) Then 1.2 nm of Fe
catalyst was evaporated on the entire surface. (e) Once performed the lift-off, the stack of all required layer for
the CNT growth was ready. Finally, the sample was loaded on a CVD reactor and (f) the CNTs were grown at
600°C for 5 minutes, to achieve the desired aspect-ratio.

The as-synthetized CNT micropin consists of interlaced MWCNTs held together by

weak van der Waals interactions. As determined by SEM inspection, the MWCNTs have

an average diameter of 9 nm, and are packed with a density of 112 tubes µm-2 result-

ing in a porosity of about 99.3%. These values are in agreement with those reported by

others [7, 16]. The packing density of our foam-like CNT micropin is limited by the rel-

atively large spacing between the iron (Fe) nanoparticles employed as catalyst for the

CVD growth (see Chapter (2)). In Figure 3.5 (b) a close up view of the foam-like mor-

phology of the tip of a CNT micropin is shown. We prepared two different sample con-

figurations: the first configuration consists of a single CNT micropin of 200± 1µm in

diameter and 158±2µm in height (Figure 3.5 (c)). The second configuration consists of

multi-pins where each of the six micropins has a diameter of 20±1µm and a height of

180±4µm (Figure 3.5 (d)).
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Figure 3.5: SEM images of two CNT sample configurations synthetized on top of the suspended MHP. (a)
Optical microscopy image of the MPH. The square highlights the membrane and the circle shows where the
hot spot is created by Joule heating the spiral heater; (b) Tilted SEM image close up of the micropin tip; (c)
Single micropin of 200±1µm in diameter and 158±2µm in height; (d) multi-pin configuration in which each
of the six micropins is 20±1µm in diameter with a height of 180±4µm. The MHP is indicated by a red false
coloration.

3.2.3. ELECTRICAL CHARACTERIZATION

The employed MHP design generates a local hot spot in the centre of the suspended

membrane. The heat produced by Joule heating is dissipated by conduction through

the membrane towards the bulk substrate, and by radiation and convection towards the

surrounding medium. The addition of the CNTs enhances the heat dissipation through

convection and radiation. To quantify the heat dissipated by the as-grown CNT mi-

cropins, electrical measurements were performed in air and in vacuum. The differ-

ence in power dissipated towards the environment is measured by operating the MHP

at equivalent temperatures for the different sample configurations and environmental

conditions.

The dissipated power was acquired in steady-state heat transfer conditions at various

temperatures, ranging from ambient temperature (T∞ = 294.15 K) up to a maximum

temperature Tmax of 575 K. For reference, the measurements were repeated on a MHP

without CNTs. The electrical characterization is performed in a customized stainless

steel chamber equipped with four probe needles connected to an Agilent 4156C Param-

eter Analyzer (Figure 3.6). By connecting the chamber to a vacuum system, the device

was characterized from atmospheric pressure to 1×10−5 mbar, which is the minimum

pressure achievable in the system. All the configurations are measured by supplying a
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step-wise current from 1 mA to 10 mA. The maximum input current is limited by the

breakdown current of the heater, which occurs at around 14 mA. The MHP is used both

as local heat source and as sensing element. For the latter functionality, it is necessary

to first calibrate the Pt spiral heater. The temperature coefficient of resistance (TCR)

obtained is equal to 2500±40 ppm K-1. After recording the voltage drop across the mi-

crohotplate, the resulting resistance is related to the temperature using the measured

TCR value.

Figure 3.6: The electrical characterization is performed loading the MHP in a stainless still vacuum chamber
connected to a vacuum pump and a probe station. (a) Chamber connected to the vacuum pump and a THER-
MOVAC transmitter. (b) Close-up of the interior of the vacuum chamber equipped with four probe needles.

3.2.4. INFRARED MICRO-THERMOGRAPHY

High-resolution thermographic microscopy analysis can be used as an effective method

to extract thermal conductivity of vertically oriented CNT composites [17]. In our case

the experimental IR thermal analysis was performed with a state-of-art system based on

the use of an ultrafast thermo-camera (Figure 3.7) [18]. Before performing IR measure-

ments on CNT configurations, a calibration procedure was performed to compensate

for different material IR emissivity, temperature ranges and lens addition. The calibra-

tion procedure, based on the two point algorithm, is described elsewhere [19]. After the

calibration step, the temperature distribution on the device top surface was recorded at

four different power dissipation levels, when heating the device by Joule heating. The

high-resolution micro-thermography system has a temperature sensitivity of about 1 K

and a spatial resolution of 2.5µm. Figure 3.8 reports the high reliability between the av-

erage temperature measured by both IR thermal analysis and electrical stimulation for

the micropin and multi-pin configurations.
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Figure 3.7: IR setup used to perform the thermal mapping. The sample under test is powered while the map
is recorded.

Figure 3.8: Comparison between temperatures recorded by electrical measurement and high-resolution
micro-thermography for (a) single micropin and (b) multi-pin arrangements. The insets shows the optical
microscopy image of the two configurations.
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3.3. THEORETICAL ANALYSIS
To evaluate the heat transport in a VA-CNT micropin, the governing differential equa-

tion for a pin fin system subjected to appropriate boundary conditions is used [20]. Fig-

ure 3.9 shows a schematic illustration of a single CNT micropin with length L = 180µm

and diameter D = 20µm. As the micropin height L is much larger than the phonon

mean free path (MFP), a diffusive heat transport regime can be applied. The estimated

phonon mean free path in a MWCNT array can be as low as 20 nm due to defect scatter-

ing and intertube coupling [21].

Moreover, the conduction along the CNT micropin is assumed to be one-dimensio-

Figure 3.9: One dimensional heat transfer model along the axial direction of the CNT micropin. The heat
dissipation mechanisms along the pin length (x direction) are shown. The heat conducted through the CNT
array is dissipated by radiation and natural convection. The inset shows the total heat transfer coefficient
HT OT , which includes Hc and Hr ad , as function temperature. The foam-like CNT micropin has a diameter
D = 20µm, a length Lc = L+D/4, a cross sectional area Ac =πD2/4, a fin tip perimeter P =πD and a micropin
surface area As =πDLc

nal because of the high aspect ratio (L À D), hence the radial temperature variation can

be considered negligible compared to the axial variation. The one-dimensional heat

transfer model described above is used to extract the micropin effective conductivity

ke f f , from the measurements. The heat transport analysis in micropin is primarily de-

scribed by Fourier‘s equation [20]:

d 2Ts

d x2 − Hc P

ke f f Ac
(Ts −T∞)− εσP

ke f f Ac
(T 4

s −T 4
∞) = 0 (3.1)
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and it describes the temperature variation along the micropin. With the radiative heat

transfer coefficient expressed as Hr ad = εσ(T 2
s +T 2∞)(Ts +T∞) and by defining HT OT =

Hc +Hr ad , the equation reduces to:

d 2Ts

d x2 − HT OT P

ke f f Ac
(Ts −T∞) = 0 (3.2)

where P is the micropin perimeter (P = πD), ke f f is the effective thermal conductivity

of the CNT nanofoam, and Ac is the cross sectional area of the micropin (Ac = πD2/4),

T∞ is the surrounding temperature. We then simply the notation of the second-order

differential equation by defining m =
√

HT OT P
ke f f Ac

, obtaining:

d 2Ts

d x2 −m2(Ts −T∞) = 0 (3.3)

To solve the second-order differential equation we need to specify two boundary condi-

tions.

The first boundary condition (BC 1) regards the micropin base temperature, Tb , at x=0:

Ts |x=0 = Tb (3.4)

The second boundary condition (BC 2) regards the temperature at micropin tip,Tt i p , for

x=L. There are different assumptions depending on the physical situations, which all

summarized in Table 3.1.

dTs

d x
|x=Lc= 0 (3.5)

Following, we assume an adiabatic tip condition, which means that the temperature

gradient at the tip is zero. In order to take into account the convective and radiative ef-

fects at the micropin tip, a corrected micropin length, Lc = L+D/4, is added.

Considering the above mentioned boundary conditions, the resulting temperature dis-

tribution along the x-direction of the micropin (solution of Equation (3.3)) is written as:

Ts = T∞+ coshm(Lc −x)

coshm(Lc ))
(Tb −T∞) (3.6)

We are interested in extracting from Equation (3.6) the m and then the ke f f . From

the high-resolution IR thermal maps collected at different power regime it is possible to
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determine simultaneously Tt i p and Tb . Therefore, m ke f f are determined as follow:

m = 1

Lc
(arcosh

Tb −T∞
Tt i p −T∞

) (3.7)

ke f f =
4HT OT

m2D
(3.8)

HT OT is evaluated at an average temperature Tav g = (Tsav g +T∞)/2, where Tsav g = (Tb +
Tt i p )/2.

Table 3.1: Boundary conditions (BC 2) at the fin tip [20]. Case A considers the convection and radiation at the
micropin tip to be equal to the conduction along the micropin length; Case B is for adiabatic tip condition;
Case C, corresponds to case B except for a corrected length factor Lc = L +D/4 which takes into account the
heat loss from the tip.

Case Tip condition Temperature at the micropin tip

Case A Hc (Ts −T∞) =−ke f f
dTs
d x |x=L Tt i p = T∞+ Tb−T∞

coshmL+(
HT OT
mke f f

)sinhmL

Case B dTs
d x |x=L= 0 Tt i p = T∞+ Tb−T∞

coshmL

Case C dTs
d x |x=Lc= 0 Tt i p = T∞+ Tb−T∞

coshmLc

3.4. ELECTRO-THERMAL MEASUREMENT PERFORMED IN AIR

AND VACUUM

The measured MHP electric driving power and the temperature of the two configura-

tions in both air and vacuum are shown in Figure 3.10.

In vacuum, all sample configurations show a similar relationship between power

and temperature up to 450 K. At higher temperatures, the microhotplates equipped with

CNT micropins start diverging, dissipating more power for an equivalent temperature,

as compared to the reference sample without CNT structures (Figure 3.10 (a)). This is

due to the additional heat loss through radiation. The radiation heat loss is directly pro-

portional to the surface area As and to the material emissivity ε, consequently the in-

crease of both results in more power being dissipated. The single- and multi-micropin

CNT configuration increase the MHP surface area by respectively 0.163 mm2 and 0.073

mm2. Combined with the high emissivity coefficient of carbon, it explains why in vac-

uum the single micropin configuration dissipates more power compared to the multi-

pin one. In air, the power versus temperature measurements start diverging at a lower
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temperature, namely 350 K, see Figure 3.10 (b). Convective in addition to radiative heat

transfer is now contributing to a better thermal performance for all three sample con-

figurations. However, the addition of the CNT micropins enhances the radiative and

convective heat transfer even further, as shown by the offset in Figure 3.10 (b) with re-

spect to the reference (no CNT) sample, thus reducing the temperature at the center of

the MHP. For a given input power of 30 mW, the single micropin and multi-pin arrange-

ments show a remarkable reduction in the local hot spot temperature of respectively

66±8 K and 28±8 K (Figure 3.10 (c)).

Figure 3.10: (a) Power-temperature characteristics in vacuum and (b) in air of the reference MHP (■), the
MHPs equipped with the multiple micropins (N) and the single micropin (•) configuration. In vacuum, the
multi-pins and the single micropin arrangement require 6.7% and 14.5% additional power to achieve the same
temperature as the reference sample. In air, the power can be increased even further up towards 12% and 31%,
respectively. (c) Relative temperature reduction of the local hot spot for different power regimes.
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In order to estimate the contribution of each heat transfer mechanism involved, we

first calculate the radiative dissipation, Pr ad , using the Stefan-Boltzmann law:

Pr ad (Tav g ) = εσAsT OT (T 4
av g −T 4

∞) (3.9)

where σ is the Stefan-Boltzmann constant (5.67 × 10−8 W m-2 K-4), ε is the effective

emissivity of the surfaces involved, AsT OT is the device surface area, Tav g is the average

temperature measured from the MHP.

The heat transferred by conduction on the entire device, Pcond , is obtained from the

MHP driving power in vacuum Pvac , minus the power dissipated by radiation:

Pcond (Tav g ) = Pvac (Tav g )−Pr ad (Tav g ) (3.10)

The convective heat transfer Pconv , is obtained by subtracting the MHP driving power

in air Pai r , and the input power in vacuum:

Pconv (Tav g ) = Pai r (Tav g )−Pvac (Tav g ) (3.11)

In Figure 3.11 the power versus temperature of conduction, convection and radiation is

reported for the investigated sample configurations. It is interesting to observe that for a

given temperature, the power dissipated by conduction through the membrane is lower

for the reference MHP than for the MHP with integrated CNT micropins (Figure 3.11(a)).

This is because more power is dissipated by radiation and convection through the CNT

micropins, as shown in Figure 3.11 (b-c). We also notice that the power dissipated by

radiation increases upon the integration of the micropins. At Tmax = 575 K, the increase

in radiative dissipated power for the multi- and single micropin corresponds to about

106% and 161%, respectively. The power dissipated by convection increases less signif-

icantly with respect to the reference hotplate, 20% and 44%, respectively. In all cases

the power is mainly dissipated by natural convection. This is shown in Table 3.2, where

the relative power dissipated through conduction, radiation and convection at Tmax is

reported.
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Figure 3.11: Measured power-temperature characteristics of the microhotplate showing the distribution of
power dissipated in air by (a) conduction, (b) radiation and (c) convection for all sample configurations.

Table 3.2: Relative power dissipated by the reference and both CNT nanofoam configurations at Tmax = 575
K in air. For all the configurations the convective contribution is the most significant. The decrease in the
conductive contribute due to the CNT insertions is also visible.

Sample Power (mW) Conduction (%) Radiation (%) Convection (%)

Reference MHP 21.25 28.1 1.7 70.2
Multi-pin 23.71 21.9 2.8 75.3
Single micropin 27.63 16.4 5.8 77.8

In the following subsections we further explore the VA-CNT thermal properties in

terms of the natural convective heat transfer coefficient Hc , radiative heat transfer coef-

ficient Hr ad and effective thermal conductivity ke f f .



3.4. ELECTRO-THERMAL MEASUREMENT PERFORMED IN AIR AND VACUUM

3

55

3.4.1. NATURAL CONVECTIVE HEAT TRANSFER COEFFICIENT

Convective heat dissipation is an important factor that influences the overall thermal

behaviour of the MHP and nanofoam material. The temperature dependence of the

natural convective heat transfer coefficient Hc is defined by [22]:

Hc (∆T ) = Pconv (Tav g )

(Tav g −T∞)
AsT OT (3.12)

where ∆T = (Tav g −T∞). Figure 3.11 (a) shows the dependency of Hc on temperature.

For the single micropin configuration Hc increases from 179 W m-2 K-1 to 241 W m-2

K-1, when ∆T is increased from 30 K to 280 K. In the same temperature range, the Hc

for the multi-pin configuration increases from 167 W m-2 K-1 to 222 W m-2 K-1. The

achieved values for the heat transfer coefficients are much higher than those recorded at

the macroscale, which typically range between 2 and 25 W m-2 K-1 in gases. Therefore, at

micrometer scale, the natural convection is subjected to a considerable enhancement.

The increased value of Hc is an indication of the influence of surface effects, such as in-

creased surface area (due to nanoporosity), surface friction, surface roughness, surface

geometry on the flow and heat transfer at micro- and nanometer scale [23]. A simi-

lar enhancement has been recorded for cylinders and plates with characteristic length

around 100 µm [24]. The main requirements to dissipate heat trough natural convec-

tion are the presence of a fluid that change density when heated up and there must be a

gravitational field, producing a fluid motion. To better understand the nature of the Hc

enhancement we performed a simple tests: we recorded the power-temperature char-

acteristics of a MHP positioned horizontally or vertically. No significant influence has

been identified by varying the sample orientation in the gravitational field. In particular,

the change in operational power to maintain the MHP at a constant temperature, with

regards to vertical or horizontal orientation, was less than 1%. This suggests that the

heat-to-air transfer mechanism is dominated by the conduction between the heated

solid interface and the air molecules, whereas the natural convective motion is negli-

gible. To vision what happen at the interface VA-CNT/air due to the density gradient, a

sketch of an horizontal cylinder in free air is reported in Figure 3.12. Two regions are cre-

ated: a non-continuum and a continuum region. In the non-continuum region the heat

transfer is dominated by absorbtion and desorption and/or scattering of air molecules

with the CNT surface. It can be identified as the conduction region, and it extends for

several free paths [25]. The second region is the continuum one, dominated by the tra-

ditional free convection and radiation heat transfers.
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Figure 3.12: Heat transfer phenomena in the non-continuum region. Gas molecules such as O2, N2 and H2O
can be scattered (green arrow) or either absorbed and desorbed (violet arrow) at the CNT surface.

The above mentioned scenario, it has been experimentally demonstrated by study-

ing the heat loss by natural convection from electrically heated microfilaments, where

the heat was mainly transferred through air conduction rather than through air con-

vection [26, 27]. In particular, it has been reported that the conductive contribution

to Hc was almost ten times higher than the convective contribution. Therefore, Hc at

micro and nanoscale can be considered as an equivalent convective heat transfer coef-

ficient. It includes both the natural convection and conduction to surrounding air, with

the latter as dominant heat dissipation mechanism. Our results as well as the literature

demonstrate that a more complex interaction between heat exchange of microstruc-

tures, nanofoam materials and the surrounding fluid is present.

3.4.2. RADIATIVE HEAT TRANSFER COEFFICIENT

The radiative heat transfer coefficient Hr ad and its temperature dependency are deter-

mined by:

Hr ad (∆T ) = εσ(T 2
s +T 2

∞)(Ts +T∞) (3.13)

To precisely quantify the radiative contribution, the ε of the MHP and the CNTs is mea-

sured by high-resolution IR thermal microscopy. The ε of the CNT nanofoam is 0.95,

which is very close to that of a black body; while the ε of the MHP is only about 0.22.

Figure 3.11 (b) shows the obtained Hr ad trends for both CNT micropin arrangements.

For the single micropin configuration Hr ad increases from 2.7 W m-2 K-1 to 9.2 W m-2 K-1

when ∆T is increased from 30 K to 280 K. For the multi-pin, Hr ad goes from 2.4 W m-2

K-1 to 8.0 W m-2 K-1 for the same temperature range. As expected, the radiative emission

increases with both temperature and emitting area.
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Figure 3.13: (a) Convective heat transfer coefficient (Hc ) and (b) radiative heat transfer coefficient (Hr ad )
extracted from the electrical measurement performed on the device equipped with the single micropin and
the multi-pin. The uncertainty in the experimental data was calculated applying the method developed by
Kline and McClintock [28]

For calculating both Pr ad and Hc the VA-CNT surface area is considered without

nanoporosity based on the following assumptions. As reported in [29, 30] for the calcu-

lation of the radiative heat, it is reasonable to assume that the inner CNTs do not radiate

as they are surrounded by many other neighboring tubes at the same temperature.

To calculate the Hc we consider the surface area without nanoporosity, as it is very diffi-

cult to accurately quantify the effective surface area in contact with the air flow. Specific

porosity studies, like nitrogen absorption-desorption needs to be carried out in order
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to know the value of the surface area involved into the natural convective heat transfer.

However, a study on the penetration depth of the air flow in a CNT bundle was carried by

Hu et al. [31]. By using molecular dynamics simulations, they found that to have air flow

passing through CNT arrays, made of perfectly aligned tubes, at atmospheric pressure

and a flow velocity of 5 m/s (typical velocity of an electrical fun) the maximum number

of nanotubes in a row is limited to 400 tubes in series. This implies that the air molecules

can effectively penetrate inside perfectly aligned CNT, with no overlap among them, for

∼ 10µm at 5 m/s flow velocity. In our case, we have densely overlapped CNT matrix, so

the air flow penetration most likely is even less.

However, it is important to remember that Hc is not only dependent on the exposed sur-

face area but also on the temperature variation (∆T), the material morphology and the

shape factor of the entire configuration.

3.4.3. EFFECTIVE AND INDIVIDUAL THERMAL CONDUCTIVITY

The effective thermal conductivity ke f f of a micropin extracted from the multi-pin ar-

rangement can be determined by using the one-dimensional heat transfer model cou-

pled with high-resolution IR thermal maps (Figure 3.14). Equation 3.6, can be solved

for ke f f by extracting the base temperature, Tb , and tip temperature, Tt i p , of each mi-

cropin from the obtained thermal mapping. The measured thermal conductivity ke f f

is averaged over the six VA-CNTs constituting the multi-pin configuration. By power-

ing the MHP while recording the emitted infrared radiation, it is possible to determine

the spatial temperature distribution and consequently the corresponding temperature

dependency of ke f f over a broad temperature range, from room temperature up to 510

K.

Figure 3.14: High-resolution thermographic microscopy analysis of the microhotplate with multi-pin config-
uration. Three IR thermal maps for three different input currents are shown: (a) 5 mA, (b) 6 mA, (c) 7 mA, to
determine ke f f as function of the average system temperature.

Figure 3.15 (a) shows the obtained ke f f as a function of temperature. The CNT nano-

foam ke f f increases gradually when the temperature increases, reaching about 2.18 ±
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0.04 W m-1 K-1 at 510 K. The effective thermal conductivity ke f f increases 39.1% over

a temperature range of 369 K to 406 K. Above 406 K the nanofoam showed a reduced

conductivity increase rates equal to 25.6% and down 19.5% at 406-450K and at 450-510

K, respectively. The ke f f increasing rate change is caused by the competition between

the various phonon-scattering processes triggered by temperature variation. In CNT

nanofoam, we observed a continuous increase of the thermal conductivity, also above

the typical peak temperature of individual CNTs [32]. It likely reveals a dominance of

point defect and grain boundary scatterings over Umklapp scattering even at high tem-

perature. The temperature dependence of the MWCNT array thermal conductivity has

been reported at different temperature ranges 5-390 K [29], at 10-300 K [33] and at 300-

830 K [30]. In order to investigate ke f f as a function of temperature, the cited work

employed complex post-growth process and experimental techniques, which can affect

the CNT quality and adds a potential source of error and uncertainty during the mea-

surement phase. For example, suspending a CNT rope between two copper electrodes is

a manually intensive procedure [30, 33], and when successful, infiltration of the contact

material into the CNT arrays can influence the achieved result [29]. Our non-destructive

thermal transport measurement, allows the direct characterization of nano- and micro-

scale materials for a large temperature range. Furthermore, no sample handling is re-

quired when the materials can be grown bottom-up in predefined locations on the mi-

crohotplate.

The thermal conductivity of an individual MWCNT in vertically aligned arrays, kC N T ,

can be estimated by correlating ke f f with the number of CNTs per unit area (NC N T /

Aar r ay ) and the average cross sectional area of a single nanotube (AC N T ) [34]:

ke f f = kC N T AC N T
NC N T

Aar r ay
(3.14)

Figure 3.15 (b) reports the obtained kC N T considering a nanotube average diameter of 9

nm. At the lowest investigated temperature kC N T is about 136 W m-1 K-1. The estimated

value is affected by uncertainties in defining the CNT packing density within the CNT

nanofoam.
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Figure 3.15: (a) Temperature dependence of the effective thermal conductivity of a foam-like CNT mi-
cropin.(b) Temperature dependence of the estimated individual CNT thermal conductivity. ke f f ∼0.007
kC N T .

Both kC N T and ke f f are orders of magnitude lower than the experimental value of

individual MWCNT (3000 - 1400 W m-1 K-1). The quality of the CNTs, which typically de-

pends on the growth method, is the main factor influencing the intrinsic thermal con-

ductivity. The Raman spectra of the CNTs samples show an ID /IG ratio equal to 0.93,

revealing a low crystallinity degree within the CNTs nanofoam. It is well known that,

in comparison to laser ablation or arch-discharge methods, CNTs grown by chemical

vapor deposition (CVD) have considerably lower quality. However, the thermal conduc-

tivity drop observed goes beyond factors related to the CNT quality like packing density,

number of shells and dislocations.

Based on what reported in literature, the two major degrading factors of the overall

CNT nanofoam thermal performance are the interface thermal resistance between ad-

jacent tubes and the thermal boundary at the interface CNT- native substrate. The inter-

action between adjacent nanotubes, primarily caused by van der Waals forces, creates
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new sites for phonon scattering, decreasing the intrinsic thermal conductivity, and en-

hancing the interface thermal resistance between neighboring CNTs. Aliev et al, by com-

puter simulation, found that the inter-tube interactions and alignment imperfections

reduce the thermal conductivity of a MWCNT arrays by a factor of three [14]. In partic-

ular, they estimated that to decrease the inter-tube scattering, the crosslinking between

nanotubes should occur only over short distances (2-3% of their total length)(Figure 3.16

(a-c)). Considering a micropin length of about 180µm, the maximum overlapping length

between neighboring tubes should be between 3.6µm and 5.4µm. This would prevent

the degradation of the heat conduction. Careful inspection of the nanofoam morphol-

ogy using SEM, indicates that crosslinking of nanotubes is higher than the expected de-

sirable value (Figure 3.16(d)). This suggests that the inter-tubes interactions might sig-

nificantly contribute to the observed thermal conductivity reduction.

Figure 3.16: Schematic illustration regarding the concept of maximum overlapping length of CNTs, discussed
in deeply in [14]. (a) No overlap among neighboring CNTs; (b) Overlap less than 3% (CNTs in the center); (c)
Overlap more than 3% of the total CNT length, which causes thermal conductivity degradation. (d) SEM image
showing the periodic waviness of the vertically aligned CNT nanofoam grown on top of the MHP. The rough
estimated overlapping, made through visual inspection, is from 4% to 22% depending from the location.
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The thermal boundary resistance at the interface CNT-substrate is considered an

important limiting factor for both potential thermal and electrical applications. It de-

pends strongly on the substrate material and CNTs packing density [34]. It has been

demonstrated that in presence of a weak bond between substrate and the nanofoam,

not all the CNTs participate effectively to the heat transport [35]. The total effective

thermal resistance, Re f f , of a single bundle of 20µm in diameter and 180µm in height,

including volumetric effects and interface contributions, can be estimated by [36, 37]:

Re f f = L/ke f f = 1.73 cm2 K W-1.

3.5. MODELLING APPROACH
In this section, we introduce the 3D electro-thermal model created with the intent to cal-

culate the heat transfer through the investigated device and to predict the best ratio be-

tween CNT area coverage and the dissipated power. The 3D model of the reference and

CNT arrangements are computed using a finite-element analysis (FEA) simulation tool

(COMSOL Multiphysics 4.4). The 3D simulation was performed by coupling the electri-

cal heat generation, by the Joule heating module (Equation (3.15)), with the heat transfer

module (Equation (3.16)). The governing equations of the steady-state heat conduction

for Joule heating process can be written as:

∇(σe∇V ) = 0 (3.15)

∇(k(T )∇T )+ J 2/σe = 0 (3.16)

where k indicates a generic thermal conductivity which varies depending on the mate-

rials involved, T is the temperature, σe is the linearized electrical conductivity of the Pt

spiral and J is the current density provided to the MHP. During the implementation of

the 3D model, the following assumptions were made:

• At the edges the temperature is equal to the ambient temperature (294.15 K), as

for an ideal heat reservoir.

• The heat transfer is assumed to be by conduction from the heater to the entire

membrane. From all the surfaces in contact with the surrounding environment

(top and bottom membrane surface) the heat is dissipated by natural convec-

tion and by radiation. The Hc is experimentally extracted for each configura-

tion(Section 3.4.1). The emissivity of both the CNT and the SiNx were extracted

from the calibration phase of the IR maps.
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• Initially, to simplify the model the CNT ke f f is assumed constant with the tem-

perature.

• A 99% porosity is considered while modelling the CNT material.

• The electrical conductivity of the Pt heater, σe , is modelled using the following

temperature dependent equation:

σe (T ) = [ρo(1+α(T −To))]−1 (3.17)

where α is the thermal coefficient of resistance (TCR), ρo is the resistivity at refer-

ence temperature To =21°C.

The resulting mesh and temperature distribution within the devices is shown in Fig-

ure 3.17, for input currents of 6.7 mA and 10 mA, both in air. The match between the

experimental results and the FEM model is extremely good (Figure 3.18), assessing the

3D electro-thermal model as predictive tool for the design and optimization of VA-CNT

bundle based cooling solutions. More details can be found in [38].

Figure 3.17: The resulting 3-D model and mesh for (a) reference MHP (b) MHP with single micropin and (c)
multi-pin. The ambient temperature was set at 294.15 K. Two thermal maps are reported, for an input current
equal to 7 mA and 10 mA.
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Figure 3.18: Comparison between the experimental power-temperature characteristics and the ones obtained
by the developed 3D electro-thermal model for (a) single micropin and (b) multi-pin configuration. The max-
imum mismatch between experimental results and simulated ones for the single micropin configuration at
T=575 K is 3.4% in air and 3.8% in vacuum. For the multi-pin configuration, a mismatch of 2% and 0.8% has
been obtained in air and in vacuum, respectively.

3.5.1. THERMAL ANISOTROPY ESTIMATION

Similarly to other carbon related materials, MWCNTs are affected by intrinsic thermal

and electrical anisotropy. By combining the temperature distribution obtained by high-

resolution IR thermal microscopy with the developed 3D electro-thermal model of the

single micropin, it has been possible to estimate the effective axial (ka) and transversal

(kt ) thermal conductivity (Figure 3.19). Figure 3.19 (c) shows the temperature distri-

bution along a horizontal cutline obtained by the IR thermal map and the FEM sim-

ulations. By simulating the single micropin as an isotropic material, the temperature

distribution obtained from the FEM is constant over the micropin tip (green line). The

best fit between the temperature distribution obtained by IR thermal analysis and the

simulated one was obtained for kt equal to 0.2 W m-1 K-1 and ka equal to the ke f f ob-

tained for an input current of 7 mA (ke f f ∼ 1.82 W m-1 K-1). These results show the

highly anisotropic thermal transport through the single micropin, with an anisotropic

ratio of ka/kt ≈ 9.

3.5.2. THERMAL CONDUCTIVITY VARIATION

A simplified 3D FEM model is employed to determine the temperature distribution along

a micropin as function of the thermal conductivity variation. In particular, the model

consists of a single micropin of 200µm in diameter and height equal to L = 158µm, with

the bottom extremity maintained at Tb =383 K. The pin is exposed to ambient tempera-

ture (T∞ = 294.15 K) with an average Hc of 188 W m-2 K-1, and it is subjected to a ther-
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Figure 3.19: Single micropin :(a) IR thermal map of the device for an input current of 7 mA. The dashed line
in grey represents the cutline. (b) Temperature distribution of the single micropin tip evaluated by FEM sim-
ulation for the same input current. (c) Temperature distribution along the cutline for both IR map (red line)
and simulation (green and blue lines). The anisotropic thermal conductivity ratio is obtained by coupling the
electro-thermal model temperature distribution with the one obtained from the IR map, resulting in the blue
line trend. The green line represents the temperature distribution obtained by the FEM model for a single
micropin with isotropic thermal conductivity.

mal conductivity variation from 0.1 to 100 W m-1 K-1. Assuming steady state condition,

isotropic and constant material properties, and negligible radiation, the temperature

distribution along the micropin axial direction (x) is plotted in Figure 3.20 (a). As men-

tioned in Section 3.3 the temperature distribution along a micropin can be as:

Tx = T∞+ (Tb −T∞)
coshm(L−x)+ ( HT OT

mke f f
)sinhm(L− z)

coshmL+ ( HT OT
mke f f

)sinhmL
(3.18)

Both plots in Figure 3.20 reveal the impact of the thermal conductivity on the tem-

perature distribution. For k values below 1 W m-1 K-1 a strong effect on the micropin

cooling is observed, while it progressively decreases for k ≥ 5 W m-1 K-1. This behaviour

is reflected in Equation (3.18) by the presence of m as argument of the hyperbolic sine

and cosine functions.
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Figure 3.20: (a) Temperature distributions along the micropin axial direction for different thermal conductiv-
ity values. Tb and Tt i p are the temperature at x = 0 (micropin bottom) and x = 158µm (micropin tip). (b)

Temperature variation ((Tt i p -T∞)/(Tb −T∞)) versus thermal conductivity. After k> 0.9 W m-1 K-1 the tem-
perature along the micropin saturates.

As consequence of the assumptions made (i.e fixed Hc ), the main limiting factor of

the micropin cooling is its height, L. The temperature distribution for a micropin with

a length up to 30 mm is reported in Figure 3.21. Under this condition, the micropin can

be considered as infinitely long. The graph suggests an optimal micropin length, L*,

for each thermal conductivity value investigated, beyond which only a slight increase of

heat transfer can be obtained. The L* corresponding to each k are reported in the table

in the inset.

Figure 3.21: Temperature distribution along an infinitely long micropin. The inset reports the estimated L*.
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3.6. CONCLUSION
Lithographically defined CNT nanofoam structures can enhance the surface driven heat

transfer mechanisms of microelectronic systems in the natural convective regime. Dif-

ferent configurations of VA-CNT structures were directly grown on MEMS microhot-

plates (MHPs) with controllable hotspot and an integrated temperature sensor. Com-

bined with high-resolution infrared thermographic microscopy analysis, the thermal

material properties of the patterned CNT structures were measured. Our approach

eliminated measurement uncertainties arising from manual assembly and handling of

samples. Augmentation of the MHP hotspot with CNT micropins (with a height of

158±2µm and a diameter of 200±2µm) resulted in a temperature reduction of up to

66±8 K in free air, compared to MHPs without micropins operating at similar power. In

particular, the equivalent convective heat transfer coefficient Hc for a multi-pin con-

figuration accounted for 167 W m-2 K-1, and thus is much higher than the macroscale

value (between 2 to 25 W m-2 K-1). We conclude that the conduction between the air

molecules and the heated solid interface dominates the heat-to-air transfer mechanism,

whereas the natural convective motion is marginal. The CNT nanofoam also demon-

strated a gradually increase of the effective thermal conductivity with temperature from:

1.04 W m-1 K-1 at 369 K to 2.24 W m-1 K-1 at 510 K. Finally, the lithographically de-

fined VA-CNT structures are suitable for large-scale integration with microelectronics

and represent a valuable alternative to bulky macro-cooling solutions. Therefore, these

CNT nanofoam structures are suitable for localized, passive, customized on-chip cool-

ing solutions, like micro-fins, pin arrays and other 3D microarchitectures. Furthermore,

by using all the collected experimental data, it was possible to develop simulations with

high accuracy. Relying on the validity of the proposed 3D electro-thermal model the

anisotropy of the single micropin was studied. Moreover, due to the complex conjugate

system, after simplifying the FEM model of a single micropin through different assump-

tions, the influence of the thermal conductivity and the micropin length over the tem-

perature distribution have been estimated.

This work represents a first step toward the development of a valuable tool to pre-

dict the best design and geometry for chip level heat dissipation through CNTs bundles

in micro-devices. The most critical parameter is the convective heat transfer coefficient,

that heavily depend on the aspect ratio of the CNT structure and the foam-like morphol-

ogy, and it is hard to theoretically predict.
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EFFECTS OF NANOSCALE COATINGS

ON THERMAL PERFORMANCE OF

VA-CNTS

This chapter is based on:

1. Cinzia Silvestri, Michele Riccio, René H. Poelma, Aleksandar Jovic, Bruno Morana,

Sten Vollebregt, Andrea Irace, Guo Qi Zhang, Pasqualina M. Sarro. "Enhancing

Thermal Transport Efficiency in High Aspect Ratio Carbon Nanotube Arrays by

Conformal Coatings". Submitted to Nanoscale, 2017.

4.1. INTRODUCTION

Due to the high potential of VA-CNTs, many research groups have investigated their

thermal performance, expressed in terms of thermal resistance, Re f f , and effective ther-

mal conductivity, ke f f . The collected data are reported in Figure 4.1 which refers to

vertically aligned multi-walled CNTs grown by CVD method at temperatures between

500 °C to 800 °C. In general, a lower growth temperature produces CNTs with lower

crystallinity degree[1], which may partially explain the broad range of ke f f reported.

However, the sample fabrication (growth temperature, barrier and catalyst layers) is not

the only dissimilarity between these works. There are difference in the adopted ther-

mal measurement techniques and assumptions. Moreover, the graph reflects a lack of

information for VA-CNT with heights spanning from 100µm to 700µm. The results pub-

71



4

72 4. EFFECTS OF NANOSCALE COATINGS ON THERMAL PERFORMANCE OF VA-CNTS

Figure 4.1: Literature overview of both effective thermal conductivity (N marker) and thermal resistance (•
marker) for different CNT array lengths. This chart reports a subset of available data where both thermal re-
sistance and effective thermal conductivity have been estimated [2–9]. The thermal resistance data refers to
sample in absence of mechanical compression. CNTs mechanically compressed show higher thermal con-
ductivity and lower thermal contact resistance [10]. There is a lack of data for CNT length from 100µm to
700µm. This work provides a detailed study on CNT array of 180µm in length.

lished in [2] contribute to enlarge the available data on VA-CNTs with height around 160-

210µm. As shown in Chapter (3), the thermal conductivity of an individual MWCNT is

several orders of magnitude higher than the effective one of a VA-CNT foam-like nanos-

tructure, 136 W m-1 K-1 and 1.04 W m-1 K-1, respectively. This decrease is mainly the

result of the inter-tube scattering and the high thermal contact resistance between CNT-

substrate.

Interesting properties in nanoscale assemblies have been found by combining the

high-aspect ratio and the foam-like morphology with thin conformal coatings. As ex-

ample, photoanodes obtained by coating zinc oxide (ZnO) nanoforest with a thin layer

of titanium dioxide (TiO2) for dye sensitized solar cells [11], or gold-coated vertical Si

nanowire for biomolecule detection have been reported [12].

In this perspective, VA-CNT arrays with their foam-like structure represent an attractive

3D scaffold to create a novel class of heterogeneous materials with tailored behaviour:

• First, VA-CNTs are relatively easy to be grown bottom-up in lithographically de-

fined shape and locations at wafer scale.

• Second, the achieved arrangements are lightweight high aspect ratio three-dimensio

nal (3D) microstructures.
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• Last but not the least, the porous-like morphology is favourable for the deep infil-

tration of nanoscale conformal coatings, resulting in a reinforced structure suit-

able for successful integration in devices.

The tailoring of the CNT-based nanostructure performance strongly depends on the

achieved porosity and on the coating material selected. Recently, Poelma et al. have

shown how the mechanical response of high aspect ratio foam-like CNTs can be tuned

from foam-like toward brittle ceramic by simply varying the thickness of amorphous

silicon carbide (a-SiC) coating [13, 14]. The achieved heterogeneous material can be

interesting for a wide range of applications spanning from solid-state supercapacitors

[15], to through-silicon-via (TSV) interconnects [16], to fuel cells [17], to on-chip cool-

ing solution [2].

In this chapter, we explore the effect on the heat dissipation of conformally coated

high aspect ratio VA-CNTs in vacuum and in air. The materials chosen to fill the CNT-

based scaffold are Al2O3 and non-stoichiometric a-SiC. They are both ceramic mate-

rials with superior hardness, thermal conductivity of ∼360 W m-1 K-1 and ∼25 W m-1

K-1 for bulk SiC [18] and bulk Al2O3 [19], respectively, and adequate electrical insulating

performance [20]. Using atomic layer deposition (ALD) for the Al2O3 deposition and

LPCVD for the a-SiC deposition, we can obtain nanoscale accuracy over the deposition

thickness of the thin films and a good conformality. The infiltration depth within the

foam-like VA-CNTs and the consequent morphological variation due to the performed

coating are assessed by high-resolution SEM inspection. The defect density of the ob-

tained heterogeneous arrays is characterized by Raman spectroscopy. The thermal per-

formances achieved with the coatings are explored through the electro-thermal char-

acterization procedure used in Chapter (3). Improved thermal transport efficiency has

been achieved for the a-SiC coated CNT scaffolds, resulting in a strong enhancement in

terms of ke f f . The thermal conduction enhancement of high aspect ratio CNT arrays

provided by the thin coatings mentioned is extensively studied, mainly in view of their

integration as localized on-chip cooling solutions. In fact, a-SiC coated VA-CNT arrays

have been successfully encapsulated by film assisted transfer molding, withstanding the

insertion pressure of the epoxy molding compound. This preliminary test has shown the

improved mechanical properties of the obtained composite material and the possibility

to be used as through package thermal vias.
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4.2. COATING PROCEDURE AND MORPHOLOGICAL

CHARACTERIZATION

Nanoporous networks of VA-CNT arrays are among the most promising arrangements

for practical thermal management applications, such as thermal interface material

(TIM) and micro-scale heat sinks [21–24]. However, their main limitation is the thermal

transport efficiency, which is strongly influenced by the defect density within the ar-

ray as well as the high thermal interface resistance between the CNTs and the substrate

[25–27]. To improve both the ke f f as well as the mechanical stability of the high aspect

ratio structure it is essential to apply a nanometer-thick conformal coating. The VA-CNT

micropin configurations are directly synthesized on top of suspended MEMS microhot-

plates (MHPs) (Chapter (3)). After the growth step, the CNT micropins are subjected to

a coating step. Two coating materials are investigated: a-SiC and Al2O3, both with a tar-

geted thickness of 15 nm.

To perform the a-SiC conformal coating, the samples are loaded in a Tempress hot-

wall LPCVD furnace. The precursor gasses are acetylene (C2H2) and dichlorosilane

(SiH2Cl2) diluted in 5% hydrogen (H2) and the deposition temperature and pressure are

fixed at 760°C and 0.8 mbar, respectively. Most probably, the coating nucleation starts

from CNT surface defects. The average a-SiC deposition rate is 5Å min-1, with an incu-

bation time of ∼7 min before the film starts growing. A detailed description of the phys-

ical and chemical properties of the deposited a-SiC thin layer can be found in Morana

et al. [28].

The Al2O3 conformal coating is applied using an ALD system (ASM F-120 reactor).

The deposition temperature is set at 300°C and the pressure at 1.33 mbar. The ALD cy-

cle sequence consists on exposing the sample to a trimethylaluminium (TMA) for 2 s,

then a nitrogen (N2) purge for 6 s, followed by 2 s of high purity water (H2O) exposure,

ending with 8 s of N2 purge. The N2 purge is performed after each precursor exposure to

remove any unreacted precursors or reaction by-products in the chamber. The average

deposition rate is self-limited to around 0.9 nm cycle-1.

The formation of the heterogeneous composites, the Al2O3 coated (Al2O3/CNTs)

and the a-SiC coated (a-SiC/CNTs) CNT nanofoam scaffolds, is sketched in Figure 4.2 (a-

c). It is well known that CVD grown CNTs have a high density of surface defects. More-

over, it has been demonstrated that the surface defects provide bonding sites for the

coating nucleation [29–32]. Therefore, no functionalization treatments are performed

on the CNT scaffold prior to the coating procedures. Upon exposure to the precursor

gases, the corresponding precursor molecules diffuse into the VA-CNT porous structure.
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Figure 4.2: Coated Al2O3CNTs and a-SiC/CNTs hybrid structures. As in Chapter (3), the VA-CNTs are litho-
graphically patterned to achieve micropin feature. (a-c) Schematic illustration of three-dimensional CNTs
highlighting the gas precursors used during the coating procedure. (d) SEM close up of the of the as-grown
VA-CNT array. The average nanotube diameter is 10 nm. (e) SEM image of the obtained hybrid Al2O3/CNTs
at the micropin sidewall. The resulting diameter of an individual nanotube is equal to 35 nm. (f) SEM close
up of the of the a-SiC/CNT composite sidewall. The average diameter of an individual a-SiC coated CNT is 30
nm.

The coating nucleation starts from the interaction between precursor gases and local-

ized CNT surface defect sites, and/or precursors and CNT-CNT junctions. The product

of the reaction is a nanometer size granule formation at the surface. A thin layer is then

formed by the overlap of adjacent grains while the number of ALD cycles increase or

the deposition time in the LPCVD furnace increases. Although the number of the ALD

cycles depends on the CNT defect density, usually 100 cycles are enough to obtain con-

formally coated CNTs [33]. SEM images of VA-CNT sidewalls reported in Figure 4.2 (d-

f), highlight the morphological variation of the cluster before and after the coating de-

positions. The as-grown VA-CNT array consists of wavy interlaced multiwalled carbon

nanotubes (MWCNTs), oriented perpendicular to the substrate. The bridging between

nearby nanotubes creates a regular foam-like structure with an average spacing of 60

nm. The nanotube average diameter, dC N T , is 10 nm and the tube density within the

micropin is around 112 tubes µm-2, resulting in a porosity of 99.1% (Figure 4.2 (d)). For

ideally aligned CNTs a 30 nm coating can not only fill, but also coalesce, the entire array.

The SEM images of both micropin hybrid composites show remarkably uniform depo-

sition around the nanotubes. The initial vertical orientation and the high surface area
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of the CNT array are retained, while in correspondence to the CNT-CNT junctions some

localized aggregations are formed. The average CNT coated diameter is 31 nm and 35

nm for the for the Al2O3/CNTs and for the a-SiC/CNTs, respectively (Figure 4.2 (e-f)).

Therefore, the average coating thicknesses deposited on the MWCNT surface are ∼17

nm for the a-SiC and ∼13 nm for the Al2O3, in good agreement with the ones measured

by ellipsometry on a bare silicon wafer.

Raman spectroscopy analysis is used to assess the quality of the CNT nanofoams

before and after the composite formation. Figure 4.3 reports the collected spectra, from

750 to 3600 cm-1, and their corresponding deconvolutions of the first order region, from

1000 to 2000 cm-1, obtained applying a least square fitting procedure. Two main Raman

band can be observed in all spectra, the D- and the G-band with peaks located around

∼1346 and ∼1580 cm-1, respectively. The intensity ratio between the D- and G-band,

ID /IG , and its variation provides us a look on the nanotube quality after coating. The

obtained ID /IG ratios are 0.95, 1.11, and 1.17 for the uncoated VA-CNT, Al2O3/CNTs and

a-SiC/CNTs, respectively. The observed high defect density of the as-grown MWCNT is

beneficial, since the defects provide nucleation sites for the precursor absorption. Once

coated with Al2O3, the signal from the CNTs tends to be suppressed due to the coated

material. The spectra of the a-SiC/CNT hybrid array show instead a wide asymmetric

band, combination of three contributions: the G-band peak and the D-band peak of the

CNT scaffold, and a band peak at ∼1483 cm-1.

Figure 4.3: Raman spectra of the as-grown, Al2O3 coated and a-SiC coated VA-CNTs, with relative deconvolved
peaks of the first order region. The Raman spectroscopy analysis was performed at room temperature using
an excitation wavelength of 514 nm from an Ar+ laser. The presence of carbon nanotubes is detectable in all
the spectra. The dashed lines represent the fitted peaks. For further details, please refer to Section 2.3.4.
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4.3. COATING INFILTRATION IN VA-CNT ARRAYS
The mechanical response of conformally coated CNTs micropin structures can be ac-

curately tuned by varying the coating layer thickness as demonstrated by Poelma et

al.[13, 14]. By analyzing the high-resolution SEM pictures at different microstructure

locations, from top to bottom of the micropin (z − axi s) as well as along the radius (r-

axis), the coating uniformity and the penetration depth of both the a-SiC/CNTs and the

Al2O3/CNTs are observed and reported in Figure 4.4 and Figure 4.5.

The a-SiC coated micropin (Figure 4.4 ) shows an excellent coating penetration along

the radial direction. In particular, every 1µm the coating reduces of roughly 0.1 nm when

going from the sidewall to the core. The thickness variation along the z-axis is just 6 nm

on the full micropin height.

Figure 4.4: Penetration depth of the LPCVD a-SiC coating in the CNT micropin. On the 3D micropin illustra-
tion the location of the points analyzed by SEM are reported. The graphs report the thickness variation along
the z and r directions.
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This was also confirmed in other works focused on LPCVD coated CNTs [34–37].

From the analysis of the Al2O3 coated micropin, the coating at the sidewall looks

uniform. However, after cleavage, the SEM analysis of the micropin cross-section re-

veals a poor and uneven infiltration of the precursors through the CNT array (Figure 4.5),

demonstrating a diffusion-limited mechanism for the coating. The achieved heteroge-

neous material is made of a soft core of uncoated CNTs reinforced by a ceramic shell,

which is approximately 1.4µm thick, as shown Figure 4.6.

Figure 4.5: Penetration depth of the ALD Al2O3 coating in the CNT micropin. On the 3D micropin illustration
the location of the points analyzed by SEM are reported. The graph reports the thickness variation along z and
rdirections.

Figure 4.6: Thin shell of ALD Al2O3on VA-CNT microstructure.
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From the cleaved micropin, a steep gradient is observed all over the outer layer. In

particular, the coating thickness along the z-axis is ∼13.5 nm at the micropin tip (z=0),

it reduces down to 5 nm at z=650 nm. For z > 650 nm some isolated grains can be noted,

while the coating traces disappear completely for z >12µm. The same abrupt reduc-

tion in the coating thickness occurs along the r-axis. The coating thickness reduces of

approximately of 12.8 nm every 1µm. The resulting coating penetration depths are ap-

proximately 700 nm for the ALD coated Al2O3/CNTs and around 66µm for the LPCVD

a-SiC/CNTs, proving the superior ability of the LPCVD process to evenly coat complex

high surface area nanostructures. The low penetration depth and the uneven unifor-

mity of the ALD coating within the intricate CNT foam-like morphology has been object

of several studies [32, 33, 38]. The main limiting factor is represented by the ALD coat-

ing process itself, due to the temperature conditions. The initial diffusion of precursor

molecules inside the foam is slow and it decreases with the increasing of the CNT di-

ameters. Moreover, after each cycle the CNT-CNT spacing reduces while the CNT sur-

face area increases, limiting the diffusion coefficient even further. To achieve a uniform

monolayer on a large surface area as the one of the VACNT array, a cycle to cycle scaling

in both precursor dose and purging time are required [15, 33, 39].

4.4. HEAT TRANSFER RATE OF COATED AND UNCOATED VA-

CNTS

In this section we discussed the results achieved by using the measurement approach

and VA-CNT arrangements, the multi-pin configuration composed by six micropins

(each with a radius of 10µm) and the single micropin (100µm in radius), employed in

Chapter (3). Each sample was thermally stimulated by Joule heating the MHP before

and after the coating steps, and the power consumption in steady-state heat transfer

condition both in air and vacuum was recorded.

4.4.1. A-SIC/CNTS

Multi-pin performance

The a-SiC/ VA-CNT multi-pin arrangement shows remarkable enhancement of the heat

dissipation performance after the a-SiC coating (Figure 4.7 (a)). To understand which of

the heat transfer mechanism can be the cause of such improvement we consider the two

different environmental conditions studied. In vacuum, the heat conducted through the

VA-CNTs is dissipated by radiation. The evaluation of the emissivity by high-resolution

infrared microscopy reveals an unvaried ε between the coated and uncoated CNTs (ε =
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0.95). Moreover, the overall shape of the multi-pin configuration is substantially unal-

tered due to the nanometer thick coating. Therefore, the substantial improvement ob-

tained in vacuum is due to an enhanced effective thermal conductivity, ke f f a−SiC /C N T .

Secondary effects such as annealing and influence of the a-SiC coating on the MHP can

be excluded. First, the Pt spiral of the MHP was pre-annealed at 1000°C for one hour

during the fabrication process. Secondly, a bare reference MHP without CNT under-

went the coating with the VA-CNT samples and any variation in thermal performance

prior and after the coating procedure was detected.

In air, the difference between the heat dissipative behaviour pre and post coating is even

more remarkable. As example, for a given input power of 25 mW a reduction of the lo-

cal hot-spot temperature of 103 K is achieved in air. The heat dissipation improvement

recorded in air is related to both conduction and convection and therefore, can be re-

lated to the ke f f a−SiC /C N T and the porosity variation. The specific impact of each of the

above-mentioned contribution needs to be determined.

Single micropin performance

Unexpectedly, the a-SiC/CNT single micropin does not show a detectable heat transfer

improvement before and after the coatings (Figure 4.7 (b)). The extraordinary perfor-

mance improvement of the multi-pin configuration and the unvaried one of the single

micropin poses many questions. The unvaried single micropin behaviour may be par-

tially related to its geometry, and in particular to the diameter. As mentioned in the Sec-

tion 4.3, the maximum micropin radius to achieve evenly coated a-SiC/CNTs is 66µm.

Consequently, the entire volume of each multi-pin element (10µm in radius) is fully

coated, while the single micropin volume that is effectively coated is about 88% of the

total one.
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Figure 4.7: Power versus temperature trend before and after the a-SiC coating (CNT or a-SiC/CNT in the leg-
end) for two sample configuration: (a) the multi-pin and (b) the single micropin. The measurements were
performed in both air and vacuum (P AI R and PV AC ) In particular, the increase in dissipated power, up to 75%
in air at 480 K and up to 64% in vacuum at 468 K, is obtained by depositing a nanoscale thin coating of a-SiC
on the multi-pin scaffolds. "∗" and "+" symbols refer to P AI R and PV AC of the uncoated configurations, while
• refers to the Al2O3/CNTs configurations.

4.4.2. AL2O3/CNTS

No evidence of heat dissipation enhancement is found for any investigated CNT con-

figuration after the ALD Al2O3 coating treatment (Figure 4.8). This is explained by the

observed low infiltration depth of the coating within the VA-CNTs.

Figure 4.8: The thermal performance characterization is carried out on the (a) the single micropin config-
uration and (b) the multi-pin configuration. "∗" and "+" symbols refer to P AI R and PV AC of the uncoated
configurations, while • refers to the Al2O3/CNTs configurations.
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4.5. THERMAL PERFORMANCE AFTER NANOSCALE COATINGS
In order to highlight how the two ceramic coatings affect the heat dissipation, we re-

port in Figure 4.9 the average temperature reached by the various arrangements at fixed

power. In both air and vacuum the multi-pin configuration a-SiC coated, T6ma−SiC , out-

perform in comparison with the others.

Figure 4.9: For a given input power in (a) air, P AI R , and in (b) vacuum, PV AC , the corresponding average
temperature (TAI R or TV AC ) reached by the analyzed sample sets are reported. 6m, 1m and reference refer to
the multi-pin, single micropin and bare MHP, respectively. The unpatterned bars indicate the samples taken
as reference (uncoated VA-CNTs or bare MHP).

The not altered heat transfer performances of the Al2O3/CNTs and the impressive

enhancement of the a-SiC multi-pin scaffolds might be related to the effective thermal

conductivity and the porosity variation. In the following sections these two main causes

and the various subfactors are discussed.

4.5.1. EFFECTIVE THERMAL CONDUCTIVITY

The effective thermal conductivities data are obtained by combining the temperature at

the micropin tip and at the junction region CNTs-MHP through high-resolution IR mi-

croscopy, with the one-dimensional pin fin heat transfer model explained in Chapter (3).

The temperature dependency of the ke f f of both Al2O3 and a-SiC VA-CNT multi-pins is

obtained by acquiring the IR maps while powering the MHP (Figure 4.10).
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Figure 4.11 (a) shows the obtained ke f f of the pre- (ke f f C N T ) and post-coated multi-

pin arrangements (ke f f a−SiC /C N T and ke f f Al2O3/C N T ) at different temperature. The

ke f f Al2O3/C N T shows no substantial variation compared to the uncoated VA-CNTs, in

line with the power dissipation recorded. For the a-SiC/VA-CNTs instead, the graph

clearly reveals a strong ke f f enhancement due to the conformal coating penetration

into the CNT nanofoam architecture. At the lowest investigated temperature, the ke f f

improved from 1.04 W m-1 K-1, when uncoated, to 2.6 W m-1 K-1 when a-SiC coated. The

(ke f f C N T ) reaches 4.2 W m-1 K-1 at the highest investigated temperature. In particular,

the trend shows a steep increase around 392 K, while above it the increasing rate re-

duces. The enhancement factor, defined by the ratio (ke f f a−SiC /C N T - ke f f C N T )/ke f f C N T ,

highlights the thermal conductive transport enhancement at different operating tem-

peratures and it goes from 104% up to 181% (Figure 4.11 (b)). The obtained results high-

light the impressive effect that the amorphous carbide coating has on the improvement

of thermal performance efficiency in VA-CNT scaffold. To the best of our knowledge, this

is the highest-ever thermal conductivity enhancement of VA-CNTs obtained by coating.

Figure 4.11: (a) Experimentally determined dependence of the effective thermal conductivity on temperature
for uncoated (purple), a-SiC coated (orange) and Al2O3 coated (dark cyan) VA-CNTs. (b) The thermal conduc-
tivity enhancement, defined as ke f fa−SiC /C N T

- ke f f C N T ) / ke f f C N T is reported as function of temperature.
The a-SiC coated sample reaches an enhancement up to 181%.

It is generally recognized that thermal conduction in a CNT arrays strongly depends

on their morphology, vacancies, defects and CNT-CNT interactions as well as the ther-

mal boundary resistance at the interface CNT-substrate and CNT-air. In particular, as

shown by the Raman spectra as well as SEM picture, the as-grown foam-like morphology

consists of many defects, CNT-CNT junctions and twists that highly affect the thermal

transport and increase the phonon-boundary scattering. It has been demonstrated that

the thermal resistance at the interface between two nanotubes, which interact through
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van der Waals forces, it is notably large (tube-tube thermal resistance ∼11×10-8 W m2 K

W-1 [40, 41]. All these aspects are reflected in the achieved ke f f C N T . There are two main

factors that might explain the thermal conductivity enhancement of the a-SiC/CNT com-

posite: the nano coating conformality, the intrinsic thermal conductivity of the de-

posited material, which can be higher than the one of the as-grown MWCNTs, and a

reduction in contact resistance CNT-substrate.

By conformally coating a VA-CNT scaffold a new percolating network is built on

top of the original one, allowing to overcome defected regions, tube twists, and to pro-

mote additional heat conduction paths, thus enhancing the phonon transfer between

the CNTs [42]. In fact, the CNT-CNT contact area increases while the interface thermal

resistance between neighboring CNTs is reduced [41]. Moreover, new contact points are

created which may lead to an increase in phonon scattering phenomena as well as to

additional paths for the heat to transfer among adjacent tubes that were not in contact

before [? ].The Al2O3 coating with its inability in creating a conductive network spread

over the whole scaffold surface (scarce penetration depth), prevents any significant heat

transfer improvement (Figure 4.11 (a)).

Another possible enhancement factor is the thermal conductivity of the a-SiC itself.

Since the coating thickness is close to phonon mean free path of both the MWCNTs (

as low as 4 nm) [43] and the a-SiC (as low as 0.488 nm) [44] , the thermal conductivity

ceases to be a material property and becomes dependent from size and shape of the

boundary interface [45]. It has been reported that for thin films the thermal conductiv-

ity of amorphous SiC is likely to be rather smaller than for the bulk crystalline structure,

0.12-3.6 W m-1 K-1 instead of 320-490 W m-1 K-1 [44]. However, it is higher than the

ke f f C N T .

Last but not the least, the ke f f C N T can increase due to a reduction of the thermal

contact resistance at the interface CNT-substrate. It has been demonstrated that in pres-

ence of a weak bond between substrate and the nanofoam, not all the CNTs participate

effectively to the heat transport [46]. A better thermal coupling between the support

layer and the CNTs can be achieved through embedding the nanotube in metal contact

[47] or by increasing the contact area by pressing the CNTs toward the substrate [48].

In our case, by perfroming the coating it might likely be that more CNTs are participat-

ing to the heat transfer due to the cross sectional area enhancement given by the a-SiC

coating.
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4.5.2. POROSITY

As observed in the previous sections, an impressive enhancement of the thermal perfor-

mance of the a-SiC coated multi-pin configuration is recorded. However, the achieved

results can’t only be due to a thermal conductivity enhancement. Based on the micropin

model described in Section 3.3, we calculate the heat loss through a unit element of the

multi-pin configuration using the following equation [49]:

Qpi n = ke f f Ac m(Tb −T∞) tanh(mL) = 0 (4.1)

which depends upon two factors: conduction and convection.By applying the same

methodology adopted in Chapter (3), we infer the improved ke f f and Hc . Table 4.1 re-

ports the heat transfer rates, calculated through Equation (4.1), of a unit element of the

micropin configuration (Qpi n) and of the whole cluster (QT pi n = 6 Qpi n). The theorical

heat transfer rates are then compared to the experimental ones collected in air, for both

the multi-pin configuration (QTotdevi ce ) and of the bare MHP (QM HP ). The heat transfer

rate of the uncoated multipin configuration (6m) is well predicted by the Equation (4.1),

while the improved ke f f and Hc alone cannot explain the significant heat transfer in-

crease of the a-SiC coated configuration (6ma−SiC ).

Table 4.1: Calculation of the heat transfer rates of: a single micropin element (10µm in radius), Qpi n and of
the multi-pin configurations, QT pi n , by using Equation (4.1). QTotdevi ce

and QM HP are the measured heat
transfer rate in air of the multipin configuration plus the MHP contribution, and the bare MHP, respectively.
QT pi n

*= QTotdevi ce
–QM HP shows the measured contribution of the pins. Therefore, the comparison be-

tween the measured QT pi n
* and the analytical QT pi n gives an idea about the magnitude of the discrepancy

that might be caused by the porosity.

Config. ke f f Hc Tb Qpi n QT pi n QTotdevi ce QT pi n
*

(W m-1 K-1) (W m-2 K-1) (K) (mW) (mW) (mW) (mW)

6m 1.04 173 387 0.135 0.815 4.9 0.8
6maSiC 2.4 316 374 0.226 1.4 7.7 3.7

The discrepancy between the analytical and measured heat transfer rate (QT pi n vs

QT pi n
*) and the coated and uncoated micropin configurations, it is most likely caused

by the porosity variation. The foam-like VA-CNT porosity of a multi-pin element re-

duces from 99.1% to 85.5% as consequence of the a-SiC coating infiltration. The porosity

reduction affects the natural convective flow as well as the heat transfer. The convective

heat flow is influenced by two opposite factors. It should decrease due to less air passing

through the pores, because the volume filling fraction of CNTs increases, while the air

volume and the flow within the micropin decreases. At the same time, the heat convec-
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tion should increase due to the increase in effective surface area of the micropin after

coating, which implies that more heat is convected to the surrounding. To quantify how

these factors can mutually compensate each other it is hard. However, the enhanced

heat transfer rate after a-SiC coating suggests that the surface to volume ratio increasing

has a stronger influence than the air volume reduction.

To understand the influence of the porosity on the VA-CNT thermal performance, an

uncoated single micropin underwent a densification treatment. In particular, by drop

casting isopropyl alcohol (IPA) on VA-CNTs, a densification effect is induced on the tube

array. As shown in Figure 4.12 (a-c) the VA-CNT array is now made by closely packed

tubes, resembling a solid material. Since the overall shape of the CNT is not maintained

after the IPA densification, this treatment represents a more invasive technique com-

pared to the CNT coating. Moreover, it might affect the anchoring of the CNT micropin

to the substrate. Figure 4.12 (d) reports the power versus temperature characteristic of

the single micropin before and after the densification.

Figure 4.12: ((a) Single micropin after the IPA treatment. The dashed red line shows the initial diameter. The
diameter reduces from 200µm to ∼ 40µm and the height from 130µm to ∼ 100µm. The micropin results
shorter due to the CNTs flattened on top of the MHP. (b) Close up of the densified micropin tip; (c) close-up
pf the micropin base, showing the high packing density. The foam-like morphology completely disappeared.
(d) Thermal performance achieved in air and vacuum before and after the densification.
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The IPA treatment slightly deteriorates the thermal performance of the sample in air,

while no variation can be detected in vacuum. This thermal response decrease in air it

is likely due to overall surface area to volume ratio reduction as well as the air removal

from the micropin. Both factors strongly affect the natural convective heat transfer. In

vacuum, the unvaried trend is consistent with the results achieved by the a-SiC coated

single micropin.

Natural convective heat-transfer in porous media is an active research area field [50–52].

However, to fully understand the natural convective heat-transfer in foam-like VA-CNTs,

including porosity variations, in depth numerical modelling and experimental studies

are needed.

4.6. THROUGH PACKAGE THERMAL VIAS BASED ON VA-CNTS

In 3D stacked chips the most common thermal management solution is to include an

interposer layer equipped with thermal vias. A thermal via allows to vertically transfer

the heat from the on substrate chip to the outermost layer of the stack. However, dur-

ing the interposer fabrication process it is not trivial to achieve a good filling of the vias,

which strongly depend on their aspect ratio [53, 54].

Here for the first time, we create through package thermal vias based on VA-CNT

micropins. They can represent an attractive alternative as thermal as well as electrical

vias. The bottom-up growth, the possibility to fully customize both feature shape and

aspect ratio, and the chance to tailor their mechanical, thermal and electrical behaviour

through conformal coatings, make VA-CNT array a promising candidate as CNT-based

via. A preliminary study is carried out to prove the possibility to embed a-SiC coated

VA-CNT micropins into a wafer-level packaging process. Patterned VA-CNT arrays are

grown on a Si wafer reaching a height around 300µm. After conformally coating the nan-

otubes with 21 nm of LPCVD a-SiC, a film assisted molding (FAM) conducted at wafer-

level to encapsulate the system is performed. The FAM is a proprietary technology

of Boschman Technologies and APC, for details about the procedure we cross refer to

[55, 56]. The crucial part of the encapsulation process is that VA-CNT micropins have to

withstand the pressure (from 3 to 80 bar) used to insert the epoxy-molding compound,

therefore a proper anchoring with the substrate and good mechanical strength are nec-

essary. After the encapsulation the wafer is diced into individual chips of 6×6 mm. Fig-

ure 4.13 (a-f) shows micropins with different diameters before and after the coating and

the resulting VA-CNT vias through the epoxy-molding compound (Figure 4.13 (g-i)). The

molding results to be quite uniform over the entire wafer and most of the VA-CNT mi-
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cropins have the tip sticking-out from the molding, allowing to perform subsequent

optional metallization for routings (useful in electrical vias). Figure 4.14 shows com-

pressive failure of some micropins, probably caused during the closure and clamping

of the top mold. The compressive failure mechanism observed in our 20 nm coated

a-SiC micropins has been extensively studied by others [13, 14]. The whole concept of

high-aspect ratio via encapsulation has been patented by our research group [57].

Figure 4.13: (a) On a Si/SiO2/Al2O3 stack, photo-lithographically patterned VA-CNT micropins are grown. (b-
c) Optical and SEM images of the as-grown VA-CNT micropins, with diameters ranging from 10µm to 100µm
and height fixed at 300µm.(d-f) A 20 nm coating of a-SiC infiltrates the VA-CNTs. (g) A layer of epoxy molding
compound is inserted. (h-i) Optical and SEM images showing for the first time the micropins enclosed into
the molding by FAM.
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Figure 4.14: Partially molded wafer with coated CNT micropins. Some micropins were crushed due to their
lenght exceeding the mold gap.

4.6.1. THERMAL CHARACTERIZATION OF VA-CNT ENCAPSULATED BY FAM

The obtained chip-interposer has been thermally characterized by high-resolution IR

microscopy. The interposer is heated up via a thermal chuck to temperatures ranging

from 180 °C to 210 °C. By focusing on the chip area the surface temperature reached by

the interposer is monitored. The collected data are then compiled into thermal maps

Figure 4.15. The current sample configuration does not allow enough distance between

the heated chuck and the optic used to record the IR emission (distance 4-5 cm). This

implies that also at low temperature the optic is heated up, which affects the recorded

images. Therefore, with the current device configuration it is not possible to estimate

the heat loss through the VA-CNT vias and the epoxy molding compound. Further tests

needs to be carried out. However, each map clearly show the VA-CNT micropins and the

temperature profile along them is symmetric, confirming the conformality of the a-SiC

scaffold.

Figure 4.15: Surface temperature profile measured by IR spectroscopy while heating up the chuck at various
temperatures: (a) T=180°C, (b) T=190°C and (c) 210°C. VA-CNT micropins different in diameter are clearly
visible. The reported temperature in some areas are above the chick temperature due to the heating up of the
optic.
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4.7. CONCLUSION
To increase the heat transfer rate and the effective thermal conductivity of high aspect

ratio VA-CNT micropins, the effect of ceramic coatings was studied. VA-CNT config-

urations directly grown on top of MHPs are subjected to a coating process with ALD

Al2O3 and LPCVD a-SiC as coating materials. The thermal response of micropin con-

figurations is characterized prior and after depositing the coatings, using a combina-

tion of Joule heating and IR micro-thermography, explained in details in Chapter (3).

The obtained Al2O3/CNT hybrid material shows no significant variation in terms of

heat dissipation compared to the uncoated one. We conclude that the unvaried be-

haviour is caused by the limited penetration depth of the ALD precursors within the

CNT nanofoam. The a-SiC/CNT instead, shows a tremendous increase of the effec-

tive thermal conductivity by 181% compared to the as-grown CNT nanofoam. Accord-

ing to the obtained results and the carried morphological analysis, the key factor for

CNT thermal transport enhancement is the precursor penetration within the nanofoam

morphology. In fact, the solely presence of a thin shell around the micropin does not

improve the overall performance. It is the formation of a 3D network along the entire

micropin that contributes to the great enhancement of the thermal conductivity, by re-

ducing the interface thermal resistance between tubes and between CNT-substrate and

by proving additional thermal paths for the heat carriers. Preliminary experiments to

investigate in detail the influence of the porosity variation are carried out, by inducing

a densification of the VA-CNT array.

To prove that high aspect ratio conformal coated VA-CNTs can be used as 3D mi-

crostructure for localized and customized micro-cooling solutions, a chip-interposer is

fabricated by wafer-level FAM. In particular, the encapsulation was successful due to the

increased mechanical stability provided by the a-SiC conformal coating. A future step

will be to understand the heat transfer of the interposer-chip, by obtaining more reliable

IR maps and by using it as interposer among chip stacks.

This chapter highlights the opportunities provided by applying conformal coatings on

VA-CNTs. Being able to tailor and synthesize high quantities of uniform high-aspect ra-

tio arrays and further process them at wafer-level shows the potential for CNTs toward

commercialization in several applications.
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5
SELF-DIRECTED FOLDING

TECHNIQUE

5.1. INTRODUCTION
CNT microstructures consisting of VA-CNTs have high surface area to volume ratio.

For applications like chemical and optical sensing, heat spreader and passive compo-

nents, VA-CNT structures can be unpractical. An attractive alternative could be pro-

vided by high density horizontally aligned CNT (HA-CNT) sheets. This planar arrange-

ment shows higher robustness than the VA counterpart, enabling the introduction of

CNTs in standard microfabrication processes. To obtain HA-CNTs two approaches are

available: in-situ synthesis of horizontally aligned CNTs [1–3] or permutation from VA-

CNT to HA-CNT induced by external stimulations. The first approach is severely lim-

ited in its applicability by the exclusive use of a quartz or sapphire substrate to promote

the unidirectional growth and a CVD growth temperature of 900°C, or by using chal-

lenging catalyst deposition techniques resulting in poor CNT coverage. Therefore, to

integrate massive quantity of HA-CNTs into MEMS/NEMS devices, the self-assembly

and the horizontal redirection of VA-CNTs by external stimulation is the most suitable

solution. The permutation can be mechanically induced (rolling or domino pushing ef-

fect) [4, 5], liquid induced by immersion or evaporation [6–9], or layer-by-layer assembly

given by a combination of manual handling and bonding through liquid densification

[10]. In order to retain the initial CNTs alignment and to obtain an effective transfor-

mation into horizontal CNTs all the mentioned techniques require optimization of the

external forces applied and a deep understanding of the working principle. Figure 5.1

gives a comprehensive overview of the above-mentioned techniques implemented by
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various research groups and indicates the main challenges to be faced. Most of them re-

quire custom made systems[4, 5, 9], while other involve heavy manual handling [8, 10].

In this chapter, we explore how to control the generation of HA-CNT sheets by liquid

assisted flattening process by using two different barrier layers, Al2O3 and ZrN.

Figure 5.1: Overview of the different type of flattening techniques that make usage of external stimuli. The
figures were reproduced with the permission from (a) [4], (b) [5] (c) [8] (d) [9] (e) [10].

5.2. SELF-DIRECTED FOLDING TECHNIQUE
Among the techniques to obtain HA-CNT sheets indicated, we selected a liquid-assisted

flattening approach because it is easy to implement and is suitable for wafer-scale pro-

cessing. It consists of inducing the VA-CNT densification and the horizontal alignment

through the immersion in an alcohol solution and the withdrawal of the sample, by cap-
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illary adhesion, as reported for the first time by Hayamizu et al. [6]. Our process starts

with the CVD growth of dense arrays of VA-CNTs on a silicon substrate provided with

a barrier and catalyst layer. This layer stack consisting of 10 nm/1.8 nm of Al2O3/Fe

or 10 nm/0.8 nm of ZrN/Fe, is lithographically patterned to define a rectangular fea-

ture. To achieve the desired HACNT sheets, the wafer is perpendicularly immersed in

an isopropyl alcohol (IPA) solution and then dried while kept at a tilting angle of 45°

(Figure 5.2). The dipping angle, the time range and the tilting angle during the drying

process, need to be carefully determined.

Figure 5.2: Schematic illustration of the flattening process procedure. The wafer is first dipped perpendicu-
larly in the IPA solution. The wafer is left inside for 4 minute and then removed gently, while keeping always
the same position. Then the wafer is dried under a fume mood for 2 hours with a tilting angle of 45°.

It is well known that a self-assembly of CNTs can be induced by capillary action of

liquids including water, acetone, IPA and methanol [11, 12]. During the liquid evapora-

tion from the CNT forest, capillary forces arise inducing a reassembly of the nanoarchi-

tecture through strong VdW interactions. The key element to induce the CNT assembly

is the liquid evaporation from the array, as demonstrated in [12]. The horizontal folding

of the VA-CNT array originates from the studies carried on the capillary-driven assem-

bly of CNT forests, with the additional aim to obtain uniform densification instead of

nested patterns (see Appendix (A)). Moreover, the densification effects on VA-CNT mi-

cropins have been observed and reported in Chapter (4) (Section 4.5.2). IPA is used as

liquid to induce the self-assembly because it can easily evaporate at room temperature

and has good wettability to both the CNTs and the employed substrate (ZrN and Al2O3),

thus producing effective attractive forces while in contact with both.

Figure 5.3 reports the time laps permutation from rectangular patterned VA-CNT ar-

rays to HA-CNT blocks and a schematic illustration of the evolution. The VA-CNT in

the IPA solution retains their initial shape and orientation during the immersion pe-

riod as well as during the sample withdrawal. After few seconds the VA-CNT sponta-
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neously shrinks and starts to fold along the horizontal direction (Figure 5.3 (b)). The

result is a self-directed dense HA-CNT block strongly bound to the substrate. The per-

mutation originates during the liquid evaporation phase. As observed from the frames

reported, the permutation time varies from VA-CNTs to VA-CNTs. The dynamic of the

self-directed folding of HA-CNT has been studied in detail by [7, 13] and is here briefly

reported. After removing the sample from the solution, a thin layer of IPA infiltrates the

VA-CNT nanofoam and wets the substrates forming a meniscus around the microstruc-

ture sidewall. During this phase the VA-CNTs experiences shrinkage towards the struc-

ture barycenter due to the internal capillary forces and the strong VdW interactions.

The resulting structure is smaller and unbalanced, due to the densification (reduction of

the CNT interspacing) and tends to fold into a certain direction (densification phase).

Consequently, the meniscus becomes higher on the side facing the tilt direction and

destabilizes the entire structure (tilting phase) that starts to buckle. An IPA layer is now

trapped between the CNT sidewall and the substrate, which produces attractive forces,

thus pushing the CNT array downward onto the substrate (buckling phase).

Figure 5.3: (a) Illustration of the various phases experienced by the VA-CNT array. Figure adapted with the
permission from [7]. (b) Time laps of the permutation from VA-CNTs to HA-CNTs of various arrays. The first
frame shows that most of the VA-CNT arrays on the withdrawn wafer retain their orientation. The eye marker
is used to drive your attention toward the pointed microsctructure and its permutation over time.

Figure 5.4 (a) illustrates the rectangular microstructure of VA-CNTs, described in

width (W ) and thickness (T ), while the final array description includes the height (H).

The resulting HA-CNT substantially retains both the width (w) and the height (h) af-

ter the permutation, while the thickness, t , is the parameter that reflects the enhanced

packing density. For example, in a VA-CNT microstructure with W =50µm, T =10µm and

H=300µm, the densification ratio, defined as the ratio between the initial and the final

thickness (Dr = T /t ) is approximately 20. The permutation from VA-CNT to HA-CNT not



5.2. SELF-DIRECTED FOLDING TECHNIQUE

5

101

only changes the initial orientation of the array but even causes a morphological varia-

tion of the CNT nanofoam, by increasing the packing density (∼ 1540 tubes µm-2 for the

mentioned example). As observed in Figure 5.4 (d), the as-grown CNT array consists of

wavy interlaced multiwalled carbon nanotubes (MWCNTs), oriented perpendicular to

the substrate, entangled by VdW interactions. The resulting HA-CNT morphology con-

sists of compacted CNTs in which the initial alignment is retained (see Figure 5.4 (e)).

Figure 5.4: (a) Schematic representation reporting the geometrical characteristic of a VA-CNT and a HA-CNT.
(b) SEM picture of a VA-CNT arrays and (c) the resulting HA-CNT sheets. Both the width and the height, W ≈ w
and H ≈ h are retained. The thickness t is ∼20 times smaller than the T . (d-e) SEM close-up on the nanofoam
morphology prior and after the self-directed folding.

5.2.1. SELF-DIRECTED FOLDING DYNAMIC

The observation of the self-directed folding dynamic shows that various parameters play

a role during the different process phases. The final result is the sum of all these intrinsic

parameters. Therefore, to gain control on the outcome these parameters need to be

analysed and the process engineered accordingly. In particular, it is necessary:

• to investigate the best catalyst island sizes for the optimization of the densification

phase;

• to be able to predict the bending direction of the VA-CNT during the folding phase.

For this, it is important to control the meniscus height formed along the structure.

Consequently, the aspect ratio of the VA-CNT and substrate response to the wet-

ting liquid, are major variables to control for both the tilting and buckling phase.

In the following sections the three phases of the flattening method and the related key

parameters to be optimized are discussed in detail.
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5.2.2. DENSIFICATION PHASE

When the sample is removed from the liquid solution, the densification phase starts.

During this phase, a meniscus forms over the outer surface of the structure as well as

among neighboring nanotubes within the array. Therefore, internal and external cap-

illary forces act simultaneously on the VA-CNT provoking the structure shrinkage. The

internal capillary forces developed within the VA-CNT microstructure can be tuned by

varying the wetting liquid used, the catalyst island shape, and the CNT morphology (i.e.

tube diameter, distance among adjacent tube). The external capillary forces mainly de-

pendent from the surface tension of the liquid used and the catalyst island size. Both

internal and external capillary forces have parameters in common: catalyst island size

and liquid surface tension, γ. The catalyst patterned area, expressed in terms of W and

T (see Figure 5.4), can be easily changed by simply varying the lithographically defined

pattern. The minimum feature width is 2-3µm. This limit is dictated by the exposure

resolution of the mask alignment system used (EVG 420 Aligner). A catalyst island with

W > T implies larger contact area between the liquid and the overall VA-CNT surface,

which introduces larger external surface tension on the W side. Therefore, the resulting

VA-CNT is more prone to flatten perpendicular to the W side than to the T side. When

W ≈ T (similar dimensions), the surface tensions on both sides are competitive, and

there is no preference on the flattening orientation of the VA-CNT.

The internal aggregation of the CNTs within the microstructure is well described

by the fiber aggregation model reported by Py et al. [14] and applied to the vertically

aligned CNT [15, 16]. Briefly, adjacent CNTs withdrawn from a liquid stick together for

a certain length, called critical sticking length Lst i ck , in order to balance the compe-

tition between the capillary and elastic energy (Figure 5.5 (a)). Lst i ck represents the

distance between the substrate and the initial contact point of two fibers during the

elasto-capillary densification, and is expressed by [14, 15]:

Lst i ck =C1

√√√√s

√
Ecntπb3

4γ
(5.1)

where the numerical constant C1 depends on the wetting condition, s is the nanotube

spacing, b is the nanotube radius, EC N T is the Young’s modulus of the individual nan-

otube, γ is the liquid surface tension. For a cluster of CNTs, the multi-fiber sticking

distance, LNst i ck in expressed as:

LN sti ck =C2Lst i ck

√
βN 3/8 (5.2)
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where C2 is a numerical constant depending on the sub-cluster arrangement and wet-

ting condition, β is a pre-factor that depends on CNT arrangements, and N is the num-

ber of CNTs within the cluster (Figure 5.5 (b)). It has been experimentally observed that

to obtain a dense cylinder, without internal voids, the CNT bundle has to be higher than

LNst i ck [14]. The equations indicate that the internal aggregation of CNTs depends on

the as-grown packing density (through s, R and N ) and the height of the array. The bun-

dle densification rises internal shear stress in the microstructure due to both the CNT

entanglement and the tube-tube attraction exerted by the van der Waals forces, thus in-

ducing the structure deflection toward a certain direction.

Figure 5.5: (a) Sketch illustrating two fibers sticking after withdrawn from a solution. (b) Aggregation of N
fibers resulting from the self-similar clumping of two bundles of size N /2. This image was extracted from [14].

5.2.3. TILTING PHASE

After the CNT densification, the elastic microstructure is tilted towards the desired di-

rection due to internal shear stresses developed during the capillary forming. The insta-

bility induced by capillary forces is observed even in elastic structures with small sizes

or low elastic modulus [17]. In this phase we consider the entire VA-CNT microstruc-

ture and not the single nanotubes inside the array. The VA-CNT microstructures have

the tendency to minimize the energy, which implies to minimize the interfacial ener-

gies between solid-liquid (VA-CNTs-IPA), solid-air (VA-CNTs-air), liquid-air (IPA-air),

named γsl , γsv , γl v , respectively[18]. The capillary force, Fc , depends on the three inter-

facial energies as well as the system geometry. A pressure discontinuity is generated at

the interface of the components, highlighted by a meniscus formation around the VA-

CNT perimeter. Figure 5.6 illustrates the meniscus formed at the interface between a

perfectly perpendicular VA-CNT structure and a capillary induced bended one. For the
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perpendicular array the meniscus height is equal on both sides, while for the inclined

array the meniscus facing the tilted side is higher than the opposite one [7].

Figure 5.6: Meniscus height rise at the sidewall of the microstructure. (a) symmetric force applied to the
structure when it is perfectly perpendicular to the substrate. (b) unbalanced structure has asymmetric menisci
at its sidewalls.

The meniscus shape of an elastic wall depends on the balance between the Laplace

(first term Equation (5.3)) and hydrostatic pressures (second term Equation (5.3))[19]:

γl v

R
= ρg hc (5.3)

where R, g , ρ, and hc are the meniscus surface curvature, the gravitational accelera-

tion, the density of the liquid and the capillary rise, respectively. The sidewall shape of

microstructure facing the liquid highly influences the surface curvature. Under the as-

sumption of perfectly wetting conditions, only the γl v has to be considered. For a per-

fect straight perpendicular wall (Fig 5.5 (a)), Neukirch et al. [19] found that the capillary

rise is equal to:

h2
c = 2L2

c (1−cosθ) (5.4)

where Lc =
√
γl v /ρg is the capillary length, θ is the contact angle CNT-liquid interface.

Tawfick et al. [7] found a solution of the equation for both sides on a tilted sidewall

(Figure 5.6 (b)):

h2
r = 2L2

c (1− sin(θ+α− π

2
)) (5.5)
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h2
l = 2L2

c (1− sin(θ−α+ π

2
)) (5.6)

where α is the angle between the VA-CNT structure and the substrate. The reported

equations are important to understand the parameters that influence the capillary rise

and consequently, the magnitude of the capillary force applied on the microstructure

that causes the buckling of the VA-CNT and drives the transformation in HA-CNT sheet.

Therefore, the liquid and materials have to be selected based on their surface tensions.

5.2.4. BUCKLING PHASE

When the liquid evaporates off the surface and the structure reaches the proper bend-

ing, the buckling phase starts. As shown in Figure 5.6, after a sufficient tilting the elastic

microstructure is not able to counteract the interfacial attraction induced by the surface

tension of the liquid trapped among the sidewall and the substrate. The flattening of

the VA-CNT on the substrate occurs abruptly, as observed by the time lapse (Figure 5.3).

Since the pressure inside the liquid is lower than the external pressure, the microstruc-

ture experiences a force, Fc , acting at its perimeter that pushes the VA-CNT down to the

substrate (Fc = 2γl v w cos(θ) for a vertical beam of width w).

Figure 5.7: SEM image showing the microstructure tapering after the flattening process. The blue line high-
light the initial shape of the VA-CNT array.

The VA-CNT buckling occurs when the Fc experienced by the system is larger than

Euler’s critical load, Fel [19]:

Fel =
π

2

2 E I

L2
d

(5.7)

where E , I and Ld in our case are the Young’s modulus of the densified array, the second

moment of area of the wall section, and height of the densified microstructure, respec-
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tively. Fel decreases whit the wall height Ld . The minimum height Lbk , called capillary

buckling length, above which the VA-CNT can buckle, is obtained by equating Fel with

Fc [19]:

Lbk = π

2

√
E I

2γl v w
(5.8)

where I = w t 3/12 for a rectangular wall where w and t are the width and the thickness of

the densified VA-CNT. Lbk � t 3/2 and it is independent from w . As soon as the wall buck-

les, the capillary force is amplified. Moreover, when the liquid evaporates the meniscus

recedes, thus flattening the microstructure and creating an HA-CNT sheet. The HA-

CNT results on a tapered patch anchored to the substrate by van der Waals forces (Fig-

ure 5.7). The microstructure tapering is a consequence of the densification dynamic of

the array.The vertical array geometrical factors to be engineered for the buckling phase

are the width due to Fc � w , the height due to Fel � 1/L2
d and the thickness due to

Lbk � t 3/2.

In conclusion, to achieve an HA-CNT sheet at the end of the liquid flattening pro-

cess, it is firstly required a proper initial bending of the VA-CNT. The bending can be

achieved by inducing an asymmetric force from the meniscus, thus playing with VA-

CNT aspect ratio and feature shape, combined with the internal stress developed by

capillary forces in the microstructure. Secondly, the microstructure must be tall enough

to fold and collapse on the substrate, thus avoiding the free-standing tilting after the

liquid evaporation.

5.3. FLATTENING PROCESS ENGINEERING

High-aspect ratio vertically aligned CNTs are successfully grown on Al2O3, and ZrN, us-

ing Fe catalyst, at a temperature of 650°C [20–22]. In the next sections, we report for

the first time the application and the engineering of the flattening process on VA-CNT

grown on Fe/ZrN and as comparison, the same procedure is applied on VA-CNT on

Fe/Al2O3. The main advantage in growing CNTs directly on top of an electrical conduc-

tive layer as ZrN is to reduce the contact resistance between the CNTs and the substrate.

In particular, the HA-CNT sheets on both Al2O3 and ZrN substrates are compared in

terms of thickness and CNT packing density.

5.3.1. CATALYST ISLAND OPTIMIZATION

The solvents such as acetone, IPA and methanolare used for the flattening process due

to the good wettability shown with the CNTs as well as the substrate, the fast evaporation
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rate at room temperature and the effective drying. The remaining parameters to be engi-

neered to achieve well flattened sheets are related to the VA-CNTs. As explained before,

the catalytic island size could be directly varied during the micro-fabrication process, by

changing the lithographic process, with the only limiting factor the process resolution

itself. Similarly, since the VA-CNT height can be controlled by varying the CNT growth

time (60-80µm min-1), the aspect ratio of the array, defined as the ratio between the ar-

ray height and width (AR= H/W ), can be precisely tuned. Tests have therefore been per-

formed to find the best W /T ratio of the catalyst island, which combined with a certain

fixed H , creates an unbalanced VA-CNT structure after the densification phase. The ob-

tained microstructure can be effectively self-oriented during the IPA evaporation phase,

creating an HA-CNT firmly tethered to the substrate. However, these parameters are all

intrinsically related and complex to control simultaneously. As example, to achieve a

proper buckling the array height H has to be greater than the capillary buckling length

Lb , which is related to the array thickness t after the densification. The latter is a result

of the array densification, that in order to be as effective as possible, needs to have a

W > T (see Section 5.2.2), thus changes Young’s modulus E and consequently Fel . To

overcome this parameter concatenation, we started from the analysis carried out by Li

et. al.[8]. They affirm that to have a good control over the flattening process the W /T

of the catalyst island should be > 3. Starting from this suggestion, we engineer the per-

mutation from VA-CNT to HA-CNT by varying the W and the T over a wide range, while

keeping H fixed. Specifically, the following ranges are used:

[
10µm <W< 1cm

3µm <T< 40µm

]

H fixed to ∼ 100µm or ∼ 400µm

A qualitative characterization of the obtained features on both barrier layers is car-

ried out by collecting SEM images before and after the self-directed folding. To sort out

the collected data and to choose the most promising aspect ratios, an analysis criterion

was defined: the VA-CNT has to be perpendicular to the substrate, while the resulting HA-

CNT almost retain the initial W and L.

During the carried experiments, it has been observed that as soon as the VA-CNTs show

a preferential orientation right after their synthesis, the HA-CNT sheets achieved are

independent from the liquid assisted flattening technique. Therefore, it is necessary

to have perpendicular VA-CNTs to have a good control of the final sheet. The carried

qualitative analysis focuses on the perpendicular VA-CNT microstructures and not the

pre-tilted ones. The results of the performed qualitative analysis are reported in Fig-
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ure 5.8 for CNTs grown on Fe/ Al2O3 at a fixed H of 100µm and 400µm, Figure 5.8 (a)

and (b) respectively, while for the CNTs on Fe/ZrN in Figure 5.9 (a) and (b) for H=100µm

and 400µm, respectively.

Figure 5.8: Qualitative graph to evaluate the aspect ratio of various VA-CNT microstructures on Al2O3 under
two different heights. (a) H ∼ 100µm and (b) H ∼ 400µm. The VA-CNT microstructures perpendicular to
the substrate before IPA are highlighted by dashed red line, while the bended ones in solid blue line. After
performing the flattening, the combinations that give well flattened HA-CNT sheets are grouped in the green
rectangles. The inset show a bended VA-CNT before IPA.

The results obtained from the CNT on Fe/Al2O3 are summarized below.

• For H = 100µm to obtain a well-flattened HA-CNT sheet the W and the T can be

selected as follows: 3µm ≤ T ≤ 10µm and W ≥ 50µm (Figure 5.8 (a)). These ranges

are quite narrow. In fact, H is not enough to unbalance the structure unless the T

reaches its lowest range value, while the W has to be long enough to increase the

external surface tension applied from the liquid on the structure.

• For H = 400µm the flattening process is hard to control due to the prominent

AR of the structure. As illustrated in Figure 5.8 (b), most of the VA-CNTs show a
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preferential orientation and when flattened the achieved HA-CNT reshapes in an

unexpected way. These phenomena are discussed later in Section 5.3.3.

Figure 5.9: Qualitative graph to evaluate the aspect ratio of various VA-CNT microstructures on ZrN under
two different heights. (a) H ∼ 100µm and (b) H ∼ 400µm. The VA-CNT microstructures perpendicular to
the substrate before IPA are highlighted by dashed red line, while the bended ones in solid blue line. After
performing the flattening, the combinations that give well flattened HA-CNT sheets are grouped in the green
rectangles.

The examination of the folded HA-CNTs obtained from CNTs grown on Fe/ZrN are

summarized below.

• For H = 100µm all the catalyst patterns realized result in perfectly aligned VA-

CNTs after the growth process. However, after the IPA immersion only the arrays

with T ≤ 10µm and W /T ≥ 5 or T = 40µm and W /T > 8 result well flattened and

suitable to become HA-CNT sheets. (Figure 5.9 (a)).



5

110 5. SELF-DIRECTED FOLDING TECHNIQUE

• For H = 400µm the flattening process shows a better control in comparison to the

CNT grown on Al2O3, despite the prominent AR of the microstructure. Figure 5.9

(b) shows that T ≥ 30µm and W /T > 3 or T ≤ 10µm and W /T ≥ 5 provide the best

HA-CNT sheets.

In conclusion, from CNTs grown on Fe/ZrN we can achieve HA-CNTs for a broader

folding regime in comparison to the ones on Fe/Al2O3. Based on the reported analy-

sis, we can choose the catalyst island dimensions to be in the folding regime for both

support catalyst layers. VA-CNTs with a fixed T = 10µm and a W spanning from 50 to

800µm and H around 100µm or 400µm, are considered the most promising for inte-

gration at wafer-scale (see Chapter (6)) due to the good control during the flattening

process, the flexibility in width range and the high packing density (Figure 5.10). At the

lowest investigated H both layers give the same result, while for the maximum investi-

gated H the CNTs grown on ZrN show higher control in orientation for a wider range of

catalyst island size.

Figure 5.10: Validity range (considering a fixed T = 10µm) to achieve HA-CNT sheets on both barrier layers
respecting the criteria above-mentioned. The CNT grown on Fe/ZrN show broader range in comparison to
the Fe/Al2O3 ones.

5.3.2. HA-CNT THICKNESS

Once achieved the HA-CNT sheets, it is important to measure the thickness variation in

both the longitudinal (x) and the transverse (y) direction (see inset Figure 5.11) using

a surface profilometer. The reported measurements refer to HA-CNT sheets obtained

from VA-CNT arrays of T = 10µm, W = 50µm and H = 300µm. The resulting HA-CNTs

sheet shows difference in thickness uniformity most likely due to the barrier layers. The

thickness component along the x-direction, tx , ranges from 108 nm to 718 nm for the
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HA-CNT on ZrN from the base to the tip (Figure 5.11 (a)), while for the Al2O3 a good

thickness uniformity is obtained on the central area of the sheet of ∼370 nm (Figure 5.11

(b)). Two clear peaks corresponding to the VA-CNT base and tip appears on all the pro-

files. This is a consequence of the buckling phase. When comparing the thickness along

Figure 5.11: Thickness of a HA-CNT sheets on ZrN (a) and Al2O3 (b) with initial thickness of T = 10µm and
width W = 50µm after the immersion in IPA. Inset: SEM image shows the direction of the x direction. The two
spikes are caused by the folded sheets edges.

the y-direction, ty , we see that both sample are more uniform (Figure 5.12). The mea-

sured thickness variation is visible even under SEM inspection (Figure 5.13).

Figure 5.12: Thickness along y-direction of the HA-CNT sheets on Al2O3 (red line) and ZrN (blue line). The
two spikes are caused by the sheets edges.
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Figure 5.13: SEM image showing the thickness variation of buckled HA-CNT sheets and the folding at the
edges.

When HA-CNT sheets have to be used in electrical applications, it is fundamental to

choose the parameter combinations that provide the most uniform thickness, to achieve

reproducible and predictable electrical performance.

5.3.3. PECULIAR EFFECTS

During the investigation of the best procedure to achieve a reproducible flattening pro-

cess, some peculiar effects have been found (see SEM images in Figure 5.14). These

peculiar responses are observed in samples achieved on both barrier layers. In particu-

lar, they mostly appear when a VA-CNT structure has to interact with neighboring ones,

and/or their aspect ratio is not included in the optimized range. For these arrangements

the sample withdrawn and the tilting angle during the drying process are the process

steps with the highest influence. A higher incidence rate of these peculiar arrangements

has been observed in HA-CNT sheets on Al2O3, supposedly for some difference at the

barrier-IPA interface.

Figure 5.14 (a-b) displays the so-called “open loop effect” for individual or multiple

VA-CNT structures. It occurs in individual structure probably when the VA-CNTs are so

high that the IPA evaporates faster than the flattening time frame. In interacting struc-

tures the “open loop effect” is observed when the wafer is dried in ambient temperature

at 0°tilting angle. The obtained pinning it is most likely caused by a dewetting of the

liquid on the substrate[23]. Figure 5.14 (c-d) shows an unsuccessful attempt to achieve

a large area HA-CNT film obtained by overlapping several structure.
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Figure 5.14: SEM images of unsuccessfully attempts to achieve well flattened HA-CNT sheets. “Open loop
effect” of (a) individual and (b) interacting structures. (c-d) Frayed HA-CNT films after the IPA evaporation.

5.3.4. AL2O3 AND ZRN HA-CNT SHEETS

We have observed how a HA-CNT sheet strongly depends on the initial VA-CNT shape as

well as withdrawn and drying conditions. However, two other aspects may contribute to

the success of the flattening process: any difference among the grown CNTs (i.e packing

density, crystallinity) and the barrier layer wettability. In this section, we briefly dis-

cussed these two aspects and their possible influence on the achieved HA-CNT sheets.

In Chapter (2), we correlated the two barrier layers and the catalytic particle density

with the obtained CNT packing densities. Here we report the packing density variation

before and after the flattening process of both the Al2O3 and ZrN CNTs (in Table 5.1).

The substantial increase in packing density due to the densification is still far from the

ideal one. The ideal packing density of a CNT forest with diameter tubes of 8 nm is∼ 1.67

× 104 tubes µm-2, considering a tube spacing of 0.34 nm, which is the value of the in-

terlayer spacing of the bulk graphite crystal. This implies that despite the densification

induced, the spacing among CNTs it is still consistent. Moreover, as observed in the pre-

vious section within the HA-CNT sheet the density is not uniform. This is caused by both

the nonuniformities already present on the VA-CNTs and from the relation between as-

pect ratio and liquid evaporation rate. In particular, a VA-CNT array can present denser
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regions that densify first and acts as starting point of the whole array densification pro-

cess, as observed also by others [17]. From the collected information, it seems that as-

grown denser CNTs have a higher densification ratio after the IPA immersion. The CNT

packing density is one of the parameter that influences the mechanical behaviour of the

microstructure and reflects in the effective Young’s modulus E . In particular, it has been

reported that the E increases while the CNT density increases [16, 24].

Table 5.1: Material and geometric properties carbon nanotube and a-SiC coating.

Al2O3-CNTs Al2O3-CNTs ZrN-CNTs ZrN-CNTs
dry wet dry wet

CNTs density 112 2.1· 103 68 1.3· 103

(tubes µm-2)

The other parameter that influences the E is the number of defects in the nanotubes.

In fact, vacancy defects in an individual CNT provoke a significant reduction of the E up

to 13%, when the nanotube contains 2% of broken C-C bond [25]. To investigate the ef-

fects of flattening on CNTs quality, the Raman spectra of CNT samples achieved on both

ZrN and Al2O3 were collected prior and after the flattening process. After the flatten-

ing process both Raman spectra shown an increase in D-band peak, which is disorder

induced. The ID /IG ratio increases from 0.6 to 0.9 for the ZrN VA- and HA-CNTs, respec-

tively; and from 0.9 to 1.1 for Al2O3 VA- and HA-CNTs, respectively.

The sessile drop test results, reported in Chapter (2), on both bare barrier layers

and as-grown CNT forests, shows no substantial variation in terms of surface energy

between Al2O3 and ZrN and the two CNT forests. Moreover, the IPA shows high wet-

tability for all the investigated samples, making the determination of the contact angle

inaccurate. Therefore, the hypothesis regarding the difference in barrier layer and CNT

forest wettability can‘t be proven.

5.4. CONCLUSION

In conclusion, engineering of liquid assisted flattening process of two sample sets com-

prising VA-CNTs grown on Al2O3 and ZrN have been reported. In particular, through an

extensive qualitative analysis on the VA-CNT aspect ratio in order to achieve well flat-

tened HA-CNT sheets were investigated for both barrier layers. HA-CNT sheets on ZrN

shown a higher flexibility in terms of catalyst island size in comparison to the ones on

Al2O3. The resulting building blocks made of HA-CNTs were characterized in thickness,

packing density and quality. The differences observed among the two samples (HA-
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CNT obtained from Al2O3 and ZrN) might likely be attributed to the barrier layer and

their packing density. As future work, we suggest to further optimize the catalyst island

shape to achieve better thickness uniformity in longitudinal direction.
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6.1. INTRODUCTION
Our approach to go from nano- to macroscale using HA-CNT sheets are appealing for

applications such as chemical and optical sensing, heat spreading and local routing, for

which the vertical orientation of CNTs might result unpractical. This planar arrange-

ment shows higher robustness than the VA counterpart, thus increasing the possibility

to introduce CNTs in standard microfabrication processes. For this purpose, two chal-

lenges are solved in this chapter.

Firstly, we need to integrate large area HA-CNT sheets at wafer-scale on pre-proces-

sed wafers. Therefore, a wafer-scale process is developed to integrate the optimized

HA-CNT sheets, obtained on both Al2O3 and ZrN barrier layers (Chapter (5)). The de-

veloped approach allows to realize a variety of MEMS structures, ranging from large area

membranes to suspended interconnects. However, the integration of the CNTs grown

on electrical conductive ZrN has been proved to be challenging. Consequently, a sec-

tion is dedicated to Fe/ZrN CNT synthesis on Pt, TiN, SiO2 and SiNx .

Secondly, we want to enhance and tune the material properties at macroscale, while

improving the manufacturability. As demonstrated on the VA-CNT micropins (Chap-

ter (4)), by infiltrating nanoscale conformal coatings on CNT nanofoams is possible to

improve their thermal performance and mechanical behavior [1, 2]. This procedure is a

valuable alternative to effectively enhance the material properties of nanofoam like ma-

terials. In this chapter, we present a method to exploit the morphology of the HA-CNT

array as scaffold for creating reinforced heterostructures with tailored material prop-

erties, like electrical and thermal conductivity. The obtained HA-CNT sheets are sub-

jected to nanometer scale conformal coatings of Al2O3 or a non-stoichiometric a-SiC,

following the same procedure as Chapter (4). By characterizing the HA-CNTs prior and

after the coating infiltration, an impressive enhancement in electrical and thermal con-

ductivity is measured, an indication of the potential of CNT-based scaffolds as scalable

and functional building blocks for suspended interconnects, heat spreaders and novel

chemical and optical sensors. Figure 6.1 schematically summarizes the process steps to

achieve the final sample to characterize.
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Figure 6.1: The concept map shows the topics elaborated throughout the chapter. The number underneath
the block indicates the section (or subsection) where that module is specified.

6.2. FABRICATION PROCESS

6.2.1. PHASE 1: PRE-PATTERNED WAFER

The integration process of the HA-CNT sheets has been developed through several it-

erations and was inspired by the work published by Y.Hayamizu et al.[3]. In his work

Hayamizu reported for the first time the integration of HA-CNT sheets on Si, by using a

mixture of liquid-assisted flattening technique and electron-beam (EB) lithography. We

chose to take it a step further, by synthesizing the CNTs as last step on pre-patterned

Si wafers to keep the cleanroom compatibility, avoiding not scalable techniques like EB

lithography. A schematic drawing of the main fabrication process steps for the two most

interesting structures, suspended interconnects and membranes, are depicted in Fig-

ure 6.2. The integration of a HA-CNT sheet on a membrane is quite relevant for heat

confinement in thermal measurement. In fact, as observed in Chapter (3), the low ther-

mal conductivity of the SiNx membrane allows to localize the heat and force the thermal

dissipation through the VA-CNTs. Therefore, because the effective thermal conductivity

of the HA-CNT sheets is not known a priori, we applied the same heat confinement ar-

chitecture to direct the heat through the nanotube length.
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Figure 6.2: Main steps for the definition of the membranes and suspended interconnects. (a) On a single-side
polished wafer the pillar structures for the suspended interconnects are defined through a photolithographic
step. (b) DRIE is used to etched down those structures up to 7 mm deep into the Si substrate. (c) 400 nm
of LPCVD SiNx is deposited on the patterned wafer. (d) On the wafer backside a hard mask made of 6 mm
of PECVD SiO2 is deposited and then patterned by photolithography to define the membrane opening. The
400 nm of nitride on the window opening was then removed by RIE. (e) DRIE process is performed on th
ewafer backside to etch through the wafer (ca 500µm) and to land on the nitride layer on the front side. Now
the membranes are released. (f) A bi-layer of Ta/Pt metal stripes are evaporated and patterned by lift-off
technique. The dotted white line highlights the area corresponding to the suspended nitride membrane.

The process starts from a single-side polished Si wafer of 500µm thick (Figure 6.2

(a)). In order to create the Si pillar structures of the suspend interconnects, the bot-

tom half of the wafer is thinned down by DRIE. The pillars can vary in shape, spacing

and number, depending on the lithographic step. Their height is limited to 7µm to re-

duce the high topography that can negatively affect the photoresist film coverage SiNx

(b)). Right after, a 400 nm thick LPCVD SiNx layer is deposited to provide electrical iso-

lation to the Si pillars as well as to create the future suspended membrane (Figure 6.2

(c)). Meanwhile, on the bottom side of the wafer a layer of 6µm thick PECVD SiO2 is

deposited, patterned and etched by RIE to define the membranes ((Figure 6.2 (d-e)).

Subsequently, a 1µm Al layer is sputtered at 25°C on the wafer front side to protect the

SiNx layer and prevent damages during the membrane release done by DRIE of the Si

substrate. After landing on the nitride layer, the membranes are completely released

by removing the Al mask in PES 1. The two basic structures for the membrane and sus-

pended interconnects are now defined. Next step is to define the electrical contacts.

The metal chosen is Pt due to its highly linear TCR even at high temperatures. How-

ever, it represents a possible source of contamination for the cleanroom environment,

therefore is deposited as one of the last fabrication steps. Two valuable alternatives in

1It is a Al etchant containing: a mixtures of 1-5% HNO3 (Al oxidation), 65-75% H3PO4 (to dissolve the Al2O3),
5-10% CH3COOH (for wetting and buffering), and H2O dilution to define the etch rate at given temperature
[4].
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terms of TCR linearity range and cleanroom compatibility are molybdenum (Mo) and ti-

tanium nitride (TiN) [5, 6]. Sputtered Mo would allow the membrane release to be done

after the metal deposition and so avoiding the long evaporation process required for Pt.

However, Mo is prone to oxidize and it is easily etched in solutions containing HNO3

even in low percentage. TiN would give the same advantages as Mo but attention has to

be given to the stress and composition of the layer as high-stress TiN has an almost con-

stant TCR, while low-stress TiN has a nonlinear TCR [6]. After the membranes release,

a bi-layer of 20/160 nm of Ta/Pt is evaporated and patterned by lift-off process, using

NMP at 80°C. It is necessary to avoid the usage of the ultrasonic bath not to damage

the membranes (Figure 6.2 (f)). A prolonged vacuum thermal annealing step at 1000 °C

is then performed on the wafers to stabilize the electrode resistivity. The wafer is now

ready for the second phase: the CNT synthesis. A detailed flowchart is reported in Ap-

pendix (C). Figure 6.3 reports the optical images of the fabricated pre-patterned wafer.

Figure 6.3: Optical images of the structure created on the pre-patterned Si wafer. (a) Suspended interconnects
with different pillar shape and density. (b) SiNx membrane for thermal characterization.

6.2.2. PHASE 2: CNT SYNTHESIS

The second phase of the process consists in growing the VA-CNTs on the lithographically

defined patterns. In particular, Fe catalyst islands of 10µm in thickness (T ) and width

(W ) ranging from 30µm to 800µm are patterned on top of the Pt electrodes (Figure 6.4

(a)).

To grow CNT of predefined shapes on Al2O3 or ZrN, different lithographic steps must

be performed depending on the barrier layer selected. Briefly, for the CNTs synthetized

on the layer stack Al2O3/Fe made by 30/1.2 nm, the Fe is patterned by lift-off to define

the rectangular catalyst islands. For the CNTs grown on 30/0.8 nm of ZrN/Fe, the wafer is

coated with positive photoresist and then patterned to define a mask for the wet etching.

The wafer is immersed in 10% HNO3 solution at 50°C for the Fe etching, and then in

0.5% HF at ambient temperature to remove the ZrN. A rinsing and drying of the wafer is
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performed after each etching step. The process ended with the photoresist removal in

NMP at room temperature. The wafer with the defined catalyst islands (Figure 6.4 (a))

is then loaded in the CVD reactor at 650°C and a deposition process is run for a time

interval depending on the targeted CNT height (Figure 6.4 (b)). The distance between

the electrodes is varied depending on the CNT height to investigate.

Figure 6.4: VA-CNT synthesis. (a) After sputtering the barrier layer, Al2O3 or ZrN, the Fe catalyst nanoparticles
are evaporated and patterned according to the desired feature size. (b) The wafer is then placed in the CVD
reactor for the CNT synthesis. The growth time depends on the targeted CNT height.

6.2.3. PHASE 3: SPATIALLY PROGRAMMABLE FOLDING

The third phase consists in inducing the permutation from VA-CNTs to HA-CNT sheets

by applying the liquid-assisted flattening process reported in Chapter (5). The sample

is perpendicularly immersed and withdrawn from the IPA and then dried in ambient

air while kept at a tilting angle of 45°. After removing the sample from the solution,

a thin layer of IPA infiltrates the VA-CNT nanofoam and wets the substrates, induc-

ing the permutation into HA-CNTs. An example of the achieved membrane and sus-

pended interconnect based on HA-CNT sheets on a pre-processed wafer are shown in

Figure 6.5. In Figure 6.6 the large versatility of the building blocks based on HA-CNTs

is highlighted. The reported successful attempts in integrating HA-CNT sheets and

the performed coating procedure, regards only the CNT synthetized on Al2O3 barrier

layer. Therefore, if not specifically mentioned, from now on we always refer to CNT syn-

thetized on Al2O3. In Section 6.3, a detailed investigation of the possible cause of failure

in growing the CNT on pre-processed wafer with ZrN as barrier layer is reported.
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Figure 6.5: SEM images of the achieved membrane (a-b) and suspended interconnects (c-d). (a) VA-CNTs
grown on suspended Platinum (Pt) contacts before the flattening procedure.(b) After the IPA treatment a large
area CNT membrane is obtained. (c) VA-CNTs grown on Pt to connect the contacts pads. (d) Suspended
interconnects after the flattening method.

Figure 6.6: Building blocks based on HA-CNT sheets. (a) Multiple suspended interconnections made of HA-
CNTs. (b) Large area CNT membranes suitable for CNT-based sensors and heat spreaders. (c) Sensitive layer
made of HA-CNTs above interdigitated electrodes. (d) CNT “waves” that can be used for CNT-based micro-
channels and self sealing. (e) Large area CNT films made of alternating HA-CNT sheets (1×1 cm).
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6.3. INTEGRATION BOTTLENECKS FOR ZRN BARRIER LAYER
After removing the ZrN samples from the CVD reactor we were expecting to find high

aspect ratio VA-CNT grown on top of the pre-defined locations. On the contrary, we

observed that:

1. Almost no VA-CNT growth occurred on top of the layer stack made of Pt/ZrN;

2. Uneven growth or sparse nanotube growth on the SINx layer, depending on cata-

lyst island size;

3. Non-uniform growth rate along the wafer;

Having a perfect synergy between the countless combination of parameters like cat-

alyst nanoparticles, effective interaction barrier-catalytic layer, carbon feedstock, etc.

can make the CNT synthesis process not easy to tune. While CNT growth from cata-

lyst nanoparticles evaporated on Al2O3 layer has been widely reported [7–9],there are

no other reports on CNTs grown on ZrN layer except by our research group [10–12]. In

this work three crucial steps have been found to be critical during the fabrication pro-

cess: the ZrN layer patterning, the CNT growth on metal substrates and the CVD reactor

condition.

To understand and solve the failure mechanism related to the fabrication process,

three sets of experiments are carried out. On a Si wafer, 400 nm of thermal SiO2 (sample

set 1) or LPCVD SiNx (sample set 2) are deposited (Figure 6.7 (a)). Four square patches

of 5×5 mm are defined on their surface: a square patch of sputtered Ti/TiN (10/50 nm

at 350°C), another of evaporated Ta/Pt (20/160 nm) and the remaining two patches are

made of SiO2 or SiNx depending on the sample set. On each set a 30 nm of ZrN and

0.8 nm of Fe are deposited. Through photolithographic patterning, five subsample sets

are created (Figure 6.7 (b)): (A) Fe patterned with the same dimensions of the square

patches; (B) Fe patterned creating small catalyst islands; (C) non-patterned ZrN in com-

bination with (A) and (B); (D) patterned ZrN in combination with (A) and (B). The last

subsample (E) is made of non-patterned Fe and ZrN to obtain CNT forest on TiN, Pt,

SiO2 and SiNx . The samples are then loaded in the CVD reactor for the VA-CNTs growth.

In order to achieve high-aspect ratio CNTs and to avoid possible loading effects occur-

ring in patterned samples, the optimum settings suggested in [11, 12] were used.



6.3. INTEGRATION BOTTLENECKS FOR ZRN BARRIER LAYER

6

125

Figure 6.7: (a) Illustration of the sample sets. (b) subsamples, including their cross-sections.

The achieved samples are then analysed by SEM and optical inspection. The col-

lected results are summarized in Figure 6.8 and Figure 6.9 for the sample set 1 and sam-

ple set 2, respectively. Following, we discuss in detail the experiments related to samples

with the ZrN barrier layer, but the same design of experiment was performed on sam-

ples with the Al2O3 barrier layer. The latter tests reveal a successful VA-CNT growth on

Al2O3 independently from the substrate material.
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From the carried experiments is possible to draw the following conclusions:

1. CNTs forests, resulting from unpatterned ZrN and Fe, grow only on the noncon-

ductive substrates (SiO2 and SiNx ). The CNT growth process largely depends on

the surface energy interactions between catalyst and barrier layer. However, in

our case, even the substrate underneath has a certain influence on the whole syn-

thesis process.

2. When considering feature sizes smaller than 500µm the CNTs growth on ZrN re-

sults more challenging. Independently on the underlayer, the geometry of the

catalyst pattern and the proximity with other catalyst islands play a significant

role. The relationship between the growth of a CNT array and its feature size as

well as the close presence of neighbouring arrays has been systematically stud-

ied by Bronikowski [13]. Under identical CVD growth conditions, he concluded

that larger and densely packed features promote a higher-yield of the grown CNT

arrays, while the smaller and not densely packed features showed to fail in the ar-

ray growth obtaining only sparse nanotubes. As demonstrated by Banerjee10 this

is valid even on the CNT grown on ZrN barrier layer, and here confirmed by the

difficulty in growing VA-CNTs with smaller features in comparison to the square

patches.

3. On conductive substrates, there is a higher chance to achieve VA-CNTs by pat-

terning the ZrN layer. However, the wet etchant used for the ZrN layer, 0.5% HF at

ambient temperature, is quite aggressive (etching rate estimated around 1.2 nm

sec-1). A larger undercut of the masking layer is observed in the smaller structures

(two-side undercut of 2.5 mm), while in the square patches a two-side undercut

of 1µm is measured. This can cause the complete removal of ZrN layer under the

photoresist masking layer when the features are smaller than 500µm, like the ones

used in the fabrication process explained in the Section 6.2.2. To mitigate this is-

sue, the ZrN layer thickness has been increased from 10 to 30 nm. Although the

most suitable solution was to use dry etching, in our process flow it cannot be

applied due to the membrane presence and equipment contamination issues.

4. Independently on the structure size, patterning the Fe and leaving the ZrN unpat-

terned on metal layers, leads mostly to uneven or no aligned growth. The inter-

action between the layer of the stack is not clearly understood and a failure com-

ponent due to the CVD reactor condition and/or the catalyst evaporation cannot

be excluded. The CNT synthesis on ZrN showed to work only in a limited catalytic

layer thickness range (from 0.5 to 0.8 nm), thus turning the entire CVD process
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highly sensitive to the evaporation step. Studies found in literature focused on the

CNT synthesis on metal layers such as copper (Cu) [14], stainless steel and palla-

dium wire [15] and Inconel [16]. However, all of them prevent the diffusion of the

catalyst Fe by passivating the metal surface with an extra layer of SiO2 or Al2O3.

Even if the growth process on ZrN still need to be optimized and completely un-

derstood, it has the potential to provide an inherently better than the currently

employed solution to reduce the CNT-metal substrate contact resistance.

The observed instability of the growth process is not only related to the catalytic

and the barrier layers, but also to the CVD reactor which is affected by both spatially

and time-varying gradients [17]. In fact, the carried experiments showed a strong de-

pendence of the VA-CNT growth success rate from the reactor temperature, the sample

position within the chuck and the reactor memory effect. Therefore, before the CNT

synthesis on ZrN the following precautions are taken: firstly, the reactor chamber is

cleaned using an oxygen plasma recipe. Secondly, a long dummy run is performed to

pre-heat the reactor. Thirdly, the samples are loaded in the centre of the chuck where

the temperature is higher and more uniform.

6.4. COATING PROCEDURE
HA-CNTs sheets are a promising way to integrate massive quantity of CNTs at wafer-

scale. Their interwoven morphology provide a unique opportunity for creating rein-

forced heterostructures with tailored material properties. As mentioned in Chapter (1),

CNTs have been used in composite mostly as a secondary material to improve thermal,

mechanical and electrical performace [18–22]. However, a new trend is to employ CNT

as primary material, to be used as scaffold for a novel class of hybrid composite [23–25].

This will open to a novel class of composite materials with tailored thermal, electrical

and mechanical properties.

We applied the same thin layers and consequently, same coating procedures used

in Chapter (4) for the VA-CNTs. The HA-CNT sheets are thus subjected to a nanometer

scale ceramic coatings of Al2O3 or non-stoichiometric a-SiC. The obtained heteroge-

neous composites based on CNT scaffolds are named Al2O3/HA-CNTs and a-SiC/HA-

CNTs depending on the coating used (Figure 6.10).
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Figure 6.10: Schematic illustration of the uncoated and coated HA-CNT sheets. The coating nucleation starts
from the interaction between localized CNT surface defect sites (purple dots) or at the CNT-CNT junctions and
the precursor gases. These experiments are carried on HA-CNT originated from the combination of Fe/Al2O3
as catalyst and barrier layer.

6.5. MORPHOLOGICAL CHARACTERIZATION
The morphology, the packing density and the quality of CNTs are monitored after per-

forming the crucial fabrication steps: VA-CNT growth, permutation in HA-CNTs and

after the coating infiltrations. These data are collected by acquiring CNT Raman spectra

with 514 nm laser wavelength, and by SEM inspection. More details on the morpholog-

ical characterization techniques applied to nanotubes are given in Chapter (2).

Figure 6.11 shows the morphological variation starting from the as-grown VA-CNT nanofoam,

to the HA-CNT sheets, ending with the coated HA-CNTs. The adopted deposition tech-

niques allow nanoscale accuracy of the deposited layers thickness. The coating thick-

ness obtained around the nanotube surface, 14.4 ± 1 nm for the a-SiC and 12.5 ± 1 nm

for the Al2O3, agrees with the one measured on a bare Si wafer by ellipsometry.

As determined by SEM inspection, the regular foam-like VA-CNTs are packed with

an estimated density of 112 tubesµm-2. After the flattening procedure, the resulting HA-

CNT morphology consists of compacted CNTs (∼2120 tubes µm-2) in which the initial

alignment is retained.
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Figure 6.11: SEM close ups of the CNT morphology: (a) as-grown VA-CNT, (b) densified HA-CNT sheet, (c)
Al2O3 hybrid sheet, (d) a-SiC hybrid sheet. The nanotube average diameter varies from 15 nm when uncoated
to 39-44 nm when coated.

Raman spectroscopy, performed at different stages of the process, shows the struc-

tural evolution from the as-grown vertically aligned CNTs to the hybrid composite cre-

ation (Figure 6.12). The intensity ratio between the D-band (∼1345 cm-1) and the G-

bands (∼1586 cm-1), ID /IG , indicates the quality variations. Specifically, the ID /IG ra-

tios are 0.67, 0.92, 1, and 0.97 for the VA-CNT, the HA-CNT, the Al2O3/HA-CNT and the

a-SiC/HA-CNT, respectively. The initial high defectivity of the HA-CNT sheet is ben-

eficial for the coating. In fact, the surface defects provide bonding sites for the coating

nucleation. Therefore, no functionalization treatments are required on the CNT scaffold

prior to the coating procedures. The intensity of the G-band peak is weakened in both

the Al2O3/HA-CNT and the a-SiC/HA-CNT sheets due to the coating thickness, which is

in agreement with other researche [26].

As previously reported [27], VA-CNTs and consequently, HA-CNTs show crystallinity

and alignment variations over the length due to the growing process ( Section 2.3.4).

As for the uncoated HA-CNTs, the ID /IG ratios versus the position along the HA-CNT

length (tip, centre and bottom) of the coated ones have been analysed. The achieved

results did not show any significant variation of the ID /IG ratios with the position.
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Figure 6.12: Raman spectra collected during the different stages of the fabrication process. The flattening
process slightly affects the as-grown CNT quality and a clearly hybrid composite is formed after the a-SiC
coating.

6.6. ELECTRICAL CHARACTERIZATION OF HA-CNT SHEETS

In microelectronic applications pure metals are heavily used due to their low electrical

resistivity. However, the operating temperature is often higher than room temperature.

In this scenario pure metals with their positive TCR do not represent the best solution.

In fact, they do not counteract the temperature increasing and they can even become a

source of extra heating due to their resistance increase and geometric constrains. Since

a negative TCR is commonly observed in CNT sheets [28–30], they have emerged as valu-

able alternative to metals. The ideal case is represented by a resistor with zero or rather

small TCR.

In the following sections the electrical performance of various structures based on

HA-CNT sheets are discussed. First, the HA-CNT sheets originated by the two barrier

layers under investigation, Al2O3 and ZrN, are measured. As the integration of CNT

grown on ZrN support layer (see Section 6.3) proved to be rather cumbersome, only a

few suspended interconnects samples on Pt electrodes are successfully realized. They

are used only for a partial comparison with the ones based on Al2O3 in terms of con-

tact and intrinsic resistance of the HA-CNT sheets in Section 6.6.1 and Section 6.6.2.

Then, in Section 6.6.3 the electrical anisotropy of HA-CNT sheets is investigated by using
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large squared assemblies of HA-CNT sheets (1×1 cm), named films. Recently, electrical

[31],thermal [32],and mechanical [33] anisotropies of HA-CNT are attracting attention.

Due to the macroscopic dimension of the obtained HA-CNT films, the material prop-

erties can be investigated with conventional methods rather than peculiar method as

often used to characterize nanomaterials. In the final Section 6.6.4 the effects of the

coatings on the electrical performance of HA-CNT sheets are observed by comparing

the sample resistance values prior and after the procedure. In particular, we propose

for the first time the thin coating as strategy to enhance the electrical conductivity of

HA-CNT sheets.

The mentioned electrical characterizations are performed in two-point configuration

by providing a low input current to avoid the sample self-heating. The current-voltage

(I-V) measurements of the obtained structures are performed on a Cascade probe sta-

tion and an Agilent 4156C Semiconductor Parameter Analyzer in DC mode.

Prior to start analysing the obtained results, we would like to briefly introduce the

nomenclature used and the electrical transport phenomena involved in HA-CNT sheets.

Since the HA-CNT sheets are three-dimensional (see Figure 6.13), the effective electrical

conductivity (as well as the thermacl conductivity) has components in three directions:

x; y; z. The nanotubes length is along the x-axis and the sheet cross section lies on the

y-z plane.

Figure 6.13: Three-dimensional sketch representing a HA-CNT sheet. The x-axis lies along the axial tube
direction, y-axis along the radial direction of the tube and z-axis along the sheet thickness.

The electrical conduction on the x-axis, specifically the one along an individual

MWCNT, depends on the diameter and length of the tube as well as the defect den-

sity [34]. Along the y-axis and the z-axis, numerous overlapping among parallel CNTs

are created during the liquid-assisted flattening technique. The densification process

has shortened the spacing among adjacent tubes down to the van der Walls contact

distance, and consequently increasing the contact area of the CNT both in-plane and
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along the thickness. The resulting morphology expands the carrier transport across the

in-plane direction. However, because the CNT-CNT junctions act as electrical bound-

aries, the preferential direction of the electrical transport will be along the tube length

(x-axis) rather than the y- or z- directions. The CNT-CNT resistance heavily depend on

the overlapping area and on the intertube spacing [35]. The junction resistance is lower

when the CNT are in direct contact, while it strongly increases when the carrier transport

is through tunnelling among separated tubes [36–38]. Therefore, most likely the elec-

trons prefer to percolate across the interwoven nanotube sheet instead of tunnelling.

Moreover, the electron transport through tunnelling requires high thermal energy, thus

increasing the electron tunnelling probability at higher temperatures [37].

6.6.1. RESISTANCE MEASUREMENT OF UNCOATED HA-CNTS

As observed by the Raman spectroscopy (Figure 2.3.4), the CNT grown on ZrN exhibit

higher degree of crystallinity and lower defect density in comparison to the Al2O3. There-

fore, to understand if the crystallinity difference is reflected on the electrical perfor-

mance, a comparison in carried out between HA-CNTs derived from CNTs grown on

the two barrier layers. Moreover, the ZrN layer has a lower resistivity than the Al2O3

layer, therefore a lower contact resistance is expected. The resistance measurements are

carried out on suspended interconnects structures, different in lengths (400µm, 250µm

and 100µm), obtained on Al2O3 and ZrN barrier layers (Figure 6.14 (a)).

The total electrical resistance, RM , can be expressed as the sum of the HA-CNT sheet

intrinsic resistance, RH A−C N T , and the contact resistances (HA-CNT-metal), Rc1 andRc2:

RM = Rc1 +Rc2 +RH A−C N T (6.1)

where Rc1 is the contact resistance between the HA-CNT root and the electrode, Rc2 is

the one related to the contact between the HA-CNT sheet tip and the electrode (see Fig-

ure 6.14 inset). By measuring the RM as function of the different HA-CNT sheet lengths,

the sum Rc1 + Rc2 is inferred from the least square fitting at zero length, l = 0, in the RM -

length plot (Figure 6.14 (b)). The method adopted to characterize the contact resistance

and the HA-CNT sheet intrinsic resistance is known as transfer length method (TLM)

[39]. It should be noticed that Rc2 depends on the initial height of the synthetized VA-

CNT array. Considering a fixed electrode distance, a higher VA-CNT array originates a

longer HA-CNT, thus increasing the overlap area between the HA-CNT sheet tip and the

bridged electrode. Therefore, while the Rc1 is constant with respect to the length, the

Rc2 depends on the sheet length. All the measured sample sets had the same overlap
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Figure 6.14: (a) I-V characteristic for different HA-CNT sheets synthesized on Al2O3 or ZrN barrier layer. The
inset shows a sketch with the contact resistance contributes Rc1 and Rc2 and the sheet resistance RH A−C N T .
The Rc2 strongly depends on the overlap length Lov . (b) Resistance vs. HA-CNT sheet lenght (l ). In particular,
l ranges from 400µm down to 100µm. The transfer length method was used to estimate the resistance com-
ponents. The dashed lines represent the linear fitting of the data. For l =0µm the sum Rc1 +Rc2 is found for
both barrier layers.

length, Lov , in order to highlight only the length dependency of the RH A−C N T . Table 6.2

displays the obtained resistances. The recorded difference between the HA-CNT sheets

on Al2O3 and on ZrN is due to Rc1+Rc2. Therefore, even if the HA-CNTs grown on ZrN

have higher quality this can’t be precisely determined by our measurement method.

Table 6.1: Parameters obtained from the linear fitting of Figure 6.14 (b). rH A−C N T is the resistance per unit
length (Ω µm-1).

Barrier layer Rc1 +Rc2 rH A−C N T

Ω Ωµm-1

Al2O3 1041 ± 116 2.25 ±0.4
ZrN 786 ± 83 2.4 ±0.29

As future step, it might be interesting to investigate the Rc2 dependency on the over-

lap length (Lov ). Ghatge et al. have predicted a decrease in contact resistance by in-

creasing the graphene-metal overlap [40]. Moreover, since every employed method to

extrapolate the contact resistance over the total one has its own approximations, it is

recommended to use multiple measurement structures (such as contact chains, Kelvin

method, four-point method) in future experiments [39].



6

136 6. INTEGRATION AND CHARACTERIZATION OF HA-CNT SHEETS

6.6.2. CONTACT RESISTANCE HA-CNT/HA-CNTS

The pre-patterned wafer contains a structure we named “domino”, that can be used to

characterize the contact resistance among overlapping HA-CNTs sheets, named RH H .

The investigated structure can be constituted by 1, 3, 6, 9 and 13. The domino ar-

rangement aims at proving the possibility to overcome the limitation of the HA-CNT

length, due to the growth saturation during the CNT synthesis, by sequentially aligning

sheets. Every sheet overlaps the subsequent one for a certain length called LC N T−C N T .

This length depends on the height uniformity of the synthesised VA-CNT arrays. In the

image shown in Figure 6.15 (a) the length of each HA-CNT sheets varies between 495-

510µm. The total length of a stripe depends on the number of sheets involved in the

domino structure. As observed by performing electrical measurements, the resistance

increases linearly by increasing the number of sheets involved in the domino structure

(Figure 6.15 (b)).

Figure 6.15: (a) Domino structure composed by sequentially flattened HA-CNT sheets obtained on Al2O3
barrier layer. The overlap length between adjacent sheets is called LC N T−C N T . In the picture the LC N T−C N T
varies from 148µm to 155µm. The total length of the stripe depends on how many sheets are participating to
the domino structure. (b) Resistance contributes of three domino structure.

The contact resistances between CNT-metal, Rc1+Rc2, and overlapped HA-CNT sheets,

RH H , are determined by TLM method. The sum Rc1+Rc2 corresponds to the resistance

value achieved at l = 0, here defined RC . By assuming an average sheet length, Ls , of

502.5µm and an average LC N T−C N T =151.5µm, the measured domino resistance can be

described as follow:

RM = RC +Rs +RH−H (6.2)

RM = RC + rs (N ·Ls − (N −1) ·LC N T−C N T )+ (N −1) ·LC N T−C N T · rH H (6.3)

where N is the number of sheets involved in the domino structure, rs and rH H are the

length dependent resistances (Ω µm-1) of the sheet and HA-CNT/HA-CNT junction, re-
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spectively. The average rs is 0.09 Ω µm-1, inferred by N =1, while the rH H is 0.087Ω

µm-1. The stacked column chart reported in Figure 6.15 (b) highlights the resistance

contributes that pertain to the total resistance of three domino structures.

Considering a copper-based interconnects, equal in dimensions to a 6 HA-CNT sheets

domino structure, the resulting resistances are ∼0.1 Ω [41] and ∼269 Ω for the first and

the latter, respectively. The carried comparison demonstrates that several improve-

ments should be made to employ the domino structure on practical applications such

as local routing. Therefore, strategies to decrease the resistance of the sheets to bring

these CNT assemblies a step forward towards state of the art applications are needed.

6.6.3. ELECTRICAL ANISOTROPY

To characterize the anisotropic electrical transport on large area CNT based film, we cre-

ate a 1×1 cm HA-CNT sheets (Figure 6.16 (a)). Empirically we found that is not possible

to directly synthetize VA-CNT array of 1 cm in width. In fact, in such samples a detach-

ment of the entire densified array and consequently, a curling up of the whole structure

is observed after IPA immersion. The maximum array width that can be achieved to

avoid the curling up effect is 800µm. Therefore, to cover a large area, misaligned patches

of HA-CNT sheets are fabricated. The resulting film and the current-voltage character-

istics are shown in Figure 6.16. The possible electron pathways along the square patch

and the corresponding resistances are: the parallel direction, R//, and the perpendicular

direction, R⊥, to the HA-CNT alignment. The film anisotropy is given by the ratio R⊥/

R//. As observed from the I-V characteristics, the R// is lower than R⊥ and the anisotropy

ratio is 2.48. Since the electrical conductivity in the graphene plane of a CNT is orders

of magnitude higher than that among adjacent graphene planes, the electrons are pre-

dominantly flowing through the outermost wall of a MWCNT, while the inter-shell con-

duction is highly discouraged [42]. This generates the observed material anisotropy.

Moreover, the achieved electronic anisotropy is lower in comparison to the one mea-

sured on magnetically aligned CNTs (R⊥/ R// = 6.2-8) [31] and buckypapers (R⊥/ R// =

7.3) [33], demonstrating that obtained large scale HA-CNT sheets are inherently better

than the CNT-based composite having different alignment techniques.
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Figure 6.16: (a) Optical image of the HA-CNT film of squared area equal to 1 cm2. The current flow per-
pendicular (white line) and parallel (red line) to the tube alignment direction are shown. (b) Current-voltage
characteristics measured perpendicular, parallel or diagonal to the HA-CNT alignment.

The manufactured large area conductive patches can be potentially used in com-

bination of the gas sensing capabilities of CNTs. Gas sensing application requires high

surface area, good electronics properties and mechanical and environmental stability.

However, the most used approach requires tedious processes to obtain random CNT

networks, that due to their randomise distribution of the tubes need to be electrically

characterized before their usage [43]. A step toward the commercialization of CNT-

based sensor is represented by the possibility to perpendicular align CNT arrays. The

well-defined orientation allows to increase the sample reproducibility as well as per-

forming surface treatment to selectively increases the detection sensitivity and selec-

tivity of the tubes to gases or even for protein detection [43, 44]. Other interesting ap-

plications are related to electronic skin and flexible electronic. However, it is necessary

to lower the CNT growth temperature or to adopt transfer techniques on flexible sub-

strates. Finally, the high area coverage and the low thickness of the HA-CNT films can

be employed as TIM or heat spreader depending on their thermal performance.

6.6.4. ELECTRICAL CONDUCTIVITY ENHANCEMENT THROUGH COATINGS

Here the electrical conductivity improvement of HA-CNT sheets through a-SiC and Al2O3

infiltration is investigated. The I-V trends of the a-SiC/HA-CNTs and the Al2O3/HA-

CNTs suspended on the membranes are reported in Figure 6.17. In this section, all the

HA-CNT sheets studied originated from the permutation of VA-CNT grown on 30 nm of

sputtered Al2O3 as barrier layer. The electrical response of the investigated samples is

measured and compared to the one before the coating procedure. The measurements
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are performed on HA-CNT sheets with w = 800µm, t = 6µm and a distance between the

electrodes of 400µm (Figure 6.17 inset).

Figure 6.17: I-V curve before and after the coating procedure of the HA-CNT sheets (inset). The contact resis-
tance was subtracted from the measurements. The HA-CNT conductivity increases of ∼209% by coating the
sheets with Al2O3 and of ∼2276% by adding a-SiC thin layer.

The pristine HA-CNT sheets exhibit a conductivity of 0.61 S·cm-1, while a substan-

tial increase is recorded for the hybrid ones: 1.9 and 14.6 S·cm-1 for Al2O3/HA-CNTs

and a-SiC/HA-CNTs, respectively. The impressive enhancement in electrical conduc-

tivity corresponds to 209% for Al2O3/HA-CNTs and 2276% for the a-SiC/HA-CNTs. To

the best of our knowledge nobody has ever reported such as enhancement on coated

CNTs arrays. The drastic increase of the sheet conduction can be attributed to at least

one of the following aspects: the infiltrated material (interface resistance and porosity

variation, nanotube doping), CNT annealing.

The electrical conductivity enhancement might be symptomatic of the support of

the infiltrated thin layers to overcome high resistivity sites within the scaffold, such as

CNT-CNT junctions, separated CNTs at tunnelling distance in both x-y plane and y-z

plane and defects along the nanotube. The coating increases the CNT diameter. Con-

sequently, it facilitates the creation of new interfaces among adjacent tubes that were

not in contact before or at tunnelling distance. In all cases the arisen interface resis-
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tance CNT/coating is more favourable than the initial situation (tunnelling or even no

conduction). The magnitude of the interface resistance in general, and CNT/coating in

particular, depends on the energy-band diagram for the CNT-material interface. Since it

has been demonstrated that the by increasing the inter-tube contact area or decreasing

the inter-tube space the resistance interface decreases [45], we can expect a reduction

of the contact interface due to increased surface area through the coatings.

Moreover, the coating infiltration within the CNT scaffold implies a further porosity

reduction, and depending on the material and deposition conditions, a CNT doping ef-

fect. Various studies carried on the effect of porosity variation on fiber [45], 3D CNT net-

work [46], buckypaper [47], have shown resistivity decrease due to porosity reduction.

Therefore, this is probably one of the causes of the resistivity reduction in both Al2O3

and a-SiC coated HA-CNT samples. However, the electrical conductivity enhancement

of the a-SiC/HA-CNT sheet is so consistently higher than the Al2O3/HA-CNT one that

suggested the existence of additional factors such as doping effect.

It has been reported that by substituting a carbon atom in the nanotube lattice with

an element of different valence electrons the number of available states in the CNT in-

creases [48]. The type of state (electron-donor or electron-acceptor) depends on the

bonding of the dopant element and the lattice. The most common dopants are nitrogen

(N) or boron (Br), which are next to carbon in the periodic table of elements. Consid-

ering the gas precursors involved in the coating procedure, we focused our attention

on two possible doping elements: N as carrier gas in the ALD process; dichlorosilane

(SiH2Cl2) as precursor in the a-SiC deposition by LPCVD. The incorporation of N, that

has an extra electron in comparison to C (electron donor), in MWCNT it has been ex-

tensively studied (N-doped CNTs) [49]. The in situ doping insertion of N occurs during

the CNT synthesis, an example in the CVD reactor by tuning the synthesis recipe at ele-

vated temperature (825°C) [50]. N-doped CNTs can be even obtained by post-treatment.

However, high temperatures are required (800-1200 °C) [51]. Therefore, to the best of our

knowledge we can exclude N incorporation in CNTs during the Al2O3 deposition due to

the low process temperature (350°C). The inclusion of Si into CNTs and the tailoring of

the electrical and thermal properties has been reported by others [52–57]. As the N, Si

introduce donor-like states above the pristine CNT Fermi level, thus further decreasing

the already small CNT band gap and increasing its electrical conductivity. The in situ

incorporation of Si in CNT lattice is performed using an aerosol-based CVD system with

a solution decomposed at 760 °C [54, 56]. The temperature required for the heteroatom

insertion is the same as the one adopted during the LPCVD process. During the LPCVD

process 65 sccm of SiH2Cl2, used as Si source, over 35 sccm of acetylene (C2H2), used
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as carbon source, in 5% H2 (carrier gas) reacted with the CNT surface at elevated tem-

perature (760 °C) and at low pressure (1 mbar). The inserted Si atom is expected to be

highly reactive, serving as binding centre to other atoms or molecules [57]. Therefore,

most likely the substantial enhancement of the a-SiC/HA-CNT is due to the influence

of Si on the CNT structure. Further investigation needs to be done to better understand

the doping mechanisms.

The CNT transport properties are strongly dependent on the crystalline structure

and defect density, a possible cause of the resistance reduction of the coated sheets is

the CNT purification due to heat treatment. Many researchers have reported a defect-

reduction and structural enhancement of MWCNT by performing an annealing [58–60].

However, the mentioned thermal treatments are performed at temperature ranges from

1500 °C to 2000 °C or even higher. Consequently, we can exclude that both coating pro-

cesses can cause a crystallinity improvement or purification of CNTs. This is confirmed

by the unaltered ID /IG ratio between the uncoated and annealed sample.

In conclusion, the total contact resistance reduction of the Al2O3/HA-CNT is most likely

due to coating related effects, while for the a-SiC/HA-CNT might be a combination of

coating and doping.

6.7. ELECTRO-THERMAL CHARACTERIZATION
In the following sections the thermal performance of pristine HA-CNTs, Al2O3/HA-CNTs

and a-SiC/HA-CNTs are discussed. Prior to evaluate the effective thermal conductivity

of the above-mentioned sample, the used measurement method, which consists on the

direct joule heating of the sample, requires three steps. First, the TCR of the various

samples must be quantified. After performing the calibration, a temperature rise was

induced within the sample by providing high input currents and thus self-heating the

sample itself. This second step was performed in both air and vacuum and the achieved

results were analysed under the assumption of one dimensional heat transport. As final

step, high resolution IR maps were collected while powering the samples and prelimi-

nary data on the sheets average ke f f .

6.7.1. THERMAL COEFFICIENT OF RESISTANCE (TCR)
In Chapter (3) the procedure to determine the TCR of the Pt spiral was introduced. The

TCR gives a straightforward link between resistance and temperature of the material un-

der investigation. In this section the TCR obtained from HA-CNT sheets, subjected to

different treatments, is discussed: as grown, thermal annealed and coated HA-CNTs.

Firstly, the current range at which no detectable Joule heating effects on the resistance
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is determined (for I0 = ± 50 µA constant resistance, R=R0). Then, the sample is heated

up through an external temperature controlled chuck, and R0 is collected at each tem-

perature step, from 298 K to 473 K (Figure 6.18 (a)). The temperature dependence of the

R0 of HA-CNT sheets is highlighted.

The resistance of both the pristine HA-CNT sheet and the Al2O3/HA-CNTs decreases

while the temperature increases, implying a negative TCR. In particular, the resistance

at 473 K is reduced by 76% and 68% for the uncoated and Al2O3/HA-CNTs, respectively.

The TCR was calculated as follow:

TC R = 1

R0

dR(T )

dT
(6.4)

R0 being the average resistance at T0=298 K. TCR ranges from 8034 ppm K-1 to 1970

ppm K-1 and from 5403 ppm K-1 to 2156 ppm K-1 for the pristine and the Al2O3/HA-CNT

sheets, respectively (Figure 6.18 (b)). The obtained negative values suggest a semicon-

ductor behaviour of the two samples. It is worth noting that even at high temperature,

the Al2O3 hybrid composite has a lower resistance than the pristine sheet. The nega-

tive temperature dependence originates mainly from the amount of conduction chan-

nels within the MWCNT that in parallel are contributing to the heat transport. In fact,

with increasing the temperature the number of conduction channels increases. Conse-

quently, more electrons participate to the heat transfer, lowering the resistance enough

to counteract the increase in the electron–phonon scattering rate [61–63].

In contrast, the total resistance of a-SiC/HA-CNTs sheets increases with the temper-

ature, indicating a positive TCR. The obtained a-SiC composite sheet shows a resistance

variation of 17% over the entire investigated temperature range. Further analysis re-

veals TCR values ranging from 1188 ppm K-1 to 861 ppm K-1 for the a-SiC. It emerges a

metallic like response. We can exclude a resistivity variation of the electrodes. In fact,

an annealing of the pre-processed wafers have been performed prior the CNT synthe-

sis. We can exclude even a richer concentration of metallic nanotubes in that sheet after

performing Raman inspection. Therefore, the causes of the drastic change of the sheet

thermal behaviour might likely be related to the CNT doping though Si atom insertion,

as explained in Section 6.6.4.

As observed in other CNT composites [64–66], the temperature dependence of TCR, re-

ported in Figure 6.18 (b), is the outcome of three phenomena that the electrons experi-

ence while moving through the CNT network: thermal assisted tunnelling transport at

the tubes-tubes junctions and thermal expansion of the HA-CNT sheet.
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Figure 6.18: Thermoresistive characteristics of the HA-CNT sheets subjected to different treatments: (a) R0
versus temperature; (b) Temperature dependence of TCR.

Further investigations are required to understand the interplay between the metal-

lic and semiconducting TCR behaviours of the heterogeneous composites. However,

the ability to tune the material thermoresistive response and the conductivity, plus the

lightweight and the integration in polymer composite, make the HA-CNT sheets attrac-

tive candidate resistor in wearable electronic device and heating and temperature sen-

sor system. In particular, we envision the possibility to achieve a hybrid resistor with

constant resistance over temperature (stable TCR=0) by stacking and tuning two HA-

CNT sheets with the different TCR.

6.7.2. REMOTE JOULE HEATING ON HA-CNTS

Above I > I0 the resistance of a HA-CNT sheet varies due to Joule heating (Figure 6.19)

in both air and vacuum. In fact, a detectable sample self-heating occurred after 0.5 mA

for all the investigated samples. As anticipated by the TCR, the trends of the pristine

HA-CNTs and the Al2O3/HA-CNTs show a semiconductor-like behaviour (their resis-

tance decreases with temperature increase), while the a-SiC/HA-CNTs trend indicates a

metallic-like behaviour (its resistance increases with temperature increase).
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Figure 6.19: Resistance-current plots for (a) pristine HA-CNTs, (b) Al2O3/HA-CNTs and (c) a-SiC/HA-CNTs.

A qualitative estimation of the ke f f of a HA-CNT sheet can be obtained by using

the one-dimensional heat transfer equation along a cutline of the high-resolution IR

maps, collected at the lowest possible current (Figure 6.20). Assuming no heat losses

due radiation and convection, the heat conduction equation can be written as [67]:

−ke f f
dT (x)

d x
= I 2R

Ac
(6.5)

where Ac is the surface normal to the heat flow direction, I 2R= Pai r is the heat trans-

ferred through the HA-CNT sheet. The thermal maps well describe the heat distribu-

tion throughout the HA-CNT sheets. The Al2O3/HA-CNTs and the pristine HA-CNTs

are progressively heated from the cold side (corresponding to Tb) to the hot side (corre-

sponding to Tt i p ). However, the surface temperature distribution on the Al2O3 results

more uniform than the pristine one. The a-SiC/HA-CNTs get just slightly heated up as

observed by the electro-thermal characterization. The highest temperature difference

alongside the diagonal of the a-SiC coated sheet is 7 K for an input current of 7 mA (Fig-

ure 6.20) (c)). The average effective thermal conductivity of each sample is achieved

based on the Equation (6.5) and the data are reported in Table 6.2 .
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Figure 6.20: IR maps of (a) Al2O3/HA-CNTs (c) pristine HA-CNTs and (d) a-SiC/HA-CNTs collected by prov-
ing an input current equal to 7 mA. (b) report the temperature profile along the dashed white cutline of
the Al2O3/HA-CNTs. While the diagonal dashed lines in (d) represent the maximum temperature difference
achieved on a-SiC/HA-CNTs equal to 7 K.

Table 6.2: Average ke f f calculated by I=7mA. The apex d indicates the extra value extracted from the diagonal
line of the a-SiC/HA-CNTs (dashed white line in Figure 6.20 (d)).

Pristine HA-CNTs Al2O3/HA-CNTs a-SiC/HA-CNTs

9.4 (W m-1 K-1) 9.6 (W m-1 K-1) 260 (W m-1 K-1)
d84 (W m-1 K-1)

The reported ke f f values have to be considered as a qualitative estimation. An more

accurate model, which include conductive and radiative heat dissipation, and better

contact between the HA-CNT sheets and the electrode is therefore required. As demon-

strated in Chapter (3), neglecting the convective and radiative contributes could result

in a significant modelling error. Therefore, the reported findings have to be considered

as preliminary and a starting point for further studies.
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6.8. CONCLUSION

We have presented electrical and thermal conductivities from heterogeneous materials

based on HA-CNTs. Promising results have been obtained from HA-CNTs after perform-

ing coatings of Al2O3 and a-SiC. In particular, an unprecedented electrical conductivity

enhancement of 209% for Al2O3/HA-CNTs and 2276% for the a-SiC/HA-CNTs has been

achieved. From the thermal point of view, the Al2O3 coating increases the temperature

distribution uniformity, while the a-SiC coating allows to achieve the thermal conduc-

tivity up 260 W m-1 K-1. Moreover, it has been observed that the by coating HA-CNTs

with a-SiC is possible to tune the TCR from positive to negative.Further investigation

need to be carried to understand the phenomenon behind this behaviour change as

well as the TCR temperature dependence caused by the material thermal expansion.
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7
CONCLUSIONS AND

RECOMMENDATIONS

7.1. FROM SPACELAND TO FLATLAND

Thermal material properties play a fundamental role in the thermal management of

microelectronic systems. This thesis aims at investigating the possibility to adopt CNT-

based materials as on-chip thermal management solutions. A novel MEMS in-situ char-

acterization platform was developed with controllable hotspot and integrated temper-

ature sensor to measure the heat transfer performance of CNT array microstructures.

The CNT microstructures were studied in two different geometrical configurations, ver-

tical and horizontal (Spaceland and Flatland), with differents coatings, and in differ-

ent physical domains, thermal and electrical. The nanoporous morphology of CNT ar-

rays offers the unique opportunity to tailor their properties and functionality through

nanoscale coatings. To perform the above-mentioned investigations, we allocate many

efforts in developing fabrication processes, for both CNT microstructures, compatible

with MEMS integration.

7.1.1. VERTICALLY ALIGNED CNTS - SPACELAND

The porous nature of carbon nanotube (CNT) arrays results in a very high surface area to

volume ratio, which makes the material attractive for surface driven heat transfer mech-

anisms. In this thesis we report experimental investigations of the thermal performance

of high-aspect ratio CNT nanofoam, directly grown on top of a suspended MEMS micro-

hotplate with integrated temperature sensor and power controller. The non-destructive
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in-situ characterization method, that combines electrical characterization and high-

resolution thermographic analysis, can be used for any hierarchical structured porous

materials. The employed experimental procedure allowed us to perform the investiga-

tions over a broad range of temperatures (294.15-575 K). We report for the first time the

temperature dependence of the heat transfer coefficient in free air of CNT nanofoam.

The VA-CNT foam-like morphology allows the infiltration of conformal coatings with-

in the array, achieving a CNT based composite with enhanced thermal performances

and increased mechanical stability. The formation of a coated CNT network using a

few nanometers of amorphous silicon carbide contributes to substantially increase in

effective thermal conductivity (up to 181%). The high-aspect ratio coated VA-CNT mi-

cropin were successfully encapsulated by wafer-level film assisted molding procedure.

This open to the opportunity to use coated VA-CNTs as through package thermal and

electrical vias. The infiltration of specific coatings in the foam-like morphology will be

required also for applying VA-CNT arrays in special thermal devices: thermoacoustic

transducers, thermochromic displays and heat dissipation coatings and nanotexturing

for solar devices.In addition, the results obtained are significant for theoretical mod-

elling.

The main limitation to the in-situ heterogeneous integration of lithographically de-

fined VA-CNT micropins with MEMS and ICs for hot spots cooling is represented by

the relatively high growth temperature and the thermal contact resistance between the

substrate and the CNTs.

7.1.2. HORIZONTALLY ALIGNED CNTS - FLATLAND

HA-CNT sheets are appealing for applications such as chemical and optical sensing,

heat spreading and local routing, for which the vertical orientation of CNTs might result

unpractical. Therefore, it is necessary to move from Spaceland to Flatland. The planar

arrangement, achieved by permutation from VA-CNT to HA-CNT, was studied to over-

come some of the challenges encountered in TIM based on VA-CNTs and CNT-polymer

composites, such as mechanical stability or predictable thermal paths. The effects of the

self-directed folding technique used are on the higher mechanical stability of HA-CNT

sheet, achieved by flattening the array, and on the increased interaction among well ori-

ented and closely packed tubes, due to densification.

The folding technique used is optimized for CNTs synthetized on both insulating (Al2O3)

and electrical conductive (ZrN) barrier layers. Multiple suspended interconnections,

large-area membranes, sensitive layers and micro-channels, all based on HA-CNT sheets

were integrated at wafer scale.
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As demonstrated on the VA-CNT micropins (Chapter (4)), by infiltrating nanoscale

conformal coatings on CNT nanofoams is possible to improve their thermal perfor-

mance and mechanical behavior. Therefore, also HA-CNT sheets have been used as

scaffold to create novel materials with tailored thermal and electrical behaviour. By

characterizing the HA-CNTs prior and after the silicon carbide coating infiltration, an

impressive enhancement in electrical and thermal conductivity is measured (the ther-

mal conductivity increases from 9.4 W m-1 K-1 to 260 W m-1 K-1 by coating with 15 nm of

amorphous silicon carbide). The implementation of HA-CNT sheet is not only limited to

thermal management but has potential for chemical and optical sensing and actuators.

7.2. SUGGESTIONS AND FUTURE WORKS
The results achieved in this thesis provided insights about the thermal behaviour of the

VA-CNT micropins as well as thermal and electrical behaviour of HA-CNTs. Moreover,

the potential of use CNTs as material for thermal management solutions was demon-

strated. While the performance enhancement through nanocoatings and the non-destru-

ctive in-situ thermal characterization method represents the breakthroughs of this re-

search, more it will be required to use CNT-based materials for thermal management of

microelecronic systems:

• It is compulsory to lower the CNT growth temperature to reach the CMOS com-

patibility. However, the lower the growth temperature, the higher the amount of

CNT defects. This might lower the CNT thermal conductivity. Therefore, both as-

pects needs to be taken into account when tuning the CVD growth of nanotubes.

• Growth on Al2O3 and ZrN barrier layers result in high-aspect ratio CNTs. How-

ever, the ZrN growth requires synergy between the catalyst nanoparticles, barrier-

catalytic layer, carbon feedstock, CVD reactor growth conditions (temperature

and flow rate) and catalyst island dimensions. This makes their effective growth

quite challenging. Tests to improve the recipe stability are therefore necessary, in

order to exploit the advantage to grow CNTs directly on an electrically conductive

layer.

• Wafer-level encapsulation of a-SiC coated VA-CNT micropin have shown the pos-

sibility to create through mold structures that can be used as through package

thermal and electrical vias. It is strongly recommended to improve the infiltration

depth of ALD deposited materials.

• Although many electro-thermal investigations have been carried out throughout
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this thesis, there are still topics that deserve attention. A detailed transient ther-

mal analysis on the VA-CNTs can determine the transient thermal response of the

heated element by analysing the specific heat, cp , as function of porosity and tem-

perature.

• A detailed theoretical model which takes into account the foam-like morphology

and its variation due to coatings is required to study the convective heat transfer

in VA-CNTs. For this reason, nitrogen absorption-desorption measurements need

to be carried out to accurately determine the surface area involved in convective

heat transfer.

• The HA-CNTs have still many aspects to be optimized and many applications to

be developed. As reported in Chapter (6), by tuning the coating layer it is possible

to alter the material behaviour and consequently the temperature coefficient of

resistance (TCR). To achieve interconnects not subjected to self-heating could be

interesting to combine two sheets one semiconductor and the other one metallic,

by performing two different coatings, in order to achieve a bilayer with a total TCR

equal or around zero.

• The thermal management is not the only potential field in which both VA- and

HA- CNT can be applied. In our research group, many applications related to VA-

CNT have been successfully realized: electrodes for micro-electrode arrays (MEA),

3D interconnects, supercapacitors and structural materials with tuned properties.

It might be interesting to investigate VA-CNT as sensing layer of a gas sensor due

to its high surface area. Moreover, investigating on ferromagnetic coating of VA-

CNTs can be interesting for creating programmable routing interconnects using a

localized magnetic field.
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A.1. SUPPORTING INFORMATION CHAPTER 2

A.1.1. WATER DROPLETS ON CNTS

Figure A.1: Time lapse of a water droplet on CNT forest grown on Al2O3 barrier layer. The water droplet is not
stable and it starts seeping into the CNT forest voids after few minutes.
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Figure A.2: Impact of a DI water droplet on the CNT forest. The progressive water evaporation it is visible on
the forest morphology. In particular, (a) corresponds to the droplet centre, (b) and (c) correspond to circum-
ferences with increasing distance to the centre.

A.1.2. AFM APPLIED ON HA-CNT SHEETS

Figure A.3: The morphology HA-CNT sheets as well as their thickness can be determined by AFM. (a) AFM
map of an area of 10µm2 and (b) close-up of an area of 2µm by 1.4µm
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B.1. FLOWCHART OF VA-CNTS ON MICROHOTPLATE

B.1.1. MHP FABRICATION

Main steps for the fabrication of a microhotplate. Starting material: Single side polished

wafer of 500µm

• Si substrate with full wafer alignment markers

• Full cleaning line

• Deposition of 200 nm low-stress SiNx (recipe 4INCHST)

• Thickness inspection

• Lithography: Negative resist (CO-Nlof-3µm ); use mask DS1834-Pt, BOX 414; Man-

ual X-link bake (115°C for 90 sec); Use development program: Dev –X-link bake

• Inspection linewidth and overlay: no Pt for at least 5 mm from the edge after lift-

off

• DUV bake (program: lift-off)

• Tepla flash program 6. Remark: Tepla should be at room temperature before start-

ing.

• Evaporation of 20 nm Ta and 160 nm Pt, T<85°C

• Lift-off (SAL lab): NMP 70°C
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• Wafer cleaning

• Deposition of 200 nm low-stress SiNx (recipe LSSINNEW)

• Thickness inspection

• Annealing 1000°C

• Manual lithography backside: HDMS; 1.4µm SPR3017 positive photo-resist; Soft-

bake; use mask DS 1834-KOH, BOX 414; Post exposure bake; development in

MF322

• Inspection linewidth and overlay

• Dry etching of LPCVD nitride to open the windows (program StdSiN)

• Inspection

• O2 cleaning

• Cleaning procedure

• Manual lithography frontside: HDMS; 1.4µm SPR3017 positive photo-resist; Soft-

bake; use mask DS 1834–CB, BOX 414; Post exposure bake; development in MF322

• Inspection linewidth and overlay

• Dry etching of LPCVD nitride to open the contact pads (in Alcatel to land on Pt)

• O2 cleaning

• Cleaning procedure

• KOH for membrane release KOH 33% at 85°C; Temp oil = 100°C, t= 6hr 30min.

B.1.2. CNT SYNTHESIS

Main steps required to grow CNTs

• Al2O3 spattering 30 nm. Use recipe Al2O3-30nm-100°C after performing a target

cleaning

• Manual lithography frontside: HDMS; 1.4µm with AZ Nlof 2070 negative photo-

resist; Softbake; use mask DS 1834-CNT-V2, BOX 432; Post exposure bake; devel-

opment in MF322
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• Inspection linewidth and overlay

• Catalyst evaporation 1.2 nm Fe, recipe 11

• Lift-off (SAL lab): NMP 80°C

• Wafer cleaning

• Inspection

• CNT growth 650 °C tune time depending on the targeted height
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C.1. FLOWCHART OF HA-CNTS ON PRE-PATTERNED WAFERS

C.1.1. WAFER PATTENING

Main steps for the fabrication of the pre-patterned wafer Starting material: Double side

polished wafer of 400µm

• Si substrate with full wafer alignment markers

• Full cleaning line

• Lithography: Resist (CO-3012-3.1µm ); use mask KOH-3N , BOX 464; development

DP2

• Inspection linewidth and overlay

• DRIE etching of pillars

• O2 cleaning

• Full cleaning line

• TEOS deposition 500 nm

• Thickness inspection

• Deposition of 400 nm low-stress SiNx (recipe 4INCHST)

• Thickness inspection
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• Backside deposition of 6µm PECVD oxide

• Cleaning procedure

• pure Al sputtering 1µm (recipe Al-p-1000nm-25)

• Lithography backside: Negative resist (CO-Nlof-3.1µm ); use mask KOH-3N , BOX

464; Manual X-link bake(115°C for 90 sec); Use development program: Dev –X-

link bake

• Inspection linewidth and overlay

• Backside etching for windows opening (PECVD oxide+SIN+TEOS) recipe STDOXID;

recipe STDSIN;

• O2 cleaning

• Cleaning line for metals

• DRIE etching for membrane release (Use sequence NEP-throughwafer-xxx)

• O2 extensive cleaning

• Cleaning line for metals

• Al removal in PES

• TEOS removal in BHF

• Manual lithography frontside: HDMS; 1.4µm with AZ Nlof 2070 negative photo-

resist; Softbake; use mask DS 1978-Pt, BOX 464; Post exposure bake; development

in MF322

• Evaporation of 20 nm Ta and 160 nm Pt, T < 85°C

• Lift-off (SAL lab): NMP 70°C

• Wafer cleaning

C.1.2. VA-CNT SYNTHESIS

Main steps required to grow CNTs. Here we report the procedure for the Al2O3 as barrier

layer

• Al2O3 or ZrN spattering 30 nm. Use recipe Al2O3-30nm-100°C or ZrN-30nm-

350°C after performing a target cleaning
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• Manual lithography frontside: HDMS; 1.4µm with AZ Nlof 2070 negative photo-

resist; Softbake; use mask DS 1978-CNT, BOX 464; Post exposure bake; develop-

ment in MF322

• Inspection linewidth and overlay

• Catalyst evaporation 1.2 nm Fe, recipe 11

• Lift-off (SAL lab): NMP 80°C

• Wafer cleaning

• Inspection

• CNT growth 650 °C tune time depending on the targeted height

After the VA-CNT synthesis the liquid assisted flattening process is applied as ex-

plained in details in Chapter (5).





NOMENCLATURE

Aar r ay Cross sectional area of a CNT array

Ac Cross sectional area of the micropin

AC N T Average cross sectional area of a single nanotube

As Micropin surface area

AsT OT Device surface area

b Nanotube radius

D Micropin diameter

dC N T Average nanotube diameter

Dr Densification ratio

E Effective Young’s modulus of the VA-CNT array

EC N T Young’s modulus of the individual nanotube

Fc Capillary force

Fel Euler’s critical load

g Gravitational acceleration

k Thermal conductivity of other materials involved

kC N T Thermal conductivity of an individual MWCNT in VA-CNT

ke f f Effective thermal conductivity

H Height of VA-CNT array

Hc Equivalent natural convective heat transfer coefficient

hc Capillary rise

Hr ad Radiative heat transfer coefficient

HT OT Total heat transfer coefficient

J Current density provided to the MHP

L Micropin lenght

Lbk Capillary buckling length

Lc Corrected micropin length

LC N T−C N T Overlap length between adjacent HA-CNT sheets

Ld Height of the densified microstructure

LNst i ck Multi-fiber sticking distance
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Lov Overlap length between HA-CNT sheet and electrode

Ls Average HA-CNT sheet length

Lst i ck Critical sticking length

N Number of HA-CNT sheets involved

NC N T Number of CNTs per unit area

P Micropin perimeter

Pai r Power dissipated in air

Pcond Power dissipated through conduction

Pconv Power dissipated through convection

Pr ad Power dissipated through radiation

Pvac Power dissipated in vacuum

QM HP MHP heat transfer rate

Qpi n Single micropin heat transfer rate

QTotdevi ce MHP + micropin configuration heat transfer rate

QT pi n Multipin heat transfer rate

r Length dependent resistance

R Meniscus surface curvature

Rc Contact resistance

RH A−C N T HA-CNT resistance

RH H Contact resistance among overlapping HA-CNTs sheets

s Nanotube spacing

T Thickness of VA-CNT array

t Densified thickness of HA-CNT array

Tav g Average temperature measured from the MHP

Tb Micropin base temperature

Tmax Maximum temperature

To Reference temperature

Ts Temperature along the micropin

Tt i p Micropin tip temperature

T∞ Ambient temperature

W Width of VA-CNT array

w Densified width of HA-CNT array

Greek letters:

α Thermal coefficient of resistance

ε Material emissivity
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γ liquid surface tension

ρ Porosity

ρ Density of the liquid

ρo Resistivity at reference temperature

σ Stefan-Boltzmann constant (5.67 × 10−8 W m-2 K-4)

σe Linearized electrical conductivity of the Pt spiral

Subscripts

6m Multipin configuration

Al2O3 CNT arrays (VA- or HA-CNTs)subjected to alumina coating

a −SiC CNT arrays (VA- or HA-CNTs) subjected to amorphous silicon carbide coating





SUMMARY

The performances of microelectronic and optoelectronic devices are often severely lim-

ited by high temperatures and insufficient heat management. Therefore, when consid-

ering device fabrication and packaging, it is important to select materials based on their

thermal performance. The increasing demand for more integrated functionality and

miniaturization of microelectronic systems is pushing the limits of traditional cooling

and packaging approaches. In fact, thermal management may well be the major bot-

tleneck of the next electronics revolution. Efficient thermal management solutions are

required at chip level as well as at system level. For example, heat dissipation is funda-

mental in microprocessor and integrated circuits (ICs) as in current mobile electronic

or in server farms. Moreover, self-heating in applications like high power light-emitting

diodes and solar cells affects their long-term stability. Therefore, novel cooling solutions

are being developed based on nanotechnologies and functional nanomaterials. In par-

ticular, nanomaterials are mainly used as localized on-chip cooling solutions. They span

from harvesting thermal energy, by using piezoelectric nanowires and super-lattice thin

films, to heat spreading through graphene layers or nanocrystalline diamond, towards

carbon nanotubes (CNTs) as thermal interface material (TIM) and heat sinks.

In this respect, CNT-based macroscopic composite materials appear to be a promis-

ing candidate for achieving effective local heat dissipation. In fact, CNTs are one of the

few nanoscale materials that can be grown from a bottom-up template, which is litho-

graphically defined and patterned using a CMOS compatible process. This makes the

material extremely suitable for large-scale integration with microelectronics, replacing

the need for heterogeneous integration and assembly of bulky macro-cooling solutions.

It is well known that carbon allotropes and their derivatives possess superior thermal

properties. This thesis aims at investigating the possibility to adopt CNT-based mate-

rials as building blocks for on-chip cooling solutions. CNTs can grow fast (growth rate

of around 20µm min-1) and can span size scales ranging from nanometers to centime-

ters. Our effort were allocated to the design, fabrication, characterization and enhance-

ment of both high-aspect-ratio vertically-aligned CNTs (VA-CNTs) as well as nanometer

functional thin films based on horizontally aligned CNTs (HA-CNTs). Individual carbon

nanotube has shown superior thermal, mechanical, electrical and optical properties.
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Unfortunately, these excellent properties are difficult to be preserved in macroscopic

applications. Therefore, for analysing and predicting microelectronic system perfor-

mance, it is imperative that the CNT material properties are characterized and opti-

mized. To characterize the thermal performance of several VA-CNT configurations a

novel measurement approach was developed combining MEMS microhotplates (MHPs)

with high-resolution thermographic analysis. We quantify the equivalent natural con-

vective heat transfer coefficient between solid–air interface (Hc ), the radiative heat trans-

fer coefficient (Hr ad ) and the CNT nanofoam effective thermal conductivity (ke f f ) over

a wide temperature range. In particular, at the VA-CNT nanofoam demonstrated a grad-

ually increase of the effective thermal conductivity with temperature from: 1.04 W m-1

K-1 at 369 K to 2.24 W m-1 K-1 at 510 K. To achieve HA-CNTs, a self-directed folding tech-

nique is optimized for CNTs synthetized on both insulating (alluminum oxide (Al2O3))

and electrical conductive (zirconium nitride (ZrN)) barrier layers. The achieved HA-

CNT sheets were integrated at wafer scale, and thermally and electrically characterized.

They show high robustness thus increasing the possibility to introduce CNTs in stan-

dard microfabrication processes. For both VA- and HA-CNTs, we present a method

to take advantage of their foam-like morphology by using them as scaffolds for cre-

ating reinforced heterostructures with tailored material properties. In particular, we

achieved up to 181% of thermal conductive transport enhancement in VA-CNTs confor-

mally coated with a nanometer layer of amorphous silicon carbide (a-SiC). In HA-CNTs,

an impressive enhancement in electrical conductivity is measured, approximately 209%

for the Al2O3 coated HA-CNTs and 2276% for the a-SiC ones. From the thermal point of

view, the Al2O3 coating increases the temperature distribution uniformity of the HA-

CNT sheet, while after coating the sheets whit a-SiC, the thermal conductivity increases

from 9.4 W m-1 K-1 to 260 W m-1 K-1. The observed thermal transport capability of CNT

nanofoam provides crucial insights for their application as localized and customized

on-chip cooling solutions for consumer electronics. In addition, the results obtained

are significant for theoretical modelling, as well as for several devices: thermoacoustic

transducers, thermochromic displays, chemical and optical sensors, and nanotexturing

for solar devices.



SAMENVATTING

De prestaties van micro-elektronische en opto-elektronische apparaten worden vaak

sterk beperkt door hoge temperaturen en onvoldoende warmte-management. Bij de

fabricage en encapsulatie van deze apparaten, is het daarom belangrijk materialen te

selecteren op basis van hun thermische prestatie. De toenemende vraag naar meer geïn-

tegreerde functionaliteit en miniaturisatie van micro-elektronische systemen verschuift

de grenzen van traditionele koeling en verpakkings-benaderingen. In feite, kan ther-

misch management wellicht het belangrijkste knelpunt zijn van de volgende elektron-

ische revolutie. Efficiënte thermische-management oplossingen zijn zo- wel op chip-

niveau als op systeemniveau vereist. Warmte-disspatie is bijvoorbeeld fundamenteel in

microprocessors en geïntegreerde schakelingen (IC’s) zoals in de huidige mobiele elek-

tronica of in servergroepen. Bovendien, beïnvloedt zelf-verwarming de lange-termijn

stabiliteit van applicaties zoals hoog vermogen lichtgevende diodes en zonnecellen.

Daarom worden nieuwe koeloplossingen ontwikkeld op basis van nanotechnologieën

en functionele nanomaterialen. In het bijzonder worden nanomaterialen voornamelijk

gebruikt als gelokaliseerde on-chip koeloplossingen. Deze oplossingen lopen uiteen

van het verzamelen van thermische energie, door gebruik te maken van piëzo-elektrische

nanodraden en ‘super-lattice’ dunne-films, via warmte verspreiden via grafeen-lagen of

nano-kristallijne diamanten, tot aan koolstof nanobuizen (CNT’s) als thermisch koppel-

materiaal (TIM) en koelblokken.

In dit verband lijken CNT-gebaseerde macroscopische composietmaterialen een veel-

belovende kandidaat te zijn voor het bereiken van effectief lokale warmteafvoer. In

feite zijn CNT’s een van de weinige nanoschaalmaterialen die kunnen worden gekweekt

uit een bottom-up kunnen worden gegroeid, die lithografisch gedefinieerd en gepa-

troneerd zijn met behulp van een CMOS-compatibel proces. Dit maakt het materiaal

uitermate geschikt voor grootschalige integratie met micro-elektronica, waardoor de

behoefte aan heterogene integratie en montage van omvangrijke macro-koeloplossingen

wordt vervangen. Het is algemeen bekend dat koolstof-allotropen en hun afgeleiden

superieure thermische eigenschappen bezitten. Dit proefschrift heeft tot doel de mo-

gelijkheid te onderzoeken om CNT-gebaseerde materialen te gebruiken als bouwstenen

voor on-chip koeloplossingen. CNT’s kunnen snel groeien (groeitempo van ongeveer
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20µm min-1) en kunnen in grootte variëren van nanometer tot centimeter. Onze inspan-

ningen werden toegewezen aan het ontwerp, fabricage, karakterisering en de verbeter-

ing van zowel de hoge aspect-ratio driedimensionale (3D) microarchitecturen gemaakt

van verticaal uitgelijnde CNT’s (VA-CNT’s), als de nanometer-functionele dunne films

op basis van horizontaal uitgelijnde CNT’s (HA-CNT’s) voor elektronische en thermis-

che toepassingen op grote oppervlaktes.

Een individuele koolstof nanobuis heeft superieure thermische, mechanische, elek-

trische en optische eigenschappen laten zien. Helaas zijn deze uitstekende eigenschap-

pen moeilijk te behouden in macroscopische toepassingen. Daarom is het van essen-

tieel belang dat de CNT-materiaaleigenschap- pen worden gekarakteriseerd en geopti-

maliseerd, zodat micro-elektronische systeemprestaties geanalyseerd en voorspeld kun-

nen worden. Om de thermische prestaties van verschillende VA-CNT configuraties te

karakteriseren, werd een nieuwe meetmethode ontwikkeld die MEMS microhotplates

(MHP’s) combineerde met thermografische analyse met hoge resolutie. Wij kwantifi-

ceren de equivalente natuurlijke convectieve warmteoverdrachtscoëfficiënt tussen de

solide-lucht overgang (Hc ), de radiatieve warmteoverdrachtscoëfficiënt (Hr ad ) en effec-

tieve thermische geleidbaarheid (ke f f ) van de CNT nanofoam over een breed temper-

atuurbereik. In het bijzonder vertoonde zich bij de VA-CNT nanofoam een geleidelijke

toename van de effectieve thermische geleidbaarheid door temperatuur van: 1.04 W

m-1 K-1 bij 369 K tot 2.24 W m-1 K-1 bij 510 K. Om HA-CNT’s te verwezenlijken is een

zelfgerichte vouwtechniek geoptimaliseerd voor CNT’s die op zowel isolerend (alumini-

umoxide (Al2O3)) als op elektrisch geleidende (zirkoniumnitride (ZrN)) barrièrelagen

zijn gesynthetiseerd. De verkregen HA-CNT vellen werden geïntegreerd op wafelschaal,

en thermisch en elektrisch gekarakteriseerd. Ze tonen een hoge robuustheid, waar-

door de mogelijkheid om CNT’s in standaard microfabricatie processen te introduceren

wordt verhoogd.

Voor zowel VA- als HA-CNT’s presenteren wij een methode om gebruik te maken

van hun schuimachtige morfologie door ze te gebruiken als steigers voor het creëren

van versterkte heterostructuren met aangepaste materiaal eigenschappen. In het bij-

zonder hebben we tot 181% verbetering van de thermische geleidend warmtetransport

in VA-CNT’s behaald die gecoat zijn met een nanometer-laag van amorf siliciumcar-

bide (a-SiC). Bij HA-CNT’s wordt een indrukwekkende verbetering in elektrische gelei-

dbaarheid gemeten, ongeveer 209% voor de Al2O3-gecoate HA-CNT’s en 2276% voor de

a-SiC HA-CNT’s. Vanuit het thermische oogpunt vergroot de Al2O3-coating de unifor-

miteit van de temperatuurverdeling van het HA-CNT-vel, terwijl na het coaten met a-SiC

de warmtegeleidingsvermogen stijgt van 9.4W m-1 K-1 tot 260 W m-1 K-1.
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De waargenomen thermische transportmogelijkheid van CNT nanofoam biedt cruciale

inzichten voor hun toepassing als gelokaliseerde en aangepaste on-chip koeloplossin-

gen voor consumentenelektronica. Bovendien zijn de verkregen resultaten belangrijk

voor theoretische modellering, evenals voor meerdere apparaten: thermo-akoestische

transducers, thermochrome displays, chemische en optische sensoren en nano-texturing

voor zonne-apparatuur.
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