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Abstract Carbon nanotubes (CNTs) possess excellent

electrical, thermal and mechanical properties. They are light

in weight yet stronger than most of the other materials. They

can be made both highly conductive and semi-conductive.

They can be made from nano-sized small catalyst particles

and extend to tens of millimeters long. Since CNTs emerged

as a hot topic in the early 1990s, numerous research efforts

have been spent on the study of the various properties of this

new material. CNTs have been proposed as alternative

materials of potential excellence in a lot of applications such

as electronics, chemical sensors, mechanical sensors/actua-

tors and composite materials, etc. This paper reviews the use

of CNTs particularly in electronics manufacturing and pack-

aging field. The progresses of three most important appli-

cations, including CNT-based thermal interface materials,

CNT-based interconnections and CNT-based cooling devi-

ces are reviewed. The growth and post-growth processing of

CNTs for specific applications are introduced and the tai-

loring of CNTs properties, i.e., electrical resistivity, thermal

conductivity and strength, etc., is discussed with regard to

specific application requirement. As the semiconductor

industry is still driven by the need of getting smaller and

faster, CNTs and the related composite systems as emerging

new materials are likely to provide the solution to the future

challenges as we make more and more complex electronics

devices and systems.

Keywords Carbon nanotubes � Electronics

manufacturing � Electronics packaging � Growth �
Integration

1 Introduction

Ever since the electronic products shifted from vacuum

tubes to transistors and integrated circuits (ICs), manu-

facturing and packaging technology is becoming increas-

ingly important. Besides the size and cost consideration,

manufacturing and packaging technology, to a great extent,

also determines the performance and lifetime of a micro-

system. Manufacturing and packaging technology bridges

different parts in a microsystem to realize desired functions

and meanwhile provide mechanical and chemical protec-

tion, to make the microsystem work as a whole.

While it becomes increasingly difficult and expensive to

further shrink the size of transistors in ICs, the future

miniaturization of electronics to keep the Moore’s Law is

expected to be mainly driven by the advances of the

manufacturing and packaging technologies, which aim at

increasing the density of integration at a system level.

One of the most important trends in the technology

development during recent years is the integration in a
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three-dimensional (3D) manner. The utilization of the

vertical dimension is expected to dramatically promote the

integration density.

However, higher integration density will also cause a

variety of problems in manufacturing processes, in long

term reliability, and in thermal management. To meet these

challenges, one key research area is the utilization of novel

materials, especially the nano-structured materials. Among

these materials, carbon nanotubes (CNTs) have attracted

extensive interest due to their unique mechanical, thermal,

and electrical properties.

The application of CNTs in the manufacturing and

packaging field has at least three scenarios, i.e., integrating

CNTs into thermal interface materials (TIMs), applying

CNTs for interconnection and using CNTs as cooling fins. It

should be pointed out that electronics manufacturing is a

highly multi-disciplinary field, involving so much scientific

and engineering knowledge, that it is not possible to cover all

the aspects of such a complex system. This paper reviews the

use of CNTs for electronics manufacturing purposes with the

focus on the growth method and integration technology.

2 Growth methods of CNTs

The physical properties of CNTs are very much dependent on

how they are grown. Commonly there are three mostly used

methods to grow CNTs, namely arc discharge, laser ablation

and chemical vapor deposition (CVD). Each method requires

carbon feedstock and a certain temperature condition. On one

hand, the arc discharge and laser ablation methods produce

CNTs at higher temperatures which lead to better controlled

qualities and in large quantities in their nature. On the other

hand, although giving CNTs of relatively lower quality and

quantity, CVD grown CNTs have the flexibility of defining

specific grown regions by patterning the catalyst films which

is very much desired in many electronics applications. The

following sections will overview these methods briefly.

2.1 Arc discharge

This method utilizes two graphite electrodes facing each

other in a sub-atmosphere environment [1]. A current of

tens of amperes is applied to generate electrical discharge

which leads to a local high temperature of around

2,000 �C. The graphite will sublimate at the high temper-

ature and carbon atoms are ejected from the electrode to

form plasma. As these carbon atoms move towards colder

area, CNTs are synthesized. Most CNTs synthesized in this

way are multi-walled. Introducing transition metals such as

iron (Fe), cobalt (Co), nickel (Ni) and yttrium (Y) into the

graphite electrode, single-walled carbon nanotubes

(SWNTs) will be dominant in the product [2].

The synthesis is commonly processed in an inert envi-

ronment such as helium and argon to prevent carbon

feedstock and CNTs from oxidation. Nevertheless, syn-

thesis in other environments has also been reported. For

instance, Zhao et al. [3] found that the CNT synthesis by

arc discharge method in hydrogen atmosphere generated

less carbon smoke than that in methane and helium. In

addition, the quality of the CNTs is also higher. Shimotani

et al. [4] found that the synthesis in organic gases such as

ethanol, acetone and hexane produced more multi-walled

carbon nanotubes (MWNTs) than the synthesis in helium.

The CNTs grown by arc discharge method show few

structural defects but contain a lot of impurities which are

mainly carbon nano-particles [5]. This method also has poor

control on the alignment of synthesized CNTs which is

required in many electronics and microsystems applications.

2.2 Laser ablation

Laser ablation method is firstly applied to synthesize CNTs by

Smalley’s group in 1995 [6]. The setup configuration is very

similar to that in arc discharge method. The difference is that

the energy used to vaporize graphite is provided by laser other

than arc discharge. The CNT synthesis process is also similar

to the one in arc discharge method, with vaporized carbon

species cooled down to form CNTs. The temperature during

the synthesis is around 1,200 �C. Pure graphite electrodes are

favored for MWNT syntheses whereas catalysts (such as Fe,

Co, Ni, Y, etc.) mixed graphite electrodes are preferable to

SWNT synthesis [7]. In contrast to the arc discharge method,

laser ablation synthesizes CNTs with higher purity [8].

2.3 Chemical vapor deposition

CVD is a catalytic process to grow CNTs. CVD method

possesses advantages such as easily defined pattern, low

impurity level, controllable morphology, large tube length,

easy to scale up for industrial production, etc., thus,

attracting more interests than the other methods.

The catalyst is normally a metal, mostly a transition metal

such as Fe, Ni, Co, or a metal alloy. There are two major ways

to provide the catalyst for the CVD process. One method is to

deliver the catalyst particles through the gas flow, namely

floating catalyst [9] or fluidized bed catalyst method [10]. A

more widely used approach is called supported catalyst

method. The catalyst layer is deposited onto the substrate by

physical vapor deposition processes prior to the CNT syn-

thesis. A thin barrier layer, normally composed of several

nanometers of oxides or nitrides, is usually deposited in

between the catalyst and the underlying silicon, or metal

substrate. The purpose of the barrier layer is to prevent the

catalyst from diffusing into the substrate during the high

temperature growth. A great advantage of this method is that
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by standard lithography process the patterns of the catalyst

film can be easily defined, naturally leading to any desired

patterns of the synthesized CNT films which are necessary

for many applications. CNTs synthesized in this way are

normally well aligned, vertical to the substrate. The depos-

ited catalyst layer is often annealed first to form discrete

nano-sized particles, which later catalyze the CNT synthesis.

During the CVD of CNTs, carbon is usually provided

through the flow of a hydrocarbon gas, such as C2H2 or CH4.

The mechanism of catalytic CNT synthesis is a central topic

of CNT research and still not fully understood. It has been

widely accepted that it involves decomposition of hydro-

carbon molecules on the surface of the metal particles, dis-

solution and diffusion of the carbon atoms in the particles,

and precipitation of the carbon atoms on the surface to form

nanotubes. Thus the diameters of the nanotubes are largely

determined by the sizes of the metal particles, which can be

varied by controlling the thickness of the deposited catalyst

film. From a macroscopic perspective, the CNTs ‘‘grow’’

from the seeding catalyst particles. This is probably why

growth is the common term of catalytic synthesis of CNTs.

CNT growth can be either a base growth, in which the metal

particles stay on the substrate, or a tip growth, where the

particles are lifted and stay at the tips of the CNTs. Figure 1

shows the model of a commercially available CNT CVD

growth system provided by AIXTRON.

Depending on the form of supplying energy to the reaction,

CVD of CNT falls into two main categories, i.e., thermal CVD

(TCVD) and plasma-enhanced CVD (PECVD). The theory of

how plasma affects the CVD process of CNTs is still lacking.

But it is a widely adopted approach to use the Ni catalyst and

plasma to obtain thick (diameter[50 nm) and short (length

\2 lm) fiber-like nanotubes, while Fe catalyst is generally

used in TCVD processes for the generation of thinner

(diameter \40 nm) and longer (length [10 lm) single and

multi-walled nanotubes. There are a variety of reactor designs

for both types. For example, a PECVD system for CNT

growth may be equipped with direct-current (DC), hot-fila-

ment direct-current (HF-DC), or microwave plasma source,

etc. [11] The length of the grown CNTs can be controlled by

adjusting the growth parameters such as gas flow, tempera-

ture, and growth time. The resulting tube length ranges from a

few microns up to several millimeters [12, 13].

Figure 2 is the illustration of a typical TCVD process

and the scanning electron microscopy (SEM) picture of its

resulting CNT bundles. Figure 3 is the SEM picture of the

typical growth results of PECVD using Ni as catalyst.

Comparing these two figures, it can be easily found that the

Fe catalyzed TCVD generates very different growth results

from Ni catalyzed PECVD growth.

3 Post-growth processing

As the growth condition of CNTs usually involves high

temperature ([700 �C), long time heating ([5 min), and

Fig. 1 Commercially available CNT CVD system, Black Magic II,

by AIXTRON

Fig. 2 a Illustration of the TCVD CNT growth technology and

b SEM image of thermally grown CNT forest structures using Fe as

catalyst with Al2O3 underlayer (Inset side view zoom-in of the CNT

walls)
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corrosive environment (H2/NH3 and plasma), it is very

difficult to directly grow CNTs on the target surface for any

electronics application. In addition, as-grown CNTs usually

have a low volume fraction, which means that the indi-

vidual CNTs are spaced with huge air gaps. Therefore, it is

highly necessary to figure out a way to take the as-grown

CNTs off the original growth substrate and put it onto the

target surface in a condensed manner. These processes are

generally referred to as transfer and densification for the

post processing of CNTs. In the following sections, we will

give a brief summary of the available post processing

methodologies developed for CNTs.

3.1 Transfer of CNTs

In order to integrate CNTs into microsystems, their com-

patibility with current materials, devices, and manufacturing

processes is a critical concern. One major problem with

growing CNTs by CVD is the high growth temperature,

which exceeds the tolerance of many materials and devices,

for example the CMOS circuitries. While significant pro-

gresses have been made in low temperature CNT growth,

there is always a dilemma of trading off CNT quality for

lower growth temperature. To solve this problem, one

approach is to grow CNTs at a high temperature and then to

transfer them to the target substrate at a low temperature

using a transfer medium, e.g., solders or conductive adhe-

sives (CAs). This transfer strategy also provides a solution to

the problem of CNTs’ selective growth on different under-

layer materials. Transferring CNTs after growth brings the

freedom to choose any substrate and growth parameters that

generate CNTs of high quality. Furthermore, this transfer

strategy makes it possible to apply post-growth treatment

such as doping and high temperature annealing, before CNTs

are assembled to devices not allowing such processes.

Table 1 summarizes the previous work on low temper-

ature transfer of CNT structures. This summary is limited

to those work in which the CNTs are vertically aligned

both before and after the transfer process. It should be

noted that there are many other papers on transferring

randomly or horizontally aligned CNTs for applications

such as transistors or interconnects as well.

Regarding the transfer of CNTs, this process falls into two

major categories. One category, denoted ‘‘wet’’ method

herein, involves a lift-off step to separate the CNTs and the

growth substrate by etching away the barrier layer, com-

monly done in hydrofluoride (HF). After that, the stand-alone

CNT films are placed onto the target substrate. Because this

method requires handling of entire stand-alone films, it is

difficult to employ any fine patterning or alignment during

the transfer. In addition the liquids involved during the

transfer process are likely to distort and change the metrol-

ogy of the CNTs which makes the structures more difficult to

handle. Moreover, this approach normally does not apply an

assembly material between the CNTs and the target, making

the adhesion between them quite weak. Therefore the

applicability of this wet method is very limited.

A more widely studied and implemented route is to use an

assembly material to transfer CNTs, eliminating the wet

processing step. These are marked as ‘‘dry’’ methods in

Table 1. A variety of materials has been used for the transfer

purpose, including pure polymeric materials, conductive

adhesives, and metals, etc. If the electrical conduction from

the CNTs to the substrate is needed, only conductive mate-

rials can be used. The processing temperature of these dry

transfer methods varies from room temperature to higher

than 500 �C. The processing time ranges from a few minutes

to a few hours. The quality of the dry-transferred CNTs are

generally good compared with those done by the wet meth-

ods, as the distortions during the processing can be precisely

controlled on the equipment used. An example of transferred

CNT bundles using indium as assembly material is shown in

Fig. 4. By carefully controlling the pressure and spacing of

substrates, the distortion of CNTs can be minimized.

3.2 Densification of CNTs

VA-CNT structures made by CVD are a highly porous

material with a typical porosity above 90 % [33], i.e., less

than 10 % of the total volume of a VA-CNT forest is

occupied by CNTs. The high porosity of VA-CNT struc-

tures is an important advantage in certain cases, such as in

sensing applications where a large surface area is desired.

It is however a drawback in some other electronics appli-

cations which require a high volume fraction of CNTs. For

example, the high porosity makes VA-CNT structures

ineffective in thermal and electrical transport, and also

deteriorates their mechanical strength. Therefore it is

essential to create VA-CNT structures in which the nano-

tubes are closely packed.

Fig. 3 a SEM picture of the PECVD-grown CNTs using a thin film

of Ni as catalyst and b SEM picture of the PECVD-grown CNTs

using pre-patterned Ni catalyst lines as catalyst

16 J. Liu et al.
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Attempts were made to optimize the catalyst to allow for

direct growth of dense CNT forests [34–36]. However their

density was still far from that of closely packed ones. An

alternative approach is to densify the VA-CNT forests after

their growth, as shown in Fig. 5. Futaba et al. [37] dem-

onstrated that porous CNT forests could be densified to

closely packed CNT solids by capillary force from a sol-

vent in which they were immersed. The interactions

between CNTs and liquids were actually studied earlier to

generate self-assembly in CNT films [35, 36, 38, 39]. This

immersion-based wet densification method was applied to

make CNT-polymer composites [40] and to improve the

electrical performance of CNT interconnects [41, 42]. This

method was later modified in diverse ways to create dual-

porosity CNT structures [34]. One of the modifications

reported in Ref. [34] was to expose the CNTs to a solvent

vapor instead of direct immersion. The vapor densification

method has been further investigated to create diverse CNT

structures [43].

Besides, VA-CNT structures can also be densified by

dry methods in which external forces were applied to press

the CNTs together [44, 45]. This approach is however not

capable of densifying microscale patterned VA-CNT

structures to full dense structures.

4 Integration of CNTs into microsystems

This section tries to connect the as-discussed processing

technology with practical applications which is going to

explore one or several excellent features of the CNTs and

put them into working systems. The interconnect applica-

tions are mostly concerned with the electrical, thermal and

mechanical properties of the CNTs. The TIM and cooling

fins application, on the other hand, focuses more on the

thermal capabilities of the CNTs. The aforementioned

growth, densification, and transfer processes are all utiliz-

able in these three kinds of applications and are tuned to

accommodate specific requirements application.

4.1 CNT-based interconnections

Some of the properties of CNTs, for example, their high

current carrying capacity, low electromigration and Joule

heating, high thermal conductivity, mechanical flexibility

and low thermal expansion, are very attractive for

Table 1 Summary of published work on transfer of vertically-aligned CNTs (VA-CNTs)

Wet/dry Assembly material Processing temperature Processing time Patterning References

Wet None Not stated Not stated Through a TEM grid [14]

Dry Scotch tape RT Not stated Through a TEM grid [15]

Wet PMMA 190 �C Not stated None [16]

Dry SnPb 270 �C Not stated None [17]

Dry Ag paste 530 �C 30 min Patterned CNTs [18]

Dry AuSn & SnAg 250–300 �C 2–5 h Patterned CNTs and solders [19]

Dry Ag-filled CA 150 �C 1.5 h None [20]

Dry Ag-filled CA 150 �C 2 min Through imprinted CA [21]

Wet None RT Not stated None [22]

Dry CA 180 �C Not stated Through printed CA [23]

Dry Monolayer of thiol 110 �C 4 h None [24]

Dry PDMS 90–120 �C 10 min Patterned CNTs [25]

Dry SnPb *240 �C *4 min Patterned CNTs [26]

Dry Au 150 �C 2 h None [27]

Dry Au 150 �C 2 h Patterned CNTs [28]

Dry PMMA 115 �C 20–30 min Patterned CNTs [29]

Dry In 170 �C 2 min Patterned CNTs & In [30]

Dry Ni–Cu 150 �C 20 min None [31]

Fig. 4 CNT bundles transferred onto indium-coated target substrate

(The CNT bundles are pre-densified using vapor densification method

[32])
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interconnect application. Hence, CNTs have been proposed

as promising candidate materials to build next generation

interconnects in miniaturized electronics, as both on-chip

and off-chip interconnects.

A series of modeling work on CNT interconnects has

been done by Naeemi and Meindl [46–48]. A very sim-

plified introduction to the basis of their work is given in

this subsection.

The modeling of the capacitance and inductance com-

ponents of CNT interconnects can be found in Ref. [49,

50]. A high frequency analysis of CNT interconnects has

also been performed [51], in which one interesting con-

clusion is that the skin effect of CNT interconnects is

significantly less severe than that of metal lines.

Based on the model described in the reference listed above,

the resistances of CNT off-chip interconnects, such as through-

silicon-vias (TSVs), can be estimated by straightforward cal-

culations assuming some typical dimensions. An MWNT with

30 nm outer diameter and 15 nm inner diameter, 100 lm

length, and 1 lm electron mean free path, at room temperature

has a conductance of 0.048 kX-1. This leads to an estimated

resistance of 21 kX for such an MWNT if all its walls can be

contacted. Note that here the electron mean free path is taken as

1 lm based on experimental observations such as in Ref. [52].

Therefore, if a loosely packed CNT forest can be densified into

closely packed bundle, as illustrated in Fig. 6, the conductivity

of such a structure can be greatly increased.

Based on the discussion above, the following require-

ments for CNT-based interconnects can be identified:

(i) High structural quality of CNTs. The structural

quality of CNTs directly affects the performance of

CNT-based interconnects. In general, the higher the

growth temperature, the better the CNTs grow. The

best quality CNTs available on the market are mostly

fabricated using arc discharge and laser ablation

methods, which input much more energy during the

growth than the TCVD process. The quality of

TCVD growth is an area requiring significant efforts.

(ii) Large fraction of metallic CNTs. It is important for

applications requiring the use of SWNTs. This is

however not a must if MWNTs with large diameters are

used as interconnects, because MWNTs are generally

conductive due to their large number of walls.

(iii) Large volume fraction of CNTs in the structures.

This requirement can be met by adopting the

methods discussed in the previous densification

sections. The problem of such densification methods

Fig. 5 a, b Schematic of densifying CNTs using the solvent vapor method; SEM picture of c original CNT bundles and CNT bundles densified

for d 20 s, e 30 s, f 40 s, g 50 s, and h 60 s (adopted from Ref [32])

18 J. Liu et al.
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is that they are not yet proved to be applicable in

industrial manufacturing scale.

(iv) Good compatibility with existing materials, devices,

and manufacturing processes. Contact of CNTs with

other materials is another important subject. The

contacts between CNTs and different metals have

been made and compared [53–55], showing the

possibility to achieve ohmic CNT-metal contacts

with low resistances. Rapid thermal annealing has

been used to decrease the contact resistance and to

improve the contact’s long time stability [54, 56].

(v) Reasonable process time and manufacturing cost. As

any practical technology, the time and cost of making

CNT-based interconnects must be taken into account.

No significant additional process time is expected

because growth of CNTs is generally a quick and

parallel process which normally lasts for a few minutes

to 1 or 2 h. The subsequent processes are also standard

manufacturing processes. Recent development of

commercial CNT growth systems makes CNT growth

very close to a standard and cost-effective manufac-

turing process. Figure 7 shows a typical fabrication

process [57] flow of CNT based TSVs which is

compatible with standard CMOS technology.

Recent processes [21, 57, 58] in making CNT based

interconnects have demonstrated the integration of CNTs

into TSV and bump array structures. Figure 8 is sample

results of using CNT bundles in interconnect bump appli-

cations and TSV interconnect applications. The processes

used are compatible with current industrial manufacturing

environment, although the resistivity of such CNT based

interconnects (*10-5 Xm) does not excel that of the metals.

Processes such as transfer and densification have already

been cooperated in order to achieve the compatibility issues.

The next steps of the integration research should probably be

focusing on how to decrease the resistivity of the CNTs so

that they can compete with metals in general applications.

4.2 CNT-based TIMs

The function of TIMs is to fill the micro-scale gaps

between two contacting surfaces for an efficient thermal

transport through this interface. In a component package,

TIMs are typically applied between the die and the lid, also

called integrated heat spreader (IHS), and also between the

IHS and the cooling device. Beside the obvious signifi-

cance in thermal transport, TIMs also play a critical role in

maintaining the reliability of the component package by

absorbing the thermomechanical strain [59, 60]. Therefore,

both thermal and mechanical properties are important in

selecting and developing TIMs.

The most widely used TIMs are polymeric composites

filled with thermally conductive metallic or ceramic par-

ticles. Pure indium, a highly conductive and ductile metal,

is also commonly used as TIM1 in high-performance

applications [61–63].

Developing TIMs with better thermal and mechanical

properties is one of the key measures to meet the increasingly

difficult thermal management challenge. The high thermal

conductivity of CNTs makes them a natural selection for

developing or improving TIMs. The application of CNTs in

TIMs falls into two major categories, as shown in Fig. 9 [64].

The first one is to add CNTs into polymer matrix as randomly

oriented fillers. It was shown that a small filling ratio of CNTs

(1 wt%) can significantly enhance the thermal conductivity

of the composite (by 125 wt% at room temperature) [65].

Treatments such as magnetic field processing to introduce

alignment of CNTs in the matrix can further improve the

thermal transport [66]. Introducing a small amount of CNTs

as extra filler into existing TIMs can also greatly promote

their thermal conductivity by enhancing the heat transfer

between the original filler [67]. The second approach is to use

vertically aligned CNT films directly, sometimes also infil-

trated with a polymer, as TIMs, such as in Ref. [64, 68, 69].

The results in these references differ for a factor of 1–2 orders

of magnitude, which may be due to the variations in the

quality of CNT films and measurement methods. In general,

the measured thermal properties of most VA-CNT based

TIMs are still poorer than those of typical metal systems even

though the thermal conductivity of bulk VA-CNT films can

be quite high [70, 71].

It was found that the thermal contact resistances

between the CNTs and the substrates dominate in the

interfaces [55, 72, 73], thus their minimization is the key to

develop efficient VA-CNT based TIMs. So far, there are

Fig. 6 Arrangement patterns of CNTs a loosely packed with roughly

93 % porosity and b closely packed with an inter-tube distance of

around 0.34 nm (not drawn to scale)
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three routes proposed to reduce the interfacial contact

resistance. The first one is annealing or bonding of the

CNTs to the metallic contacting surface [74, 75]. For

example, Barako et al. [76] bonded as-grown CNTs onto

solder and used it as TIM. Their measurements show that

the solder bonded CNT-based TIM has a reduction of

interfacial thermal resistance up to a factor of 30. The

second route is creating functional group between CNTs

and contacting surface, such as demonstrated by Lin et al.

[77] whose results show that the thermal diffusivity of the

CNT mediated interface is improved by one order of

magnitude and the conductivity by almost two orders of

magnitude after the functionalization. The third route is

building up covalent bonding between CNTs in a matrix to

reduce the phonon scattering on the thermal transportation

path therefore reducing the total thermal resistance of the

CNT based TIM. For instance, Fu et al. [78] demonstrated

the synthesis of such interconnected CNT networks which

could extend the excellent thermal performance of CNTs

from one dimension to three dimensions using an elec-

trospinning based template growth method. The fabrication

method is illustrated in Fig. 10 and some experimental

details are presented in Fig. 11.

Fig. 7 a–h CMOS compatible process for fabricating CNT based TSVs and i the SEM picture of the transferred and densified CNTs inside a via [57]

Fig. 8 a CNT interconnect bump in contact with Au surface (Inset
zoom-in of the CNT–Au interface) and b CNT bundles interconnect-

ing with CNT bundles in a TSV scenario (Inset zoom-in of the CNT–

CNT interface) [58]

Fig. 9 a Schematic of the idealized structure for highly anisotropic

and efficient heat transport. Perfectly aligned, continuous nanotubes

packed in high density completely eliminate the high thermal

resistance at nanotube junctions; b schematic drawing of loose

nanotube networks as found in bucky paper or chemically spun fibers

comprised of short nanotubes. Thermal transport through the network

in the direction of the arrow is limited by nanotube bundling, the

presence of sidewall defects, and a large number of high thermal

resistance nanotube junctions; c photograph of 6-mm-tall VA-CNT;

d SEM photo of the top 70 lm of VA-CNT [64]

20 J. Liu et al.
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4.3 CNT-based cooling fins

In the thermal management of microsystems, heat sinks or

coolers consisting of arrays of cooling fins are often used to

facilitate an efficient heat transfer from components to the

ambient air by offering a large area of heat exchange surface.

For applications where natural convection is not sufficient,

fans are often attached onto the heat sinks to create more

efficient forced convective cooling. Heat sinks used in both

natural and forced convective cooling are mostly made of

mechanically machined copper or aluminum.

CNTs in their forest form have also been used as cooling

fins in both air and liquid cooling. CNTs applied in cooling

systems as fin material was firstly introduced by Liu and

his research group in 2004 [79, 80]. In Ref. [79, 80], a bare

silicon chip was chosen as the substrate and after CVD

synthesis, CNTs array was grown from the catalyst as

cooling fins, as shown in Fig. 12. Finally, a lid was bonded

to seal the CNTs and form the microchannels for cooling

fluid. Cooling experiments were performed to test the CNT

based microchannel coolers, and it was also compared with

the cooler without CNTs array as cooling fins. Results

showed that although the CNTs array decreased the flow

rate of the fluid by 12 %, the CNT-based microchannel

cooler showed much higher cooling capacity. With 23 %

higher input power, the CNT-based microchannel cooler

kept the transistor temperature 6 �C lower than the refer-

ence cooler (the cooler without CNT fins).

Fig. 10 Synthesis flow chart of the covalently bonded 3D CNT

networks a electrospinning of Ni(NO3)2 contained PVB nanofiber

networks; b inter-connected electrospun Ni(NO3)2/PVB nanofibers in

the network; c NiOx nanofiber network after the burning of PVB and

decomposition of Ni(NO3)2 in O2; d pure Ni fiber network reduced

from NiOx by H2; e graphitic layer growth on the inter-connected 3D

Ni template; f chemical etching of Ni core in FeCl3 solution [78]

Fig. 11 Fabrication and characterization of the covalently bonded CNT network a interconnected Ni(NO3)2 contained PVB nanofibers; b H2

reduced interconnected Ni fibers; c XRD pattern of the H2 reduced Ni fibers; d inter-connected Ni fibers with graphene layers grown on the cylindrical

surfaces; e well crystallized graphene layers on the Ni fiber surface; f harvested CNT network after removing Ni template by chemical etching in

FeCl3 solution; g covalently bonded, internally connected CNT multi-branched structure; h Raman spectrum of the harvested material [78]
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Ekstrand et al. and Wang et al. [81, 82] further devel-

oped this module by simulation and experimental method

respectively. Ekstrand et al. [81] simulated the heat transfer

in the microchannel cooler by FEMLAB when water was

used as coolant, then they compared the CNT-based cooler

with the reference cooler. Results showed that thermal

resistance of the microchannel cooler was reduced from

0.99 to 0.43 K/W when CNT fins were introduced,

although pressure drop between inlet and outlet increased.

On the other hand, due to the gap between the bottom of

the lid and the top surface of the CNTs array, flow velocity

of the water at the bottom of the channels was significantly

reduced, which led to a great reduction of heat exchange

between water and CNTs. Wang et al. [82] fabricated three

kinds of microcoolers: CNT-based microchannel cooler,

silicon-based microchannel cooler and microcooler without

any fin. In their experiments, the power transferred from

the heater to the cooler could not be measured precisely

because there was an unknown portion of heat dissipated

by natural convection. In addition, there was a considerable

thermal resistance existing between the heat resistor and

the cooler, which made an accurate calculation more dif-

ficult. However, because experimental conditions were

well controlled, the research was meaningful to reveal the

advantages and drawbacks of the CNT-based microchannel

cooler. Wang et al’s experimental results indicated that the

CNT-based microcooler was about 10–15 % better than

silicon-based cooler. To cool the resistor to the same tem-

perature (42 �C), CNT-based cooler needed a lower water

flow rate (35.7 vs. 38.5 mL/min) under a higher power (2.13

vs. 1.95 W) loaded on heat resistor. Additionally, the bottom

plate of the CNT-based cooler was much thicker than that of

the silicon-based cooler because CNTs were grown on the

plate while silicon-based cooler was made by etching into

the plate, which meant the CNT-based cooler had a bigger

thermal resistance between heat resistor and cooling fins.

Kordás et al. [83] grew MWNTs on Si/SiO2 templates

from a xylene/ferrocene precursor by catalytic CVD

deposited at 770 �C to form a thick CNT film. Then they

applied laser to etch the film to get 10 9 10 fin array

blocks. The structure they designed to test the CNT fins

consisted of a thermometer flip chip mounted on a cus-

tomized silicon substrate, and the array of the fin block

itself being soldered onto the backside of the flip chip, as

shown in Fig. 13. Their results presented in Fig. 14 showed

that using natural convection, more 11 % power was

observed to be dissipated from the chip that had the

attached nanotube fin structures. While under forced N2

flow, the cooling performance with the fins was improved

by 19 %. These results meant that applying the nanotube

fin structure would allow the dissipation of about 30 and

100 W/cm2 more power at 100 �C from a hot chip for the

cases of natural and forced convections, respectively.

Because of the low density of CNTs, these results also

meant an extra power dissipated per weight of added CNT

structure can be as high as 1.1 and 3.7 kW/g for these two

cases respectively. Kordás et al. also compared the cooling

performance of the CNT fins with copper fins, results

showed that copper fins performed fairly equally to CNT

fins. Computational fluid dynamics (CFD) simulation

Fig. 12 Manufacturing procedure of CNT based microchannel cooler

[76]

Fig. 13 Phases of substrate/flip-chip/CNT-cooler assembling a positioning; b soldering the flip chip on the Cu landing pads of the substrate (this

structure also served as a reference); c solder paste dispensing CNT array positioning; d soldering on the Cu coated backside of the chip; e field

emission scanning electron microscopy image of an assembled structure (scale bar 500 lm) [83]
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showed the heat transfer coefficient varied from 20 to

500 Wm-2 K-1 depending on the local flow rate, which

agreed with published values very well.

Zhong et al. [84, 85] carried out CFD simulation for a

series of CNT microfin cooling architectures based on both

one and two-dimensional (2D) fin array models. They

considered the influence of microfin structures, fluid speed,

heating powers and effective thermal conductivity on

cooling effects, and they also compared the simulation with

experiment results. The 2D CFD simulation indicated that

the heat transfer capability of coolers was considerably

dependent on the number of fin rows and the cooling

capability of 2D CNT fin array was more efficient than that

of 1D one. Simulation also showed that the fluid speed was

the key factor of heat transfer, and the heat generated by

the chip was removed mainly by liquid mass flowing in the

channels of micro-fin architectures. The pressure drop

between the inlet and outlet of the cooling device was an

important factor limiting the fluid speed, and the excessive

pressure drop may destroy the CNT fin structures. Maxi-

mum temperatures in fin arrays were dependent linearly on

the chip heating power, and the linear relationship was

corresponding to a constant thermal resistance of cooling

system. Finally, they found the effective transverse thermal

conductivity of CNT fins was also a crucial factor for

cooling efficiency of the microfin structures, but they

needed further experiments for verification.

Hu et al. [86] studied the air flow through CNT arrays using

molecular dynamics simulations, the model is shown in

Fig. 15. They found that for 1.4 nm diameter tubes separated

by 25 nm, the air flow can be well described by the free

molecular flow theory. They estimated for such array that the

pressure gradient was about 10.1325 kPa/lm at 101.325 kPa

air pressure and 5 m/s flow velocity, which indicated that the

flowing air can only pass through an array of no more than

about 400 CNTs in series. They also gave suggestion for CNTs

array design for thermal energy exchange with air, as shown in

Fig. 16. Jang and Choi investigated the cooling performance

Fig. 14 a Chip temperatures measured for chip-on-substrate (red plots) and for the corresponding CNT 10 9 10 fin array-on-chip-on-substrate

assemblies (blue plots) under various heating powers and N2 flow rates, b results of a comparative experiment in which a finned copper cooler

(10 9 10 array) was used [83]

Fig. 15 Schematic of CNT-air system (The bar indicates mean free

path of air molecules between collisions) [86]

Fig. 16 Schematic of suggested design for nanotube arrays [86]
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of a microchannel heat sink with nanofluids numerically [87].

The results showed that cooling performance of the micro-

channel heat sink was enhanced by about 10 % when nano-

fluids containing diamond (1 vol %, 2 nm) was used. They

thought nanofluids reduced both the thermal resistance and the

temperature difference between the heated microchannel wall

and the coolant.

Based on Mo’s results [79, 80], Fu et al. [88] re-

designed the CNT cooling fin structure. Their fabrication is

based on an active thermal test platform with integrated

temperature sensors [89]. In order to reduce the contact

resistance in the CNT-substrate interface and improve the

mechanical connection between CNTs and the substrate, a

metal assisted CNT transfer method is utilized to transplant

the as-grown CNT microfins onto the test platform [30]. The

test platform is then soldered onto a mother board and fluid

channel is assembled. Finally the whole system is manu-

factured and packaged by PDMS, as shown in Fig. 17.

They also performed multi-scale modeling to calculate

the interfacial thermal resistance between coolant and the

CNT microfins in order to optimize the geometry of the fin

structure. After considering the trade-off of energy saving

and system reliability, a fin pitch of 100 lm is selected to

fabricate the demonstrator. The cooling performance of the

Fig. 17 Design and fabrication process of the interface enhanced CNT microfin on-chip cooling system a clean Si wafer with SiO2 layer;

b fabrication of heating elements and temperature sensors on test chips; c evaporation of Ti/Au/In for CNT-substrate interface enhancement;

d patterning of Al2O3/Fe catalyst layer (10/1 nm thick) for CNT growth; e growth of CNT microfins by TCVD; f metal enhanced CNT transfer

onto the test chip surface acting as on-chip cooling microfins; g a plastic cover assembled onto the test chip to form microchannels; h CNT

cooling fins integrated test chip soldered onto supporting substrate; i 3D structure in h; j, k coolant flow path assembled onto the test chip using

adhesive; l test chip with on-chip CNT cooling fins encapsulated by PDMS [88]

Fig. 18 a PDMS encapsulated CNT microfin on-chip cooling system connected with coolant source and power source, b CNT microfin on-chip

cooling performance characterization using water and air as coolant, and c cooling efficiency comparison between the on-chip cooler with and

without cooling fins [88]
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CNT fins is evaluated by both air and water as coolant.

Compared to traditional air-fan cooperated forced convec-

tive cooling, which typically has an up limit of 50 W/cm2

cooling capability [90, 91], their device demonstrated the

ability of handling heat flux of 7,000 W/cm2, as shown in

Fig. 18. They attributed the high performance of the CNT

cooler to three reasons, the low contact thermal resistance

between CNT fins and substrate, the effective heat transport

inside the CNT fins and the extremely large heat exchange

area due to the high surface/volume ratio of CNT fins.

Meanwhile, the CNT based cooler also benefits from

light weight, mechanical stiffness and low cost [92].

5 Conclusions

CNTs possess excellent electrical, thermal and mechanical

properties. They are proposed as candidate for a lot of

applications in electronics. This paper reviewed the state of

the art of three particular applications: (i) CNT as TIMs,

(ii) CNT as interconnect material, and (iii) CNT as cooling

fins. The growth and post-growth processing of CNTs for

specific applications are also briefly introduced.

The main challenge to use CNTs in TIMs is the large

contact resistance at the CNT ends. Besides the methods

reviewed above, further improvement can be possibly

made by opening the CNT caps before mixing with poly-

mer, thus greatly increasing the conduction along the

CNTs, leading to a better use of CNTs’ excellent axial

thermal conductivity.

As for the interconnect application, CNTs have been

proved to have better thermal stability over traditional

metals. However the obstacles are the non-ideal crystal

structure of CNTs resulting from current CVD technolo-

gies, which lead to relatively high resistivity of such

interconnects (at the range of 104–105 X m). The large

number of defects associated with the thermal growth of

CNTs prevented the further adoption of CNTs in the

industry at the time being. Further improvement in the

growth technology are needed to integrate CNT intercon-

nect into electronics systems.

To use CNTs as cooling fins is interesting. Demonstra-

tion of dissipating heat flux up to 7,000 W/cm2 has been

achieved. However the reliability of such CNT coolers is

still unknown. More research is needed to fully understand

the fluid dynamics of such a system in order to provide

better life-time estimation.
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