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 Nano-scale, planar and multi-tiered current pathways from 

carbon nanotube-copper with high conductivity, ampacity and 
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New, lithographically process-able materials with high ampacity 

are in demand to meet the increasing requirement of high 

operational current density at high temperatures existing in 

current pathways within electronic devices. To meet this demand, 

we report an approach to fabricate a high ampacity (~100 times 

higher than Cu) carbon nanotube-copper (CNT-Cu) composite into 

a variety of complex nano-scale, planar and multi-tiered current 

pathways. The approach involved the use of two-stage 

electrodeposition of copper into a pre-patterned template of 

porous, thin CNT sheet acting as electrode. The versatility of this 

approach enabled realization of completely suspended multi-tier, 

dielectric-less ‘air-gap’ CNT-Cu circuits that could be electrically 

isolated from each other and are challenging to fabricate with 

pure Cu or any metal. Importantly, all such complex structures, 

ranging from 500 nm to 20 µm in width, exhibited ~100-times 

higher ampacity than any known metal, with comparable 

electrical conductivity as Cu. In addition, CNT-Cu structures also 

exhibited superior temperature stability compared to the ~10-

times wider Cu counterparts. We believe that the combination of 

our approach and the properties demonstrated here are vital 

achievements for future development of efficient and powerful 

electrical devices. 

Introduction 
Rapid advancements in electronics have been realized following the 

paradigms of Moore’s law and miniaturization.
1
 The paradigm of 

Moore’s law has led more devices and components to operate in 

increasingly confined spaces.
2
 This creates energy localizations, 

where devices operate in extreme conditions, such as high 

temperature and high current density.
3
 This imposes severe 

operating conditions on the electrical pathways to, from, and within 

these energy localizations, with the demand rapidly approaching 

the maximum current-carrying-capacity (i.e. ampacity) limits of 

metals.
4
 In fact, the International Technology Roadmap for 

Semiconductors (ITRS) estimates that the current density in devices 

will exceed the ampacities of Cu and Au (~10
6
 Acm

-2
) by 2015.

5
 

Therefore, an alternative electrical conductor with high ampacity in 

addition to performing reliably at high temperatures is in 

immediate demand.  

Electro-migration and resultant thermal-migration are the primary 

mechanisms limiting the performance of metals at high current 

densities and high temperatures.
6
 Electromigration refers to the 

migration and mass-transport of atoms of conducting elements, 

induced by large current density and is prominent in metallic 

conductors such as Cu, Al and Au due to their loosely bound 

metallic bonds.
6
 This simultaneously increases the temperature of 

the conductor by Joule heating, leading to thermal-migration and 

consequent failure.
7
 In contrast, the strong covalent bond of carbon 

materials, such as carbon nanotubes
8
 (CNTs) and graphene

9
, 

provides a much higher ampacity (10
8
~10

9
 Acm

-2
). However, the 

discrete density of states results in lower conductivity  when 

compared to metals such as Cu and Au.
 8,9

 Therefore, avoiding these 

two failure pathways is of significant scientific and technological 

interest for the development of electronic devices. 
A promising approach is to synergistically combine CNT and Cu 

while preserving the strengths (ampacity and conductivity 

respectively) of each material. It has demonstrated that making a 

CNT-Cu composite could combine the strengths of both Cu and 

CNTs.
10

 We recently demonstrated the fabrication of a CNT-Cu 

composite which exhibited comparable electrical and thermal 

conductivity as pure Cu while possessing a 100-fold higher ampacity 

than Cu
10

 and a coefficient of thermal expansion (CTE) close to Si.
11

 

While these properties of a bulk CNT-Cu composite are very 

promising, the key challenge for the material to be used in devices 

is to establish its processability and patternability in to lines and 

circuits, through methods that are compatible with existing 

semiconductor techniques while simultaneously preserving the 

properties of the bulk CNT-Cu composite.  

Addressing this challenge, we report a strategy to achieve complex 

nano-dimensional patterning with CNT-Cu composite. Our approach 
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is based on the combination of the transfer of self-supporting, thin, 

aligned CNT sheets to a substrate; patterning them into arbitrary 

shapes, and then using them as a porous electrode for Cu 

electrodeposition. This strategy enabled the fabrication of a CNT-Cu 

composite with nano-scale features with various sizes and shapes. 

Importantly, the patterned CNT-Cu features showed similar 

electrical conductivity (2.5 x 10
5
 Scm

-1
) and ampacity  (5.5 x 10

8
 

Acm
-2

) as the bulk material reported previously (4.5 x 10
5
 Scm

-1
, 6 x 

10
8
 Acm

-2
, respectively).

10,11
 We would like to emphasize that the 

fabrication method, for this material, is compatible with 

conventional semiconductor processes as the CNT-sheet transfer 

step is carried out at room temperature as thus is completely 

isolated from the high-temperature CNT synthesis. Besides, the 

maximum temperature employed during the thermal reduction 

step (250 
o
C) is much lower than what large-scale integrated circuits 

can bear. 

Experimental and Methods 
Materials 

Aligned CNT sheets were synthesises using the water-assisted 

super-growth chemical vapor deposition (CVD) technique from 

patterned Fe catalysts.
12 

Briefly, CNTs were synthesized from Al2O3 

(40nm)/Fe (1.5nm) catalysts sputtered on silicon wafers with C2H4 

(100 sccm) as carbon source and water (100 to 150 ppm) as oxygen-

source. The synthesis was carried out at 750
o
 C on a fully-

automated CVD furnace. The forest consisted of aligned, single-

walled carbon nanotubes (CNTs, diameter ~2.8 nm) with high purity 

(99%).
12 

All other chemicals were purchased from Wako and used 

without further purification, unless specified otherwise.  

 

Results and discussion 
The fabrication of the CNT-Cu composite pathways consists of the 

following major fabrications steps, as shown in Fig. 1(a). Our 

approach is based on the combination of the transfer of self-

supporting, thin, aligned CNT sheets to a substrate; patterning them 

into arbitrary shapes, and then using them as a porous electrode 

template for Cu electrodeposition. First, aligned SWNT sheets (1 

mm width, ~8 µm thickness and 1 mm long; CNT diameter ~3 nm) 

were synthesized by water-assisted chemical vapor deposition 

(CVD)  from patterned Fe catalysts.
12 

Second, the CNT sheets were 

transferred onto Si wafer (SiO2 thickness ~100 - 500 nm), and 

densified into a closely packed, aligned CNT ‘wafer’ (0.5 gcm
-3

, ~1 

mm long).
13

 Third, the CNT wafer was lithographically patterned 

into desired configurations in a manner
‡
 analogous to Si 

processing.
13

 Fourth, the copper was galvanostatically deposited 

into the pores of the CNT film patterns to form seeds by 

electrodeposition using an organic electrolyte (27.7 mM 

Cu(CH3COO)2 in CH3CN). The similarity in solubility parameters of 

acetonitrile (18 MPa
1/2

) and CNTs (18.6 MPa
1/2

) allowed 

homogeneous deposition of Cu seeds.
14

 Fifth, thermal reduction of 

the Cu seeds was performed (250 
o
C, H2 flow rate of 150 sccm, 3 h) 

to remove the oxide. Finally, Cu filling by aqueous electrodeposition 

was applied to complete the filling of Cu ions. The ampacity was 

measured on such nanoscale, conductive CNT-Cu lines and 

estimated to be 5.5 x 10
8
 Acm

-2
 with the highest being 5.7 x 10

8
 

Acm
-2

, close to hundred times higher than that measured on copper 

of identical dimensions (Fig. 1 (b)). The CNT interstitial spaces were 

completely filled with copper as shown by the fractured cross-

section of a pathway (Fig. 1(e), Fig. 1(f)). In fact, the continuous 

nature of the CNT-Cu medium could be evidenced from the 

unfractured, de-laminated pathways (Fig. 1(d)). Secondary electron 

microscopy (SEM, Fig. 1(c) and cross-sectional line-profiles (Fig. 1(i)) 

by confocal laser scanning microscopy(Fig. 1(h)) recorded in the 

same position of the sample confirmed the height and width 

Fig. 1 (a) Schematic representation of the strategy developed for achieving sub-micron features of CNT-Cu composite. (b) Plot of resistivity versus current density for CNT-Cu 

composite (red trace) and Cu (black trace) confirming a ~100 times higher ampacity for nano-scale CNT-Cu current pathways. (c) Periodic two-dimensional current pathways 

with CNT-Cu composite. (d) A delaminated section of the patterned CNT-Cu composite showing structural cohesiveness and integrity. (e) and (f) represent the SEM of fractured 

cross-sectional surface of CNT-Cu composite with (g) presenting the EDX mapping based on Cu(red) and C(yellow). (h) Confocal laser scanning microcopy image of the CNT-Cu 

current pathways with the height profile shown in (i). 
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uniformity (1 µm thick, 4 µm width) between each conductive 

pathway. The microstructure of the composite exhibited good 

homogeneous distribution of carbon and copper as seen from 

energy-dispersive X-ray (EDX) analysis (Fig. 1(g)). Higher 

magnification imaging showed evidence of extensive interfacing 

between the CNTs and Cu at length-scales as low as few 

nanometers (~10 nm).  

Electrical characterization revealed that the conductivity and 

ampacity of the macroscopic-scale composite carried over to the 

micro-patterned CNT-Cu pathways (1 µm thick, 4 µm wide). Room 

temperature 4-probe measurements showed an electrical 

conductivity of 2.5 x 10
5
 Scm

-1
, similar to 4.5 x 10

5
 Scm

-1
 for bulk 

CNT-Cu.
10,11

 Next, we measured the ampacity of these nano-scale 

structures by passing direct current through several individual line 

structures (0.5 µm wide, 1 µm thick) and found an average 

ampacity of 5.5 x 10
8
 Acm

-2
 with the highest being 5.7 x 10

8
 Acm

-2
 

(Fig. 1(b)). This value is ~100 times higher than any metal (Cu, Au: 

~10
6
 Acm

-2
) and consistent with our earlier report.

10
 It should be 

noted that the coefficient of thermal expansion (CTE) of the bulk 

CNT-Cu was measured to be similar to that of silicon (~⅕
th

 that of 

copper), which is ideal for interfacing with silicon-based 

platforms.
11,15

 This aspect would be vital for applications such as 

through-silicon vias where thermal expansion mismatch between 

conductor and substrate is a significant problem.
15 

We found that the filling of the CNT interstitial spaces with Cu 

becomes particularly difficult when the macroscopic CNT structure 

is large or densely packed.  Once the Cu is deposited into the 

interstitial spaces, the migration pathways for Cu
2+

 ions become 

smaller, thereby increasing the difficulty to fill the entire CNT 

material. In the current work, the density of thin CNT wafers was 

0.5 gcm
-3

, meaning the CNT occupied ~50% of the volume. This high 

density was required to able to coat resist on the CNT wafer to 

apply standard lithography. We believe that the small physical 

dimensions of the pathways allowed for sufficient diffusion to 

deposit Cu throughout the CNT material. From this point, we could 

fabricate pathways with width down to 500 nm (Fig. 2(d)). 

Therefore, we believe further dimensional down-scaling is feasible 

for the composite as the Cu diffusion is facilitated by smaller 

template (CNT wafer) dimensions.  

Our approach to fabricate high electrically conductive CNT-Cu 

pathways was extended to fabricate complex patterns. The CNT 

pattern was designed to possess an aggregate cross-sectional area 

approximately constant at any location between the two 

electrodes. In this manner, the current density passing through 

each segment, big or small, of the CNT pattern was kept constant, 

and thus Cu could be deposited uniformly. This allowed fabricating 

arbitrary combination of structures with filling ratios, uniformity, 

and homogeneity, provided the condition of constant aggregate 

cross-sectional area was satisfied. As demonstrated, structures with 

significantly different dimensions, ranging from 500 nm to 5 µm, 

could coexist in directions both parallel and perpendicular to the 

electrodes across wide areas (Fig. 2(a)). A combination of basic 

structures, such as bends and junctions, could be used to fabricate 

unique H-, L- and Z-shaped architectures with the CNT-Cu 

composite (Fig. 2(f) to Fig.2(i)). Structures of varying sizes could also 

be fabricated, as shown by the islands distributed throughout the 

Fig. 2 (a) SEM image of complex combination of CNT-Cu current pathways consisting of arbitrary shapes and dimensions fabricated over an area of ~ 2500 µm
2
 in a single batch. (b) 

EDX elemental mapping (based on Cu and C) of such complex combinations of current pathways. (c) Confocal laser scanning microscopic image of a portion of such patterned 

structures. The height profile obtained across the black line indicated is given in (e) showing the uniform height of CNT-Cu composite patterns, irrespective of their differing widths 

(500 nm to 1.5 µm). (d) SEM image of an isolated nano-dimensional CNT-Cu conductor showing the uniformity of the material. SEM images of several nano-scale structures with

configurations such as H-shaped, L- shaped, S-shaped and their combinations thereof are presented from (f) to (i). 
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pattern; moreover, these islands coexisted with thin pathways, 

which could be fabricated from the same CNT film. The smallest 

feature fabricated was ~500 nm wide, uniform, and homogeneous 

(Fig. 2(d)) and could be simultaneously fabricated with the much 

larger structures (Fig.2(h)). Elemental mapping by EDX indicates the 

presence of both Cu and C, distributed evenly along the patterns, 

across a wide area of the sample (Fig. 2(b)). Minor variations in the 

intensity distribution are attributed to the orientation of the sample 

during the EDX mapping. Confocal  microscope images showing the 

cross-section of various features (ranging from widths of 500 nm to 

5000 nm) indicate a similar heights, which is evidence that each 

CNT pattern was deposited with a similar amount of copper, and, 

therefore form an identical composite (Fig. 2(c), Fig. 2(e)). Our 

results imply that designing suitable external electrodes would 

enable the fabrication of diverse variety of patterns. 

The flexibility of the CNTs and the cohesiveness of the film allowed 

the extension of this approach to fabricate structures not possible 

through standard silicon based fabrication processes: suspended, 

three-dimensional (3-D) current pathways.
16

 To this end, the CNT 

wafer was fabricated over a Si wafer with pre-patterned silicon 

pillars (1 µm
2
 area, 1.5 µm height) resulting in a 3-D CNT wafer that 

seamlessly traversed the substrate plane and elevated planes (Fig 

3(c)). The CNT wafer could then be etched to form alternating 

suspended, bi-planar and planar pathways and subsequently 

converted into the composite by electrodeposition (Fig. 3(e)). In 

order to demonstrate the uniform electrical properties of these bi-

Fig. 3 (a) I-V traces of two-dimensional, planar and three-dimensional, bi-planar CNT-Cu structures fabricated over Si pillars of different heights. SEM images of multi-dimensional 

CNT-Cu current pathways that seamlessly traverse across different heights are given in (b) to (d). The heights of the Si pillars are 1.25 µm and 2.5 µm in(c) and (d), respectively. (e) 

SEM image of alternating planar and bi-planar current pathways fabricated with CNT-Cu composite. (f) Confocal laser scanning microscope image of the pattern in (e). The height 

profiles across the black and red lines on the image are provided in (g) and confirms the uniformity of the CNT-Cu composite pathways extending in multiple dimensions.  

Fig. 4 (a) Schematic representation of the fabrication of multi-tier, air-gap circuits with CNT-Cu composite. (b) SEM image of the CNT-Cu composite, air-gap circuits showing the 

dielectric-less air-gap between the top tier of CNT-Cu composite and bottom tier Au lines. (c) The physical separation of the two tiers is seen in the SEM image. (d)EDX mapping of 

such air-gap separated circuits, based on Cu (red) and Au (green), reveals the absence of physical overlap between the two tiers. This is further confirmed from electrical 

measurements the schematic and the data of which are presented in (e) and (f), respectively.  

Page 4 of 7Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



Journal Name  COMMUNICATION 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5 

Please do not adjust margins 

Please do not adjust margins 

planar lines, I-V traces across CNT-Cu structures made with Si pillars 

of three different heights (0 µm, 1.25 µm, and 2.5 µm) were 

measured and found to be identical (Fig. 3(a)). As seen from the 

SEM (Fig. 3(b) to Fig. 3(e)) and confocal microscope imaging (Fig. 

3(f)), the height profile across these alternating patterns (Fig. 3(g), 

red trace) also alternates between ~1 and 2 µm, indicating an 

uniformly thick composite (~1 µm) for both planar and bi-planar 

current pathways. Furthermore, line profiles taken along a single bi-

planar structure showed a seamless height transition from 0.3 µm 

to 1.25 µm (Fig. 3(g), black trace). As the height of the pillar was 1 

µm, this further demonstrates that we were able to make a uniform 

material in a bi-planar configuration. These aspects demonstrated 

the feasibility of our approach to fabricate bi-planar CNT-Cu 

structures as reliable current pathways. 

The potential to fabricate 3-D CNT-Cu architectures could be further 

extended to make multi-tiered pathways using the strategy outlined 

(Fig. 4(a)). An entire CNT film was suspended on silicon pillars (1.5 

µm height) to form the top tier over a series of prefabricated Au 

pathways representing the bottom tier. The suspended CNT sheet 

in the top tier was etched into patterns and subsequently converted 

into CNT-Cu by electrodeposition. Such 3-D CNT-Cu structures could 

be fabricated into versatile shapes and sizes (Fig. 4 (b)) despite 

being completely suspended with the widths of the lines varying 

from 1.5 µm to 5 µm (thickness ~1 µm). A variety of complex, fully 

suspended current pathways were then fabricated to include 

branching patterns comprising of both orientations (parallel and 

perpendicular) of aligned CNTs (Fig. 4(c)). The distance between the 

bottom Au tier and top CNT-Cu tier was estimated to be ~1.3 µm 

from the SEM images (Fig. 4(c)) which corresponded well with the 

height of the pillars. Further, electrical isolation between the two 

tiers was confirmed using the schematic in Fig. 4(e). A potential 

difference was applied across the top tier, consisting of CNT-Cu and 

the current was measured across the bottom tier. Negligible 

leakage current (~10
-10

 A, close to the resolution of the 

measurement system) was measured, demonstrating the electrical 

isolation between the upper and lower tiers (Fig. 4(f)). This was also 

confirmed through EDX elemental mapping that showed clear 

elemental separation of the bottom Au tier and the CNT-Cu 

pathways in the top-tier. Since, deposition of Cu on CNT proceeded 

through the creation of electric field, any physical contact of CNT 

(top-tier) with Au (bottom tier) would have resulted in Cu being 

deposited on Au lines as well. Therefore, the observation of distinct 

EDAX signatures from both Au and Cu, without any mixing, confirms 

the CNT-Cu is physically separated from Au tier. That is, the absence 

of the Cu signals on the Au lines is evidence of specific 

electrodeposition on the CNT lines, confirming electrical isolation 

between tiers (Fig. 4(d)). Our multi-tier pathways can be considered 

as “air-gap” circuits, with vacuum as dielectric medium between the 

metallization lines providing the ideal dielectric separation between 

them.
17

 Such multi-tier architectures can address to the parasitic 

capacitance occurring in closely-spaced metallization lines.
17

  

In order to investigate the stability of our CNT-Cu pathways, we 

implemented lifetime evaluation at high current densities (10
7
-10

8
 

Acm
-2

) and temperature (250 
o
C) that Cu cannot withstand (Fig. 

5(a)). The mean time to failure was defined as the point of 20% 

decrease in conductivity and determined for two line-widths of 

CNT-Cu composite (500 nm and 5000 nm).
18

 Both the CNT-Cu 

composite and Cu showed a similar behaviour, where at the initial 

stages the conductivity was stable, while beyond a particular time it 

dropped exponentially and failed. In all cases, the CNT-Cu 

composite showed a significantly longer lifetime, highlighting its 

superiority over Cu. The lifetime was estimated and plotted as a 

function of current density (Fig. 5(b)). Both the CNT-Cu composite 

and Cu showed a monotonic decrease in their lifetimes as current 

density increased, with the CNT-Cu structures always possessing a 

significantly longer lifetime. In particular, the CNT-Cu structures 

with 500 nm width exhibited longer lifetime than a 10-fold wider 

pure copper line (5000 nm) (Fig. 5(b)). This result implies that a 10-

fold decrease in line-width is possible by replacing Cu with CNT-Cu. 

Although the mechanism of the high performance of the CNT-Cu 

lines is not yet completely well understood, theory predicts that 

carbon-doping into Cu would increase the activation energy of 

diffusion of Cu.
10,19

 The two primary mechanisms acting to achieve 

this are dopant-dragging
19

 (migration of Cu with C, resulting in 

increase in activation energy) and dopant-blocking
19

 (occupancy of 

Cu interstitial sites by carbon, resulting in physical obstruction of 

the migration pathways). We expect the CNTs to act similar to the 

dopant carbons; however CNTs themselves possess a very high 

tolerance to electromigration. Therefore, the dopant dragging 

mechanism is expected to be less dominant here. Thus, we expect 

that CNTs are blocking and suppressing Cu diffusion to yield a 

higher ampacity and more stable conducting composite. 

Fig. 5 (a) Time-evolution of electrical conductivity of CNT-Cu composite (red) and Cu 

(black) under stress conditions of 1.5 x 10
8
 Acm

-2
 and 250 

o
C. (b) Plot of mean-time-to-

failure for CNT-Cu composite and Cu structures of two different dimensions (500 nm 

and 5000 nm width) showing a significantly superior lifetime and stability of CNT-Cu 

composite.  
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Conclusions 

In conclusion, we demonstrated an approach to fabricate nano-

scale patterning of a CNT-Cu composite possessing the electrical 

conductivity on par with Cu and ampacity ~100 times higher than 

Cu. Through the use of an aligned CNT sheet as a porous electrode, 

Cu could be uniformly electrodeposited throughout the patterned 

sheet to create homogeneous micropatterned CNT-Cu composite. 

Complex bi-planar and multi-tiered, electrically isolated air gap 

structures could be fabricated, which are otherwise impossible by 

the conventional vapor deposition of Cu, thereby illustrating the 

strength of this approach. Importantly, the electrical conductivity 

and ampacity carried over from the macroscopic dimensions to the 

sub-micron structures. These results taken together, we believe 

that sustaining the properties at nanoscale dimensions as 

demonstrated here provides a feasible approach for utilization of 

CNT-Cu electrical current pathways in electronic devices.  

Notes and references 

‡ Patterning of CNT film 

Vertically aligned CNT sheet (measuring 700 µm x 700 µm with an 

as-grown thickness of 8 µm) was carefully trasnferred to the desired 

substrate in the desired orientation using an liquid-induced 

densification approach.
13

 The CNT sheets were then transferred 

from the growth substrate to the target substrate. Although such 

CNT sheets were sparse (~0.04 gcm
-3

), the long and entangled CNTs 

provided them with sufficient mechanical cohesiveness to allow 

their handling as a continuous unit for removal and transfer without 

damage. Thus, such CNT sheets were transferred onto Si wafer (SiO2 

thickness ~100 - 500 nm), and densified into a closely packed, 

aligned CNT ‘wafer’ (0.5 gcm
-3

, ~1 mm long) using an liquid-induced 

densification approach as previously described.
13

 Thickness of the 

CNT films after attachment to the substrate was measured to be 

around 700 nm. Then, the CNT wafer was patterned into desired 

configurations.  

Positive tone PMMA-495 (Microchem Corp.) was spin coated at 

4700 rpm for 60 s on the substrate followed by curing at 180 
o
C for 

60 s. A double mask recipe was adapted using a negative tone FOX 

16 (flowable oxide, Dow Corning) on top of the cured PMMA-495. 

The FOX 16 was spin coated at 4500 rpm for 60 s followed by baking 

at 120 C for 8 minutes. Electron-beam lithography was used to 

expose the required areas of CNT. The substrate was developed 

using tetramethylammonium hydroxide (TMAH), rinsed with water 

and dried under a dry N2 flow. Reactive ion etching (RIE) using a 

mixture of O2/Ar /CHF3 was carried out to remove the unwanted 

CNT areas.  After the CNT patterning, the negative resist and 

positive resist were removed using buffered hydrogen fluoride 

(BHF) and 1:1 mixture of methylisolbutyl ketone/isopropyl alcohol 

(MIBK/IPA), respectively. Finally, the subtrate was rinsed in IPA and 

dried under N2 stream before Cu electrodeposition. 

Microfabrication of CNT-Cu composite 

Metal electrodes (3 nm Ti and 100 nm Au) were fabricated by 

sputtering on the Si or Si3N4 substrates after defining the required 

shapes through electron beam lithography. The CNT sheets were 

transferred from the growth substrate to the target substrate using 

the liquid-induced densification approach
13

 and oriented in the 

desired alignment. 

Copper was deposited into the pores of the CNT film patterns to 

form seeds by electrodeposition.  Despite being densified, these 

patterned CNT wafer were sufficiently porous (~50%) to allow 

deposition of Cu onto all CNT surfaces, both on the periphery 

and in the pore volume of the wafers, to make a CNT-Cu 

composite that was homogeneous enough to act as single 

cohesive unit. Thermal reduction of the Cu seeds was performed 

(250 
o
C, H2 flow rate of 150 sccm, 3 h) to remove the oxide and 

other organic contaminations. Finally, Cu filling by aqueous 

electrodeposition was applied to complete the filling of Cu ions 

into the porous CNT template with high (55 vol%) and 

homogeneous filling of Cu. 
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