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ABSTRACT 

We grow carbon nanotube forests at 450 °C on conductive Cu support with tubes 

exhibiting extremely narrow inner spacing using Co/Al/Mo multilayer catalyst system. The 

forests average ~300 nm in height and a mass density of 1.2 g cm
-3

. As a barrier layer for the 

diffusion of Co, the thin Al layer with the thickness of 0.5 nm plays an important role in the 

growth of dense CNT forests, partially preventing the Co-Mo interaction. Ohmic conduction 

is confirmed between the forest and Cu support with the resistance of 35 ± 26 kΩ (mean ± 

standard deviation). The forest shows a high thermal effusivity of 1840 J m
-2

 s
-0.5

 K
-1

, and a 

thermal conductivity of 4.0 J s
-1

 m
-1

 K
-1

, suggesting that these forests are potentially useful 

for heat dissipation devices. 

 

 

1. Introduction 

Carbon nanotubes (CNTs) are envisaged as the building block in wide range of 

industries due to their outstanding mechanical, electrical, and thermal properties.
1-4

 For these 

applications to materialise, however, it is necessary to control the synthesis, to tailor the 

structure and properties, and do it in an inexpensive way. From the various morphologies 

obtained in the synthesis, vertically-aligned CNT forests are the form that hold most high-

tech industrial potential applications, such as interconnects in next generation electronics and 
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heat dissipation devices.
5-7

 Forests are typically synthesized by chemical vapor deposition 

(CVD) as it is the only method that can be scaled up in industries, among other reasons 

because of the relatively low process temperature. Especially for the CMOS compatible 

processes, the process temperature needs to be lower than 450 °C, while it is typically 700 - 

800 °C. In order to realize such low temperature growth of the CNT forests, many groups 

have reported the optimization of both CVD and catalyst conditions.
8-12

 

On the other hand, integrating as many carbon walls as possible in a limited space of 

CNT forests is another important issue. A larger number of carbon walls is preferred for 

applications, since each wall behaves as electrical or thermal channel when they are properly 

contacted.
13

 In order to realize this, there are two possible ways. One is reducing the outer 

spacing (spacing between tubes), and the other one is reducing inner spacing (spacing within 

each tube). When the outer diameter of the tubes is fixed, the outer spacing can be reduced by 

increasing area density, while the inner spacing can be reduced by increasing wall number 

per tube.  

In this work, to realize the latter way, we design and engineer the catalyst/supports 

systems. To date, multi-layer or binary catalysts, which drastically enhance the height or the 

density of the forest, are widely studied. Aluminium oxide layer, typically with the thickness 

of 10 - 20 nm, is often used to get high CNT forest up to millimetre scale combining with Fe 

or Co.
14-19

 As for area density, an ultra-high area density single-wall CNT (SWCNT) forest is 

realized at 750 °C with Al2O3/Fe/Al2O3 system.
20

 On the other hand, Mo is also used to grow 

CNT forests combining with Fe or Co.
21-24

 Especially, Co-Mo binary catalyst is known as the 

first combination to grow SWCNT forests.
21

 Co and Mo form a complex carbide or oxide 

which keeps Co catalyst particles small.
25-26

  

Recently, using Co-Mo catalyst, we have achieved the growth of CNT forests on 

conductive Ti-coated Cu supports at 450 °C with a record high mass density of 1.6 g cm
-3

.
27-

28
 X-ray photoelectron spectroscopy (XPS) shows that Co-Mo-Ti interaction prevents Co 

nanoparticles from sintering, and plays an important role for the root growth mechanism. In 

this paper, by extending the concept of multilayer catalyst systems, we demonstrate the 

growth of a CNT forests consisting of tubes with extremely narrow inner spacing. We use a 

thin Al barrier layer between Co and Mo layer which enhances the forest growth. The forest 

grown at 450 °C shows thermal effusivity of 1840 J m
-2

 s
-0.5

 K
-1

, and thermal conductivity of 

4.0 J s
-1

 m
-1

 K
-1

, suggesting that the forest is potentially useful for the heat dissipation devices. 

We also confirm an ohmic behavior between the forest and Cu support with the resistance of 

35 ± 26 kΩ (mean ± standard deviation), showing that the forest and the conductive support 
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have a good electrical contact. This new concept of multilayer catalyst system with barrier 

layer will widen the possibility of designing the catalyst/underlayer systems for the growth of 

CNT forests. 

 

 

2. Experimental 

2.1 Catalyst preparation and CNT forest growth  

We first deposit 40 nm Cu as a conductive support followed by 5.0 nm Mo on a 

SiO2(200nm)/Si(100) substrate. Then, we deposit 0.25, 0.50, or 1.0 nm Al followed by 2.5 

nm Co. As reference, we also prepare samples without Al and/or Mo. All metal depositions 

are carried out by DC magnetron sputtering in 3.5×10
-3

 mbar of Ar. The base pressure of the 

chamber is below 5.0×10
-5

 mbar. All samples are exposed to air after each deposition. 

Subsequently, the samples are loaded in a cold-wall CVD chamber and pumped down to a 

base pressure of 6.0×10
-2

 mbar. We then set a nominal pressure of 2.5 mbar with 200 sccm 

NH3 and heat the samples up to 450 °C at a rate of 3 °C s
-1

 (pretreatment). Upon reaching 

450 °C, we replace the NH3 with 200 sccm C2H2 to grow CNTs for 3 min. After the growth, 

the heater is turned off and C2H2 is switched to Ar until the samples are cooled down to room 

temperature. 

 

2.2 Sample characterization 

Before the growth of CNTs, we observe the formation of Co nanoparticles on the 

substrates by scanning electron microscopy (SEM, Hitachi S-5500). The roughness of sample 

surface is measured by atomic force microscopy (AFM, Veeco Dimension 3100) in tapping 

mode. The images have been levelled to remove a background tilt. The chemical state of 

metal films after deposition and after annealing is assessed by XPS. The annealing condition 

is 450 °C under H2 at 5×10
-7

 mbar for 10 min. The measurement after annealing is carried out 

without exposing the samples to air in order to avoid the oxidation. We use the same set up 

and analyse the spectra with same criteria as previously.
29

 We calibrate the binding energies 

by fixing the C 1s peak of contaminants to 284.6 eV. The depth profiles of substrate are 

analyzed by time-of-flight secondary ion mass spectroscopy (TOF-SIMS, ION-TOF 

TOF.SIMS 5). We use a Bi liquid metal gun and a Cs ion gun. Bi ions are filtered for Bi1
+
 

ions and Cs ions are filtered for Cs
+
 ions. The sputtering raster is 300 × 300 μm

2
 using Cs

+
 at 

500 eV (current 30 nA) and surface spectra are taken from an area of 50 × 50 μm
2
 using Bi1

+
 

at 25 keV (target current 1 pA). The guns are operated in high current bunched mode, the 
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extractor in positive mode, and the analyzer optimized for high mass resolution, acquiring 

over a range from 0.5 to 740 Da. The depth of the crater is measured using an optical 

profiling system (Wyko NT1100); it is assumed a constant sputtering rate throughout.  

After the growth of CNTs, the samples are observed by SEM and transmission 

electron microscopy (TEM, JEOL 2200MCO and FEI Tecnai F20). For TEM observation, 

the samples are transferred to Cu microgrids by scratching the CNT forests on the substrates. 

 

2.3 Mass density measurement 

 We weigh the substrates (1.5 - 4.0 cm
2
) before and after CVD process by a 

microbalance (Satorius ME235S, readability: 0.01 mg). The typical weight gain of the 

samples by CNT forest is 0.02 - 0.20 mg. The volume of the CNT forests is calculated from 

the area of the Si substrates and the height of CNT forests. The mass density is calculated 

from the weight gain of the Si substrates divided by the volume of CNT forests. 

 

2.4 Electrical and thermal property measurement 

 We measure I-V characteristics of the CNT forests by conductive AFM (Veeco 

Dimension 3100 equipped with a Nanoscope V controller). The setup is the same as 

previously reported.
30

 Thermal effusivity is obtained by the picosecond thermoreflectance 

measurement system.
31

 We deposited 100 nm Mo to get better reflectivity from the top 

surface of the CNT forests. The thermal conductivity is calculated with the thermal effusivity 

and the specific heat capacity of graphite (0.71 J g
-1

 K
-1

). The relationship between the 

thermal effusivity and thermal diffusivity is expressed as 

cpb        (1) 

where b, λ, c, ρ is thermal effusivity (J m
-2

 s
-0.5

 K
-1

), thermal diffusivity (J s
-1

 m
-1

 K
-1

), 

specific heat capacity (J g
-1

 K
-1

), and mass density (g cm
-3

), respectively. 

 

 

3. Results 

Figure 1a shows a side-view SEM image of the substrates after the CVD process. The 

catalyst condition is shown with a schematic in Figure 1b. The CNT forest with the height of 

~300 nm, and the mass density of 1.2 g cm
-3

 grows. As discussed later, 0.50 nm is the 

optimum thickness for Al layer to grow dense CNT forest with the maximum height. The 

forest morphology without measurable spacing between tubes (middle inset in Figure 1a) is 
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completely different from conventional CNT forests. From the top-view image (top inset), the 

filling factor of the CNT is estimated as ~90%, indicating a very packed morphology for the 

as-grown forests (without any post processes). The mass density is more than double that of 

the conventional SWCNT forest after densification by liquid (0.57 g cm
-3

).
32

 The forest and 

Cu underlayer shows an ohmic behavior with the resistance of 35 ± 26 kΩ (mean ± standard 

deviation), which indicates the forests have good electrical contact with the conductive 

support. The lowest value of the resistance is 8.1 kΩ which is better than our previous result 

by Co-Mo co-catalyst, Figure 1c.
27

 As reference, we make the samples without Al and/or Mo, 

and confirm that the CNT forest grows only when both Al (0.50 nm) and Mo (5.0 nm) are 

present between Co and Cu (Figure 1d - f). We note that no measurable weight gain is 

obtained without Co (catalyst) suggesting that other metals (Al, Mo, and Cu) do not catalyze 

the CNT growth. 

 

 

Figure 1. (a) SEM images of the samples with Co/Al/Mo/Cu after CVD process. (b) A 

schematic of the catalyst condition of (a). (c) A typical I-V curve of the CNT forest by 
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conductive AFM. (d) - (f) SEM images of the samples with different catalyst conditions as 

references (no CNT growth). 

 

 

We then characterize the tube structure in detail by TEM and Raman. The diameter 

distribution of individual tube is wide ranging from 4 to 35 nm with the average diameter of 

23 ± 10 nm (mean ± standard deviation). The well-graphitized structures with the lattice 

spacing of ~0.34 nm are observed (inset in Figure 2a). The Raman spectrum taken from the 

top of the forest shows G-peak and D-peak which is a typical spectrum for the multi-walled 

CNTs (Figure 2b). The intensity ratios of G-peak to D-peak (IG/ID) is 1.1, which is slightly 

higher than that of our previous CNT forest by Co-Mo co-catalyst (IG/ID = 1.0).
27

 Some tubes 

show inner spacing with ~2 nm (arrow indication in Figure 2a), while the others show no 

inner spacing (Figure 2c, e-g). The inner spacing of each tube is filled with carbon walls 

resulting in very solid structure. The average wall number is estimated as 31, assuming that 

the inner spacing of the tubes with solid structure is 0.34 nm. Most of the catalyst particles 

are observed at the bottom of the tubes (arrow indication in Figure 2d, g). This is the clear 

indication that the Co nanoparticles interact strongly with the support resulting in the base 

growth mechanism. The catalyst particles, with the diameter more than 20 nm, do not have a 

sphere shape but skewed one by the wall of CNT (arrow indication in Figure 2d). This 

skewed shape of catalyst particles possibly contributes to grow tubes with extremely narrow 

inner spacing. 
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Figure 2. TEM images and Raman spectra of the CNT forest grown by Co/Al/Mo catalyst 

system. (e), (f), and (g) are the enlarged images of the areas shown with squares in (c), 

respectively. 

 

 

It is found that both Al (0.50 nm) and Mo (5.0 nm) are necessary for the dense CNT 

forest growth (Figure 1). We characterize the formation of Co catalyst nanoparticles under 

different catalyst conditions. Figure 3 shows the top-view SEM and AFM images of the 

sample surfaces after the pretreatment at 450 °C under NH3 (before flowing C2H2). With 

Co/Al/Mo/Cu, where the CNT forest grows, Co form the nanoparticles with the diameter of 

9.8 ± 3.0 nm (mean ± standard deviation) and the area density of 1.8×10
11

 cm
-2

, Figure 3a. 

The root mean square roughness (Rq) is 1.5 nm indicating the formation of nanoparticles 

(Figure 3b). On the other hand, Co does not form nanoparticles with Co/Mo/Cu (Rq = 0.44 

nm, Figure 3c and 3d), Co/Mo/Cu (Rq = 0.51 nm, Figure 3e and 3f), and Co/Cu (w/o Al and 



 8 

Mo, Rq = 0.78 nm, Figure 3g and 3h). This is the reason why the CNT forests do not grow on 

the samples. The results are consistent with the fact that the formation of catalyst 

nanoparticles is suppressed on conductive supports by their high surface energy.
33-35

 

 

 

Figure 3 Top-view SEM and AFM images of the catalyst nanoparticles after the pretreatment 

at 450 °C under NH3. The scale bars in SEM and AFM images are the same for all the images, 

respectively. 

 

 

We then investigate the role of thin Al layer (0.50 nm) measuring the depth profile of 

the samples by SIMS. We compare the samples with and without Al after pretreatment at 
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450 °C under NH3. In the case where the Al layer is present (Figure 4a), we observe clear 

interfaces between the metal layers. The interfaces of Co/Al/Mo is at ~3 nm, and the Mo/Cu 

interface at ~9nm. This is largely in agreement with the original heterostructure used. The 

slight spread of the peaks is due to measurement artefacts such as beam induced mixing and 

slight tilt of the sample during measurement. When the Al layer is absent, there are no clear 

interfaces between the Co, Mo, and Cu layers (Figure 4b). This suggests inter-diffusion 

between the metal layers. We observe both Co and Mo diffusion into the Cu bulk as well as 

backwards diffusion of Cu towards the surface of the sample. The thin Al layer, even with the 

thickness of 0.50 nm, clearly prevents the diffusion of Co into Mo layer. 

 

 

Figure 4. Depth  profile of the samples (a) with Al and (b) without Al after annealing at 

450 °C under NH3. 

 

 

To further assess the effect of Al layer on the catalyst system, we perform XPS 

characterization on samples with and without Al, and before and after annealing under H2, 
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Figure 5. We note that the samples after annealing are not exposed to air before XPS 

measurement, so we can exclude the possible oxidation in air. XPS shows that after 2.5 nm 

Co deposition on Mo-coated Cu (i.e. without Al), the Co 2p spectrum possesses three main 

components. They are associated to Co
2+

 (yellow components) at 780.6 eV (Co 2p3/2) 

separated by ~15.3 eV from Co 2p1/2, Co
3+

 (green component) at 783.0 eV separated by ~15.3 

eV from Co 2p1/2, and shake-up losses (black-lined components) at ~786.9 and ~802.5 eV 

(for Co 2p3/2 and Co 2p1/2, respectively) in agreement with literature values.
36

 After annealing 

at 450 °C in H2, the intensity of the Co
2+

 decreases by a factor of ~2, suggesting the Co film 

has restructured into nanoparticles. The loss of intensity could also be partly related to inter-

diffusion of Co into the Mo-coated Cu layer underneath. The relative intensities of Co
2+

 and 

Co
3+

 peaks remain nearly constant, suggesting no new compounds have been formed. We 

note, however, the appearance of a peak centred at 778.0 eV, which corresponds to Co
0
. This 

compares to samples coated with 0.50 nm Al. After deposition, the Co 2p lineshape presents 

the same components as without Al (Co
2+

 and Co
3+

 peaks and the shake-up). After annealing, 

the total intensity of the Co 2p lineshape also decreases by a factor of ~2 (due to nanoparticle 

formation). However, the intensity of the Co
0
 component has increased dramatically with 

respect to those of the oxides. The Co
0
 component at ~778.0 eV dominates the spectrum. This 

suggests more Co in metallic state is available for nanotube growth after annealing. 

These features are also evident on the Mo 3d spectra and further help us to understand 

the role of Al on the formation/stabilization of Co nanoparticles. When we deposit Co 

without the Al layer, the Mo 3d core level shows six main components. They are Mo
0
 (red 

component) at ~228.0 eV, Mo
2+

 (yellow component) at 228.5 eV, Mo
3+

 (green component) at 

229.2 eV, Mo
4+

 (purple component) at 230.1 eV, Mo
5+

 (grey component) at 231.6 eV, and 

Mo
6+

 (pink component) at ~233.0 eV. The oxides have probably been formed during air re-

exposure.  After annealing the Mo
2+

 (yellow component) at 228.5 eV vanishes, while the Mo
0
 

and all other oxide components increase their intensities by a factor of ~3. This now 

compares to Co deposited onto Al. The Mo 3d presents a different signature. First, as 

received samples show no Mo
2+

 component, even though the samples were also exposed to 

air. Second, after annealing, Mo
0
 and all oxide components are present. They are Mo

0
 (red 

component) at ~227.9 eV, Mo
2+

 (yellow component) at 228.5 eV, Mo
3+

 (green component) at 

229.2 eV, Mo
4+

 (purple component) at 230.1 eV, Mo
5+

 (grey component) at 231.6 eV, and 

Mo
6+

 (pink component) at ~233.0 eV. The intensities have increased by a factor of ~2 only.  

We note that Al is overlapped with Co 3p peak and too small to observe. 
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We understand that the presence of Al strongly favours the reduction of Co. After 

annealing, the peak area ratio of Co
0
/Co

2+
 of the sample with Al is ~5 times larger than that 

without Al. First, Mo
2+

 component is not formed after deposition because Al captures the 

oxygen and forms Al2Ox which is much more stable (Al2O3: ΔfG
o
 = -1582.3 kJ mol

-1
).

37
 Then, 

during annealing Co restructure into nanoparticles (as shown by AFM) which have larger 

exposed areas than thin films and therefore easier to reduce. The appearance of Mo
2+

 

component is reported when Mo is annealed on Al2O3 support.
38

 

 

 

Figure 5. XPS spectra (Co 2p and Mo 3d) of the samples with and without Al, and before and 

after annealing at 450 °C for 10 min. The atmosphere during the annealing is H2 at 5×10
-7

 

mbar. 

 

 

4. Discussion 

4.1 Role of thin Al layer and growth mechanism of tubes with narrow inner spacing. 

It appears that 0.50 nm Al plays an important role to grow the dense CNT forests, 

although it is much thinner than other metals (Co, Mo, and Cu). As shown with SEM images 

and schematics in Figure 6, the forest morphology largely depends on Al thickness. The 

forest height decreases dramatically with 0.25 nm Al (left images in Figure 6a), while the 

area density of the forest significantly decreases with 1.0 nm Al (right images in Figure 6a). 
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From these growth results, we conclude that 0.50 nm is the optimum thickness to grow dense 

CNT forest with the maximum height. We have previously shown that 2.5 nm Co does not 

grow CNT forests on Mo layer thicker than ~1 nm,
28

 and XPS measurement have showed 

that Co and Mo interact strongly during the CVD process.
27

 This strong interaction causes the 

inter-diffusion of Co and Mo (Figure 4 and 6b), and hinders the formation of Co 

nanoparticles (from SEM and AFM, Figure 3). This is in agreement with the fact that the 

forest growth on conductive supports is more challenging than that on insulating supports.
39

 

The same mechanism will be applied with Co/Cu case herein (without Al and Mo, Figure 1f, 

3g, 3h, and 6c). The thin Al layer (0.50 nm), which is most likely oxidized by air exposure, 

partially prevents the Co-Mo interaction. This helps the formation of Co nanoparticles with 

high are density (from SEM and AFM, Figure 3), and with more metallic state (from XPS, 

Figure 5). The forest height decreases with thinner Al (e.g. 0.25 nm) because Co and Mo 

interact too much (left images in Figure 6a), while when the Al layer is too thick (e.g. 1.0 nm), 

the forests grow with low area density because the Co-Mo interaction becomes too small 

(right images in Figure 6a). As shown with the schematic in the right images of Figure 6a, we 

observe some Co particles lifted off from the substrates and embedded in the tip or the middle 

of the tubes (data not shown). The lift-off of Co nanoparticles is observed in the case of the 

forest by Co-Mo on Ti-coated Cu when Mo becomes thin (or without Mo).
27-28

 Although the 

surface energy of Cu (1.56 J m
-2

) is smaller than that of Mo (2.51 J m
-2

),
40

 the forest does not 

grow with Co/Al/Cu (without Mo, Figure 1e, 3e, 3f, and 6d). This is most likely because Co 

does not form a complex carbide or oxide with Cu unlike the case of Co-Mo.
25-26

 

 



 13 

 

Figure 6. Schematic and SEM images of the growth mechanism of the CNT forest by 

Co/Al/Mo/Cu catalyst. The scale bar is the same for all the SEM images. 

 

 

4.2 Relationship between area density, wall density, and mass density of the CNT forests. 

In the case of conventional tubes, the particle diameter determines the tube diameter. 

However, most of Co nanoparticles herein do not show sphere shape but skewed one as 

observed in TEM images (Figure 2). At high temperature (700 - 900 °C), the typical optimum 

Co thickness for high SWCNT forests is ~0.2 nm with Mo on SiO2, 
41

 and ~0.7 nm on 

aluminium oxide.
19

 The Co layer herein (2.5 nm) is more than ~3 times thicker which makes 

larger particles up to more than 20 nm. These large particles are easier to be skewed by 

carbon walls to minimize surface energy. This is the reason why some tubes have extremely 

narrow inner spacing compare to the tubes in conventional CNT forests. In order to integrate 

as many carbon walls as possible into limited spaces in the CNT forests, either outer spacing 

(spacing between tubes) or inner spacing (spacing within each tube) have to be reduced. 

When the outer diameter of the tubes is fixed, the outer spacing can be reduced by increasing 

area density, while the inner spacing can be reduced by increasing wall number. The area 

density and the mass density is in a trade-off relationship when the wall density is fixed. For 

example, when the wall density is the same as 4.1×10
-12

 cm
-2

, the forest consisting of 31 

walls MWCNT with the diameter of 23 nm (mean value for the tubes in this work, Figure 7a) 

can have mass density of 1.2 g cm
-3

 which is ~6 times higher than that of the forest consisting 
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of SWCNT with diameter of 2 nm (0.19 g cm
-3

, Figure 7b). This means that we can integrate 

more carbon walls into the limited space of CNT forests. The MWCNT forest with relatively 

large diameter can be applied for heat dissipation devices. On the other hand, SWCNT (or 

few layer CNT) forest with small diameter can be used for electrical conduction channels 

since each tubes have more uniform quantum resistance. By optimizing the catalyst thickness 

and growth condition, we manages to grow the forest filling the unused spacing in each tube 

as shown the graph in Figure 7c. The values for conventional tubes are calculated based on 

the paper by Chiodarelli et al.
42

 This narrow inner spacing possibly comes from the skewed 

catalyst particles as mentioned in the previous section (4.1). 

 

 

Figure 7. Schematics of and summarized properties of CNT forests with (a) 31 walls 

MWCNT (diameter: 23 nm), and (b) SWCNT (diameter: 2 nm).  ρw, ρa, ρm are wall density 

(cm
-2

), area density (cm
-2

), and mass density (g cm
-3

), respectively. (c) Relationship between 

outer tube diameter and inner diameter, comparing the tubes in this work with conventional 

tubes. The data for conventional tubes is based on the paper by Chiodarelli et al.
42

 

 

 

4.3 Thermal properties of the CNT forests. 

Finally, the thermal property of the CNT forest is measured by the picosecond 

thermoreflectance measurement system.
31

 The forest shows the thermal effusivity of 1840 J 

m
-2

 s
-0.5

 K and thermal conductivity of 4.0 J s
-1

 m
-1

 K
-1

, which is ~2 and ~4 times higher than 

that reported with as-grown dense vertical graphene layers (975 J m
-2

 s
-0.5

 K
-1

, and 1.0 J m
-1

 s
-

1
 K

-1
), respectively.

31
 The forest herein does not have horizontal graphene layers on top as 

they reported, so it shows the high thermal effusivity even with as-grown samples. These 
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forests are potentially useful for heat dissipation devices. We summarize the properties of the 

CNT forests comparing with the forests grown with Co-Mo catalyst on Ti-coated Cu.
27

 

 

 Co/Al/Mo/Cu Co/Mo/Ti/Cu 

Height 300 380 * 

Mass density (g cm
-3

) 1.2 1.6 * 

Resistance (kΩ) 35 ± 26 95 ± 46 * 

Thermal effusivity 

(J m
-2

 s
-0.5

 K
-1

) 

1840 2100 

Thermal conductivity 

(J s
-1

 m
-1

 K
-1

) 

4.0 3.9 

Table 1. Properties of CNT forests grown with Co/Al/Mo/Cu catalyst system (this work), 

comparing with the forest grown with Co/Mo/Ti/Cu catalyst.
27

 

(* data from our previous paper
27

) 

 

 

5. Conclusion 

We grow carbon nanotube forests at 450 °C on conductive Cu support with tubes 

exhibiting extremely narrow inner spacing using Co/Al/Mo multilayer catalyst system. The 

0.50 nm Al layer acts as a barrier layer which partially prevents the interaction between Co 

and Mo. This thin Al layer helps Co nanoparticles formation with high area density. The 

forests average ~300 nm in height and a mass density of 1.2 g cm
-3

. An ohmic behavior is 

confirmed between the forest and Cu support with the resistance of 35 ± 26 kΩ (mean ± 

standard deviation). The forest shows a high thermal effusivity of 1840 J m
-2

 s
-0.5

 K
-1

, and the 

thermal conductivity is 4.0 J s
-1

 m
-1

 K
-1

, suggesting that these forests are potentially useful for 

heat dissipation devices. 
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