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A B S T R A C T

Towards the goal of providing a continuous process for the solid-state fabrication of carbon

nanotube sheets and yarns from carbon nanotube forests, we report the growth of yarn-

spinnable and sheet-drawable carbon nanotube forests on highly flexible stainless steel

sheets, instead of the conventionally used silicon wafers. Sheets and yarns were fabricated

from the 16 cm maximum demonstrated forest width, from both sides of a stainless steel

sheet, and the catalyst layer was shown to be reusable, thereby decreasing the need for cat-

alyst renewal during a proposed continuous or semi-continuous process where the stain-

less steel sheet serves as a moving belt to enable forest growth at one belt end and

carbon nanotube yarn or sheet fabrication at an opposite belt end.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Individual carbon nanotubes (CNTs) have been long well

known to have exceptional mechanical, electronic, photonic,

and optical properties, which could provide important appli-

cations for both nanoscale devices and macroscopic applica-

tions [1]. For macroscopic applications there is the need to

assemble these CNTs into yarns and sheets at commercially

acceptable costs, while minimizing the properties degrada-

tion in going from individual CNT characteristics to those of

the yarns and sheets. To understand the scale of the problem,

several billion miles of typical 10 nm diameter, 10 wall CNTs

must be assembled for every pound of produced sheet or yarn

– and the miles needed increases with decreasing CNT diam-

eter and number of walls. Alternative fabrication processes

include, for example, solution-state spinning [2–5], assembly

of gas phase synthesized CNTs [6,7], and solid-state spinning

from CNT forests [8–16]. CNT forests (also called CNT carpets)

superficially resemble bamboo forests, except that the CNT

‘‘trees’’ in these forests can be over 50,000 times longer than
er Ltd. All rights reserved
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their diameter, and this very high aspect ratio is useful for

optimizing properties.

We focus on advancing solid-state spinning from CNT for-

ests towards large scale commercial applications. Solution-

based technologies are limited by the length of CNTs that

can be processed, which can decrease length-dependent

properties like electrical and thermal conductivities and

mechanical strength and modulus. Technologies using pre-

synthesis of CNTs in the gas phase before structural assembly

into yarns or sheets have the problem that the initially col-

lected CNT assemblies are disordered, and it is challenging

to introduce a high degree of CNT alignment during post pro-

cessing. The process that is probably most advanced towards

achieving commercial scale production employs gas phase

synthesis using the floating catalyst method, CNT collection

as a disordered array, and subsequent mechanical processing

to achieve useful CNT orientation [6,7].

CNT-forest-based spinning on the commercial scale pro-

vides difficult challenges, which we presently help address.

More specifically, the research goal is to replace the presently
.
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used silicon substrates for forest growth with inexpensive

metal sheets that could serve as continuous belts, where at

one belt end the CNTs are grown in the furnace and at an

opposite belt end the forests are converted by drawing

into CNT yarns or sheets. Since few methods for growing

CNT forests result in forest drawability, the challenge is to

discover forest growth methods that both work for metal

sheet substrates and provide the very limited range of forest

topology that enables forest drawability.

Until now several successful efforts to obtain CNTs on

metallic substrates have been reported [17–19]. Particularly,

for those focused on achieving CNT growth on stainless steel

(SS) substrates the strategies have been based in adapting

either traditional chemical vapor deposition (CVD) [20], plas-

ma enhanced CVD (PECVD) [21–25] or floating catalyst CVD

techniques [26,27] which are robust enough to obtain CNTs

forests grown directly on the inner surface of SS tubing [28]. In-

creased CNT alignment and uniformity for CNT forests grown

on metal substrates resulted from process developments for

seeded catalyst CVD and floating catalyst CVD [26,29]. Further

improvements were obtained when catalyst particles or films

were deposited on metal sheets previously coated with thin

ceramic buffer layers, such as alumina (Al2O3), silicon nitride

(SiNx) and indium tin oxide (In2O3:Sn) which act as interfacial

agent for CNT growth [30,31]. In addition to multi-walled CNTs

(MWCNTs), double-walled (DWCNTs), single-walled CNTs

(SWCNTs) [32] and mixed arrays of MWCNTs and SWCNTs

[33] have been grown on metal substrates.

Despite these successes, we have not found a report for

the growth of spinnable CNT forests on a metal substrate.

This apparent absence of reports of forest spinnability for

CNTs grown on metal substrates is not surprising, because

of the special CNT forest topology needed for spinnability.

Seemingly extremely minor changes in CNT forests synthesis

conditions result in a change from highly spinable CNT for-

ests to unspinable ones. Only few groups have reported the

synthesis of spinnable CNT forests [8–16], though many more

teams have been in pursuit of this goal. On the other hand,

when the host of interrelated synthesis conditions is properly

set (which depends on furnace type, surrounding thermal

environment, provided thermal gradients, temperatures, gas

flow conditions, catalyst type and pretreatments) highly

drawable CNT forests can be obtained reproducibly and

qualitatively.

In this letter we report a suitable method to produce these

dry-state spinnable CNT forests on commercial thin sheets of

SS that are flexible enough to be elastically bent into a small

radius and can be easily cut by regular scissors (both before

and after application of surface layers and growth of drawable

CNT forest). The yarns and sheets that we can produce from

these CNT forests provide interesting electronic [8,9,34–36]

and mechanical properties [9–11] that could be deployed for

structural applications and for such novel uses as transparent

conducting films, polarizers, polarized light sources, and or-

ganic light emitting diodes, [10] charge strippers for ion accel-

erators [37], thermoacoustic loudspeakers [38], artificial

muscles [39,40], bolometers, and elements for conductive

and irradiative heat dissipation [41].

For growing drawable CNT forests on inexpensive SS

sheets the set of CVD parameters was narrowed to those that
have shown the successful growth of these kinds of CNT for-

ests on Si wafers [9]. We focused on the study of the following

factors: (1) the presence or absence of a buffer layer, its type

(Al, Al2O3, Si or SiOx), and its thickness (�10 or �100 nm);

and regarding the synthesis process, (2) the presence or ab-

sence of H2 during the heating of the substrate, which trans-

forms the catalyst film to active catalyst nanoparticles; and (3)

the hydrocarbon precursor used.
2. Experimental

2.1. Preparation of the substrate

Commercial SS foil (type 321, 50.8 lm thick. Nominal compo-

sition: 18% Cr, 9% Ni, 2% Mn, 1% Si and 0.1% C balanced with

Fe) was first sequentially cleaned in an ultrasonic bath of dis-

tilled water, methanol (CH3OH) and acetone ((CH3)2CO). Pos-

terior to this cleaning, a buffer layer of either Al, Al2O3, Si or

SiOx was deposited onto its surface. Two film thicknesses

were used for comparison purposes: �10 or �100 nm. Al

and Al2O3 were deposited by electron beam evaporation

(EBE) measuring the deposited thickness by a quartz crystal

monitor. Si and SiOx films, on the other hand, were deposited

by PECVD at 200 and 250 �C, respectively using a RF power of

50 W. SiH4 was used as silicon precursor, and a mixture of

SiH4 and N2O was required for producing silicon oxide. In this

case, ellipsometric measurements were performed to verify

the accuracy of the thicknesses achieved. Finally, Fe catalyst

was deposited as a layer of 2 nm thick by EBE.

2.2. Spinnable CNT synthesis

Two different carbon precursors were tested for CNT forest

growth: acetylene (C2H2, Air Liquide, >99.6%) and ethylene

(C2H4, Air Liquide, 99.995%). Similar CVD reactors (tubular

quartz hot-wall, resistively heated furnaces, containing 65

and 72 mm inner diameter quartz tubes, respectively) were

used for both carbon precursors. In the acetylene system

(using 800 sccm Ar (Air Liquide, 99.999%) as carrier gas,

30 v% H2 (Air Liquide, 99.999%) and 7 v% C2H2), the substrates

were positioned on a special quartz holder that allows insert-

ing and removing the samples from the hot zone of the CVD

furnace (at 700 �C) under a controlled, inert atmosphere. Be-

sides argon, either N2 or He can also be used as a carrier

gas. The heat up and cool down was done in only 5 min by

inserting and removing the samples in the already hot reac-

tor. This procedure reduces drastically the total syntheses to

only 15 min, what allowed approximately four forest synthe-

sis runs per hour.

For CNT synthesis using ethylene the SS substrates were

positioned inside the cold CVD reactor and then heated to

the CNT synthesis temperature (760 �C) for 15 min. The

growth of CNT lasted for 10 min using typical conditions of

growth (Ar as carrier gas, 20 v% H2 and 10 v% C2H4) at a total

flow of 1000 sccm. The CNTs and CNT forests morphologies

obtained from both methods were further characterized

by scanning electron microscopy, SEM (Zeiss Supra 40 and

JEOL 2100F at 10–20 kV), transmission electron microscopy,

TEM (JEOL 2100 at 200 kV) and Micro-Raman spectroscopy



Fig. 1 – Electron microscopy images of drawable CNT forests grown on SS sheets: (a) low magnification SEM image of a CNT

ribbon being drawn from a forest. The SS sheet substrate is bent to show that it still retains its elastic flexibility while

enabling draw. (b) Cross-sectional view of the CNT forest’s edge showing CNT self-assembly to form a sheet; (c) high

magnification image showing the alignment of the CNTs in the forest side-wall. (d) TEM image of the aligned CNTs pulled

from this forest and (right inset) its diameter distribution. (e) High magnification SEM (scale bar is 20 nm) and (f) TEM (scale

bar is 10 nm) showing the open CNT roots after their removal from the substrate. (g) High resolution TEM image showing in

detail one 6-walled CNT from the spinnable forest.
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(Horiba Jobin Yvon LabRam HR Spectrometer using a He–Ne

laser wavelength of 632.8 nm).

3. Results and discussion

For our specific synthesis conditions, the presence of a buffer

layer has high impact on the CNT growth. Bare SS foil and SS

foil with a thin film of iron deposited directly on its surface

did not produce CNT forests. SS is well known to form a hard

passivation layer of chromium oxide on its surface. Appar-

ently, this oxide is not a proper substrate for the growth of

CNTs in the range of temperature and gas mixtures tested.

On the other hand, when a buffer layer between the catalyst

film and the SS substrate was used, CNT growth was generally

observed under the same synthesis conditions. These results

on the production of CNT forests are consistent with those pre-

viously reported for non-spinnable forests [21,26,30,32,33,42].

Growth of homogeneous and aligned CNT forests was

found to depend on the buffer layer material and, to some ex-

tent, its thickness. The four different types of buffer layers

tested: Al, Al2O3, Si and SiOx were selected for evaluation be-

cause the first two are usual buffer layers for the growth of
Fig. 2 – Flexibility of the SS substrate. Flexibility of the SS substr

foil bent on the inner surface of the quartz tube (inner diameter,

to the CVD thermal process. (b) Piece of a forest growth on a SS

sheet being pulled from a forest growth on a bent SS substrate. (

Fig. 3 – Roughness of different kinds of substrates after removin

(b) the surface of a SiOx buffer layer coated SS sheet. Both pictur

SEM detector.
vertically aligned CNTs on silicon substrates [30], while the

last two were intended to chemically simulate the surface

of a silicon wafer. From the extreme buffer layers thicknesses

tested, i.e. �10 and �100 nm, the ones of 100 nm generally

produced higher quality forests. Additionally, exclusion of

H2 during the heating of the substrate, before the injection

of the hydrocarbon, provided improved CNT growth for the

range of temperatures (700–760 �C) and gas mixtures

evaluated.

Ethylene and acetylene were separately used as carbon

precursor gases in order to compare their relative effective-

ness for CNT growth. Using ethylene, all four buffer layers

produced CNT forests. Aluminum and SiOx buffer layers pro-

vided the more homogeneous and taller forests, �40 lm with-

in 10 min, compared with �20 and �10 lm high forests in the

same time period for Al2O3 and Si barrier layers. Using longer

synthesis times (30 min), �1 mm tall CNTs forests were grown

using Al as buffer layer. For acetylene as carbon source gas,

the oxide buffer layers were slightly better for producing tall,

homogenous CNT forests (judged by the naked eye) than Si or

Al buffer layers, but high quality drawable CNT forests were

achieved only by using SiOx as buffer material. However we
ate before and after thermal CVD CNT forest growth: (a) a SS

ca. 65 mm) used as a reactor chamber before to be submitted

foil being elastically bent. (c) Photograph of a 5 cm wide CNT

d) SEM image of a CNTyarn spun from a forest growth on SS.

g the spinnable CNT forests: (a) a flat Si wafer substrate and

es were taken on samples tilted �30� from the normal to the
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do not discard the possibility of achieving spinnable forests

using the other buffer layers tested here as well after further

tuning the synthesis conditions for these materials.

In general, the use of acetylene as carbon precursor and

silicon oxide buffer layer enabled the production of the most

highly spinnable and drawable CNT forests, importantly with-

out decreasing the elastic flexibility of the SS sheet substrate.

This last factor can be important for applications of this pro-

cess where the substrate itself can act as a belt for continuous

or semi-continuous CNTyarn or sheet production. These CNT

forests growth on SS foil can be as easily spun in the solid-

state as those successfully produced on highly flat Si wafers

[9,10]. Moreover, wide CNT sheets (from forests produced on

areas of up to 16 cm by 12 cm) could be drawn from this

highly flexible SS substrate (Fig. 1a).

SEM images of the self-assembly process that converts

CNT forests grown on SS to aligned CNT sheets (see Fig. 1b)

show a similar structure to that we have previously observed

for drawable CNT forests grown on Si wafers [9,10]. High mag-

nification SEM micrograph of the forest side-wall (Fig. 1c),

shows the alignment of CNTs in the spinnable forest. This

alignment seems to play an important role for spinnability.

Very waived CNTs, in general, tend to decrease or completely

suppress the spinnability of a forest. Diameter of the CNTs in

this forest is around 11.1 ± 2.4 nm, according to TEM observa-

tions (Fig. 1d and inset). Fig. 1e shows a SEM view of the roots

of the CNT forest after being removed from the substrate.
Fig. 4 – SEM images of CNT sheets being simultaneously

drawn from CNT forests grown on both sides of a SS sheet:

(a) image obtained using the secondary electron (SE)

detector and (b) image obtained using the TLD (Through

Lens Detector), showing the transitional structure formed

during sheet draw.
TEM observation at those roots (see Fig. 1f) shows that these

CNTs are mostly open, without visible remainders of catalytic

particles. High resolution TEM imaging displays the struc-

tures of the CNTs produced (see Fig. 1g).

Fig. 2a shows a 16 cm long, 12 cm wide SS sheet substrate

that has been bent longitudinally, so that it fits neatly within a

65 mm diameter quartz furnace tube (with catalyst and buffer

layer on the interior side). Homogeneous, highly spinnable

forest grew over this 12 cm by 16 cm area. The use of such

easily configurable SS substrate, as opposed to a rigid Si sub-

strate, enabled to increase the forest production of wide sub-

strates per batch in our furnace by a factor of about p, and

more generally avoids the cost and wafer size restrictions of

commercially available Si wafers. Since the SS substrate re-

mains highly flexible after the CNT forest growth, as shown

by Fig. 2b, it is possible to bend the as-produced forest around

small diameter (2.5 cm) mandrels while a CNT sheet is drawn

from it (Fig. 2c), thereby expanding the geometries and

dimensions that can be used for yarn and sheet fabrication

from forests. The single-ply yarns prepared from spinning

these forests (Fig. 2d) exhibit values of electrical conductivity

and tensile strengths of 350 S/cm and 303 MPa, respectively,

which are not substantially different from reported values

[9] for CNT yarns fabricated from forests growth on Si sub-

strates. Consequently, the SS substrates appear well suited

for use as a conveyer belt substrate for the upscaled produc-

tion of CNTyarns and sheets by a continuous or semi-contin-

uous CNT forest growth process, where the forest growth and

forest stripping as yarn or sheet could be started at different

regions of the SS belt.

Surprisingly, the forest spinnability is insensitive to the

surface roughness of our SS sheets, which is why we could

use commercially purchased SS wrapping foil as substrates.

After forest growth, the forest was removed from the SS and

Si substrates in order to analyze their relative surface rough-

ness. SEM images (Figs. 3a and b) compare the post-synthesis

surface morphology of a Si wafer substrate and a SS sheet

(subjected to the same CNT synthesis conditions and both

coated with �100 nm of SiOx buffer layer). While the SS sheet

has a much rougher surface structure than the Si wafer, there
Fig. 5 – Raman spectra of (a) unspinnable CNT forests and (b)

spinnable forest growth on SS.
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was no noticeable difference in the drawability of the pro-

duced forests.

We also found that the forest area available from a run can

be doubled without sacrifice of forest drawability by deposit-

ing the buffer and catalytic layers on both faces of the metal-

lic foil. Simultaneous sheet drawn from opposite sides of a SS

sheet is shown in Fig. 4a and b. In this instance, CNT forests

height (�160 lm) was three times higher than the thickness

of the SS foil. Conductivity tests showed the existence of elec-

trical contact between the SS substrate and the top of the

drawable forests, despite the thin insulator film used as a buf-

fer layer for the CNT growth. Potential applications of these

spinnable forests on SS sheets can include field emission

[43], thermal dissipation [41] and electrochemical applica-

tions [27,44,45].

Unless the initially deposited catalyst layer can be reused,

either catalyst renewal or continuous feed of new SS foil into

the CVD reactor will be needed. Our preliminary study (for

iron catalyst on a SiOx buffer layer and acetylene feedstock

gas) showed that the catalyst was active to provide spinnable

forests for two cycles without renewing the buffer layer or

catalyst. Though forests can be produced during a subsequent

third cycle, these are not spinnable. This lack of spinnability

for the third produced forest might be due to partial catalyst

deactivation or partial catalyst removal during consecutive

cycles of forest spinning. However, CNT re-growth indicates

that a considerable amount of catalytic active nanoparticles

remain attached to the buffer layer during the synthesis pro-

cess of CNTs, suggesting a base-growth process. The require-

ments for sheet spinnability and drawability are complex,

and related to details of forest structure, like CNT density,

mechanical modulus, alignment and the degree of entangle-

ment between CNTs. Raman spectroscopy performed on both

unspinnable and spinnable forests (see Fig. 5) do not show

important differences that can be readily related to morpho-

logical differences in the CNTs or forests.

The inability to spin forest produced in the third above cy-

cle likely resulted from decreased forest density, but further

studies are needed to understand the transition from draw-

able to unspinable forests when the catalytic substrates are

reused for CNT growth.

4. Conclusions

In this paper, we presented a method to produce drawable

CNT forests in dry state using substrates other than the usual

Si wafers. By the correct selection of buffer layers, carbon pre-

cursors and synthesis conditions, the growth of CNT forests

can be achieved in thin SS metallic foils (50 lm thick) which

might be extended to other kind of materials and substrates.

In our case the best set of conditions included the use of a

SiOx buffer layer together with acetylene as carbon precursor.

The retained mechanical flexibility of the SS sheets after

the CNT drawable forest synthesis and its low cost (at least

60 times cheaper per area than Si wafers), are important con-

siderations for their use as belts for continuous or semi-con-

tinuous CNT yarn and sheet production from forests. The

advances made here will likely be important for upscale of

forest-based yarn and sheet production and to get a further

understanding of the key parameters involved in the growth
of drawable CNT forests. The results here found are encourag-

ing to further pursue the growth of these forests on substrates

and geometries different to the ones we have been restricted

so far.
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