
Abstract We describe the micro-mechanical proper-

ties of vertically aligned carbon nanotubes (VACNTs)

fabricated using a photolithographically patterned iron

catalyst prepared using sol–gel techniques. The carbon

nanotubes (CNTs) were grown via chemical vapor

deposition. The relative mechanical stiffness of the

resultant structure was measured using nanoindenta-

tion based techniques and is shown to be related to the

number of contact sites between tubes. Elastic defor-

mation occurs during compression at large strains,

however energy is dissipated during deformation,

likely through tube–tube interactions. The effective

elastic modulii are depth dependent, due to the com-

pression of pre-buckled geometries. The effective

elastic modulii range between 0.03 and 0.08 GPa for a

low number of contact sites and 0.1 and 0.3 GPa for a

high number of contact sites.

Introduction

Theoretical predictions of the properties of carbon

nanotubes (CNTs) have shown some of the most

desirable electrical, thermal and mechanical properties

of almost all known materials. These predictions have

fueled a continually growing collection of theoretical

and experimental studies of CNTs in the last 20 years

[1–6]. While many of the properties of single CNTs,

randomly aligned CNTs, and CNT composites have

been reported [7–9], the vertically aligned carbon

nanotube (VACNT) structure has not been well char-

acterized. However, VACNTs are likely structures for

use in microelectronic devices and microelectrome-

chanical systems (MEMS) due to the relative ease of

manufacture and ability to be integrated with MEMS

structures for thermal control. The mixed scale nature

of VACNTs provides the ability to bridge length scales

from nanometers to 10’s of microns. Since Terrones et

al. grew the first VACNT structures in 1997 [10], sev-

eral other research groups have demonstrated growth

from catalysts on substrates; these usually consist of

transition metal catalysts with growth via vapor depo-

sition.

Although the mechanical properties of VACNT

structures have been studied by other research groups,

only the properties of individual tubes or the interac-

tion of a few CNTs at a time have been examined to

date [11–13]. In multi-scale applications, it is important

to understand the mechanical response of many CNTs

deforming with respect to one another. One multi-scale

application that has become increasingly attractive is a

MEMS thermal switch [14], which could be achieved

using patterned VACNT structures. For this applica-

tion, the MEMS structure will mechanically oscillate,

alternatively contacting a hot surface and a cold sur-

face to rapidly transfer heat with temporal and spatial

control. Therefore, the VACNT structure will undergo

compressive loading in the direction of growth. As the

VACNT is a high aspect ratio structure, the possibility
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of buckling during compressive loading may offset the

exceptional stiffness measured in tension for individual

CNTs [15] and in bending [16].

In this report, a method is described to fabricate

patterned VACNT turf using processes and materials,

which are compatible with common microelectronics

and MEMS fabrication techniques, for eventual inte-

gration into a MEMS based thermal switch. The ther-

mal switch [14] is actuated to make and break

mechanical contact between a hot and cold surface;

when in contact heat can transfer via conduction

through the switch, therefore a compliant switch in

compression is desired to ensure conformal contact

along surfaces to overcome any surface asperities. To

understand the response of an assembly of CNTs

contacting a relatively large surface, a Berkovich dia-

mond tip with an effective tip radius of 1.79 lm was

used to apply a load to the resulting VACNT structure.

Experimental

Preparation of patterned catalyst

The VACNT turf in this study were grown using

chemical vapor deposition (CVD) with an iron catalyst

dispersed in a glassy thin film deposited via spin coat-

ing onto silicon wafers using sol–gel chemistry. The

sol–gel catalyst was made by combining 10 mL etha-

nol, 10 mL tetraethoxysilane (TEOS) (99.999+%, Alfa

Aesar), 15 mL of a 0.7 M solution of iron nitrate

(98+%, Alfa Aesar) and water (H2O:Fe(NO3)3), and 2

drops of HNO3 with magnetic stirring between each

addition. This solution was then aged for 16 days. A

(100) silicon wafer was prepared by removing the na-

tive oxide layer in a buffered oxide etchant (BOE)

(4.5% HF, 36% Ammonium Fluoride, General

Chemical). After removal of the oxide, the prepared

silicon wafer was spin coated with the sol–gel catalyst

solution at 3000 rpm for 30 s. The coated wafer was

dried overnight at 80 �C to create a thin glassy film. A

commercially available photoresist, AZ 5214 (Clariant

Corp.), was spun on, exposed to UV light through a

mask, and developed in AZ 400 K (Clariant Corp.).

The wafer was then immersed in BOE from 30–60 s to

etch the catalyst containing film. The remaining pho-

toresist was then removed with acetone before growth.

Growth of VACNT Turf

CNT growth followed the procedure originally

described by L. Dong et al. [17]. The silicon die with

patterned catalyst structures were placed in a tube

furnace, and the system was evacuated to 120 mTorr

and catalyst film calcination was performed at 450 �C

for 120 min. Next, catalyst activation was performed at

500 �C for 30 min and again at 600 �C for 30 min while

flowing H2 (385 sccm) under a pressure of 75 Torr into

the tube furnace. Finally, multi-walled carbon nano-

tube (MWCNT) growth occurred at 700 �C for 30 min

with an admixture of H2 and C2H2 (385 sccm and

25 sccm, respectively) while maintaining the chamber

pressure at 75 Torr. After growth, the system was

cooled under vacuum to room temperature and then

the samples were removed for analysis. A total of four

different samples were grown in this study over a

period of approximately 2 months, the order of growth

was sample A, C, B, and D. During any given growth

run the chamber pressure may fluctuate by up to

11 Torr.

Morphological characterization

After drying the photolithographically patterned sol–

gel thin film, the samples were characterized with a

Park Autoprobe CP atomic force microscope (AFM).

After growth and after activation, samples were char-

acterized using an FEI Sirion field emission scanning

electron microscope (FESEM) and an FEI Tecnai F-20

field emission high resolution transmission electron

microscope (TEM). For TEM sample preparation, a

portion of the CNTs were removed from the silicon die

and dispersed in acetone. Several drops of the sus-

pension were then dropped onto a holey carbon TEM

grid for individual tubes analysis. An available image

processing program (Image SXM) was used to measure

the catalyst particle size.

Nanoindenation of VACNT turf

Four silicon wafer die, labeled here as A, B, C and D,

with patterned VACNT structures were mechanically

tested using a Hysitron (Hysitron Inc., Minneapolis,

MN) Triboscope nanoindentation system coupled to

the Park Autoprobe CP. The methods outlined by

Oliver and Pharr for improved nanoindentation anal-

ysis were used to calibrate the system and interpret the

data [18]. The tip initially came into contact with the

patterned CNT turf with a set point of 3 lN (this

position is considered the effective surface, or zero

depth, in the following analysis). Indentation sites were

chosen by moving the tip in intervals of 10 lm in both

the x and y directions, but without visualizing the

surface of the VACNT turf in the Triboscope system to

minimize the effects of wear. The sample was then
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quasi-statically indented with maximum loads ranging

from 50 lN to 100 lN.

The sample was also tested using a nanoindentation

dynamic mechanical analyzer, sometimes referred to in

the literature as the continuous stiffness method [18].

This technique employs the same basic hardware as the

quasi-static technique; however, a sinusoidal modula-

tion is added to the loading schedule using Hysitron’s

nanoDMA and the DSM 3.0 software package. This

allows for multiple stiffness measurements to be made

in one location as well as the ability to measure rate

dependence. The sample was approached with a set

point of 3.0 lN, and the indent site was located by

moving the tip in the x and y directions at 10 lm

intervals. The loading schedule in the continuous

stiffness mode began at 30 lN and ended at 1,000 lN

with a dynamic load of 10 lN, a loading rate of 100 lN/

s, and a total of 30 segment steps. Two frequencies

were used, 40 Hz and 60 Hz. However, no appreciable

frequency dependence was observed over these ranges.

Results and discussion

Using the method described above to pattern the sol–

gel catalyst, reproducible pattern features on the cur-

rent mask as small as 5 lm were created; however, this

is not the limit of the process. Any number of different

photolithography techniques that have been used to

pattern oxide films can be used to pattern the resulting

film for aligned CNT growth. The surface of the sol–gel

catalyst was analyzed using an AFM to locate possible

catalyst particles precipitating from the glass before the

activation step. However, the resulting glassy thin film

was smooth and showed a consistent height of 500 nm,

as measured using AFM and shown in Fig. 1.

As the sol–gel ages, before it is spun onto wafers, the

ethanol-filled pores within the structure become smal-

ler as the gel structure becomes more inter-connected.

It is suspected that the catalyst particle size is related to

the pore size. If sol–gel age is controlled, a prescribed

pore size and therefore catalyst particle size could

result. It has been shown that the catalyst particle size

is related to the resulting CNT size [19, 20]. In this

study, we are able to resolve the catalyst particles using

SEM (Fig. 2).

The catalyst particle size is related to the resulting

average CNT size, as shown in the inset of Fig. 2. The

catalyst particles could be further controlled to give

predictable sized particles depending on the heat

treatment before growth, including calcination and

catalyst activation. A longer heat treatment period or

higher temperature will result in larger particles [21].

Future studies are directed toward controlling the

catalyst particle size through sol–gel age and heat

treatment for controlled CNT growth.

High resolution TEM imaging of dispersed CNTs

from this growth process displays well-graphitized

tubes with a multiwall configuration, as shown in

Fig. 3a, with a mean diameter of 10 nm. Figure 3b is an

FESEM image of a patterned VANCT turf structure.

The structure shows growth only occurs on the pat-

terned catalyst regions, with no evidence of CNT

growth on the remainder of the substrate. The use of

the sol–gel catalyst technique, as demonstrated here

for patterning a VACNT turf, can be implemented in

traditional microelectronic and MEMS processes

Fig. 1 After examination with an AFM, the patterned sol–gel
catalyst was found to have a thickness of 500 nm. Also, the
surface of the catalyst was smooth indicating that no iron
precipitates were present before the catalyst activation step

Fig. 2 The catalyst particles shown in the SEM image taken
after catalyst activations support carbon nanotube growth. The
size distribution of the catalyst particles is shown in the inset. The
particle distribution was calculated using Image SXM, and
plotted with the average carbon nanotube radius. The trend line
shown in the inset is only present to guide the eye
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without additional development of photolithography

techniques.

Of the four samples grown in this study, two exhibit

a relatively convoluted ‘‘vertically-aligned’’ structure

as shown in Fig. 4A and B and the other two, shown in

Fig. 4C and D, exhibit a more aligned structure in the

growth direction.

Within the same volume of sample imaged in Fig. 4,

sample A had 82 points of contact, while sample C had

55 points of contact. The points of contact are defined

as places where two or more CNTs come into or out of

contact. These measurements should only be consid-

ered as a qualitative measure of the CNT–CNT inter-

action, but are effective for a first order approximation.

A more accurate method for measuring the amount of

contact between CNTs is being developed to further

quantify this CNT–CNT interaction region. There

would appear to be a relationship between the degree

of alignment of the CNTs and the number of contact

sites between the CNTs. In this study, we have found

that ‘‘less aligned’’ CNTs have higher the number of

contact sites than the ‘‘aligned’’ structures. In a related

study, a model has been developed which demonstrates

that the degree of contact or contact length is the

characteristic property that will control the effective

stiffness or elastic modulus of the VACNT turf

(Mesarovic S. Dj. et al., submitted to Scripta Mater).

The alignment of the CNTs is therefore related to

mechanical compliance of the VACNT structure.

The VACNT turf is very compliant when tested in

compression. A representative load depth curve for a

quasi-static nanoindentation test is shown in Fig. 5.

There is hysteresis in the load depth curves that

indicates some mechanical energy has been absorbed

in the CNT structures, but the complete return to the

initial position indicates that this deformation is com-

pletely elastic at these loads and depths. Also of

interest is the adhesion of the CNTs to the tip, as

exhibited by the ‘‘negative’’ load on the unloading

portion of the nanoindentation test. At the end of the

loading portion of the indent cycle, the tip is held at the

peak load for a period of time to measure the tendency

of material creep. The load applied to the indenter is

carried by both the sample and the springs which

support the tip in the indentation system. Therefore, at

a constant applied load to the top of the tip, if signifi-

cant creep occurs between the tip and the sample it

manifests as a drop in load applied to the sample. Since

the CNT turf is very compliant, this effect of spring

constants in the system is exacerbated when compared

to an indentation in a conventional material. The

downward slope at the end of the unloading curve is

indicative of the machine spring constant. Specific

load–depth curves varied considerably from indent to

indent. Most of this scatter is due to the structural

variability of the surface of the VACNT turf, as shown

in Fig. 3B.

Because the continuous stiffness method allows

multiple tests at the same location and can reach

depths greater than 5000 nm, most of the variance

encountered in quasi-static testing due to structural

variations was eliminated. Each sample was indented

in eight different locations. There were 30 elastic

modulus readings taken at each location. The eight

Fig. 3 (a) The HRTEM image shows the internal structure of a
representative MWCNT for the four die studied in this letter.
The image also reveals eight graphitic layers for this nanotube
while MWCNTs in the VACNT turf generally display a
distribution of between five and ten layers. (b) An FESEM
image demonstrates the mask feature retention of VACNT with
heights in excess of 20 lm
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data sets were averaged into a single set for each die.

The elastic modulus data from the continuous stiffness

method is summarized in Fig. 6. The data show that the

effective elastic modulus of the VACNT turf in this

study on average is 0.10 GPa. One other thermal

switch structure, a mercury droplet array [14], has

shown an effective elastic modulus of approximately

70 MPa by measuring the load–displacement relation-

ship of the droplets between two flat plates. Low elastic

modulii in compression are desired for a thermal

switch so that conformal contact is ensured over rough

contacting surfaces.

Fig. 4 VACNT in (A) and
(B) clearly show a more
entangled structure which
gives rise to a higher
occurrence of van der Waals
bonding between tubes than
(C) and (D). As the number
of bonding sites between
CNTs is higher for samples
(A) and (B), a higher
modulus is expected and is
confirmed by the continuous
stiffness measurements shown
in Fig. 5

Fig. 5 The high compliance of the patterned VACNT turf is
apparent from the high depth achieved with modest loads. The
sample indented has an average CNT height of 2 lm. This load
depth curve also shows hysteresis indicating absorption of energy
by the VACNT turf, and a ‘‘pull off’’ force indicating adhesion
between the tip and the aligned CNTs

Fig. 6 The various VACNT turf structures show a clear
distinction in effective elastic modulus from samples A and B
to samples C and D. This is most likely due to the increased
number of contacts between nanotubes in samples A and B.
Eight modulus vs. depth curves were averaged for each die
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Many of the published values for elastic properties

of CNTs have demonstrated modulii in excess of

1000 GPa [15], significantly above the sub-GPa values

measured in the current study. The difference between

the current study and previous work is that the com-

pression of a CNT is not equivalent to applying a

tensile load on a straight structure. Instead, compres-

sion of assemblages of VACNT turf is effectively the

elastic response of a pre-buckled structure (Mesarovic

S. Dj. et al., submitted to Scripta Mater). One group

has shown that multi-walled nanotubes have an elastic

modulus ranging from 0.3–4 GPa when radially

deformed, which strongly supports the radical anisot-

ropy of the mechanical response of CNTs [22]. From

Fig. 4, there are many points which appear to contact

other tubes in the VACNT; these contacts may act as

van der Waal bonding sites between CNTs. One sig-

nificant finding of this work is that the VACNT turf

with more points of contact between tubes has a higher

average modulus. There are approximately twice the

number of contacts in samples A and B than in samples

C and D, with a corresponding increase in the effective

elastic modulus. Increasing the density of CNTs and

the amount of contact between CNTs increases the

effective elastic modulus. Decreasing the density and

the amount of contact decreases the effective modulus.

It is likely that the catalyst morphology and growth

conditions control the density and tortuosity of CNTs,

and control of the catalyst morphology and growth

conditions will result in predictable effective elastic

modulii for a given VACNT structure.

These results are promising for the thermal switch

application as the compliance of the CNT turf is

comparable to the compliance of a previously fabri-

cated thermal switch [14]. However, as different

applications demand different properties, it is desirable

to have a structure which could be more or less stiff

than this average value. In addition to modifying this

structure via the catalyst and growth, Kis et al. have

shown that single wall nanotube bundles can be

stiffened through electron irradiation, increasing

the bending modulus up to thirty times the original

value by tube ‘‘crosslinking’’ [23]. Therefore, it

would seem reasonable to expect similar levels of

control of the compliance of VACNT structures in

future work.

Conclusions

For a VACNT thermal switching device, a compliant

structure is preferred to allow conformal contact

over a non-planar surface with minimal applied

loads. Following the fabrication methods outlined in

this paper, a compliant patterned VACNT turf can

be fabricated using traditional microelectronics pro-

cessing techniques coupled with established methods

of CNT growth. The effective elastic modulus mea-

sured with nanoindentation in this structure is low,

on the order of 0.1 GPa. Moreover, it has been

shown here that an increase in the number of CNT–

CNT contact sites increases the stiffness in com-

pression (the effective elastic modulus) during elastic

loading. Therefore, it should be possible to tailor the

compressive stiffness of VACNT turf structures

depending on the level of tube entanglement and

CNT–CNT contacts. Tube entanglement can likely

be controlled through the control of catalyst prepa-

ration and growth conditions as well as post growth

processes.
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