-

View metadata, citation and similar papers at core.ac.uk brought to you byf’f CORE

provided by Edinburgh Research Explorer

Edinburgh Research Explorer

Direct Deposition of Aligned Single Walled Carbon Nanotubes by
Fountain Pen Nanolithography

Citation for published version:

Strain, K, Yeshua, T, Gromov, A, Nerushev, O, Lewis, A & Campbell, EEB 2011, 'Direct Deposition of
Aligned Single Walled Carbon Nanotubes by Fountain Pen Nanolithography' Materials Express, vol. 1, no.
4, pp. 279-284. DOI: 10.1166/mex.2011.1044

Digital Object Identifier (DOI):
10.1166/mex.2011.1044

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Publisher's PDF, also known as Version of record

Published In:
Materials Express

Publisher Rights Statement:
Copyright © 2011 by American Scientific Publishers; all rights reserved.

General rights

Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy

The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

OPEN o ACCESS

Download date: 05. Apr. 2019


https://core.ac.uk/display/28963984?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1166/mex.2011.1044
https://www.research.ed.ac.uk/portal/en/publications/direct-deposition-of-aligned-single-walled-carbon-nanotubes-by-fountain-pen-nanolithography(b765a8c4-4704-414b-8d9e-a1718313dd45).html

Materials Express

Copyright © 2011 by American Scientific Publishers
All rights reserved.
Printed in the United States of America

2158-5849/2011/1/279/006
doi:10.1166/mex.2011.1044
www.aspbs.com/mex

Direct Deposition of Aligned Single Walled Carbon
Nanotubes by Fountain Pen Nanolithography
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Fountain pen nanolithography was used to deposit
controllably nanotube dispersions on a silicon sub-
strate with high spatial precision. The deposited struc-
tures were analysed using atomic force microscopy,
scanning electron microscopy and polarised Raman
spectroscopy. The Raman spectroscopy showed that
the deposited nanotubes had a very high 'degree of
alignment with around 90% of the nanotubes aligned
at an angle less than 30 ° from the direction of writing.

Keywords: Carbon Nanotubes, Fountain Pen Nano-

lithography, Polarised Raman Spectroscopy; Aligned ;

Deposition.

1. INTRODUCTION

The integration of single walled carbon nanotubes
(SWNTs) into nanoelectrical devices is an important area
in the field of nanotechnology. However, challenges remain
in fabricating devices containing carbon nanotubes. Grow-
ing SWNTSs on a substrate then lithographically patterning
electrodes and other device features onto the substrate, can
remove or contaminate the SWNTs. On the other hand,
fabricating all the other device features first and then grow-
ing or depositing SWNTs has other drawbacks. For most
post-fabrication growth techniques, the device is exposed
to high temperatures, which limits the materials which can
be used. If post-fabrication deposition of pre-grown carbon
nanotubes is to be used then the challenge is in placing
SWNTs in the desired location.

*Author to whom correspondence should be addressed.
Email: eleanor.campbell @ed.ac.uk
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The most,common method of such placement of car-
bon nanotubes in specific spatial positions to date is
dielectrophoresis,! whereby the application of an ac bias
between pre-patterned electrodes creates an inhomoge-
neous electric field with the nanotubes being attracted to
the region of highest field. While careful application of this
technique can give good results, even allowing the place-
ment of an individual SWNT between two electrodes,?
works preferentially for metallic nanotubes. In addition,
the specific electrode arrangement required to apply the
electric field may interfere with the desired final structure.
The need for a method of placing both metallic and semi-
conducting SWNTs from dispersion onto substrates with
1o special electrode arrangement leaves the field searching
for new deposition techniques.

+4 (Fountain pen nanolithography (FPN) is a deposition

technique where material is applied to a surface through a
nanopipette in contact with the surface. The technique was
first used by Lewis et al.? to apply a chemical etchant to a
chrome surface through a micropipette held in an atomic
force microscope and since then has also been used to
place proteins*3 and gold nanoparticles® in spatially pre-
cise locations on surfaces. While it is similar in concept
to dip-pen nanolithography,” FPN has the advantage that a
continual supply of material can flow to the tip, negating
the need to leave the location of interest to pick up more
material from a separate reservoir.

In this report, we apply the FPN technique to the depo-
sition of SWNTs and, by use of polarised Raman spec-
troscopy, show that a high degree of alignment can be
obtained.

2. EXPERIMENTAL DETAILS

Cantilevered quartz nanopipettes were used in the fountain
pen nanolithography (FPN) method for the deposition of
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SWNTs.? The cantilevered nanopipette is mounted on the
tip holder in place of a standard tip in an atomic force
microscope which allows control of the normal force by
way of a beam-bounce feedback mechanism (Fig. 1). The
aperture of the pipette was 150 nm.

The substrate used here was silicon, with a native
oxide layer. A two-step piranha cleaning procedure was
employed (98% H,SO,, 6 ml+30% H,0,, 5 ml for
20 minutes at 90 °C followed by conc. NH,OH, 1 ml+
30% H,0,, 1 ml+4distilled H,O, 5 ml for 15 minutes
at 70 °C). The surface was then covered with a self-
assembled monolayer of (3-aminopropyl) triethoxysilane
(APTES) by immersion for 3 minutes in an aqueous solu-
tion of APTES. This chemical functionalisation affords
the surface a greater affinity for carbon nanotubes than
the unfunctionalised silica, causing the carbon nanotubes
to ‘stick’ when they contact the surface. The surface was
scratched with a diamond pen to create lines to act as
location markers.

SWNTs (as produced HiPco® tubes from Car-
bon Nanotechnologies Inc., USA) were  dispersed, by
horn ultrasonication in an aqueous solution of sodium
dodecylbenzenesulfonate (SDBS) (0.2 mg/ml) then cen-
trifugation, with a relative centrifugal force of x20000 g;
was performed for one hour to remove large bundles of
carbon nanotubes. A drop of the supernatant was applied
to the large-diameter end of the nanopipette and capillary
forces drove it to the tip of the tapered end (Fig. 1).

The loaded nanopipette was placed inside an atomic
force microscope (Nanonics MV1000, Nanonics Ltd.
Israel). The approach of the pipette tip to the surface was
monitored using a position-sensitive detector to measure

the deflection of a laser reflecting off the top-side of; the,

pipette. Tapping mode was used with a resonance fre-

quency of 71 kHz and a setpoint of 80% of' the total *

amplitude of vibration. When the tip made contact-with
the surface and was directed in a pattern, capillary action
caused the dispersion of carbon nanotubes to be deposited,
creating written lines. During this process the tip was mov-
ing at a speed of 10 wm s~!, with small pauses at the cor-
ner points. The water quickly evaporated leaving SWNTs
and SDBS in the written pattern. Imaging was done with
a Veeco Nanoman VS with Dimension 3100 controller

DIODE
LASER

FEEDBACK
ELECTRONICS

Cantilevered
nanopipette

Silicon
substrate

PIEZO SCANNER

—

Fig. 1. Schematic diagram of cantilevered nanopipette used in place of
an atomic force microscope tip. The laser provides feedback for main-
taining constant force of contact.
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atomic force microscope (AFM) and a Hitachi 4700 II cold
field-emission scanning electron microscope (SEM).
Raman spectroscopy was performed on the deposited
lines using a Renishaw inVia Reflex micro-Raman spec-
trometer with a 785 nm laser. The power density at
the sample did not exceed 400 uWum™2. Polarised
Raman spectroscopy was used to determine the degree
of alignment of the SWNTs within the deposited lines.
A schematic representation of the Raman microscope is
shown in Figure 2. The incoming laser beam was passed
through a A/2 waveplate which could be rotated to give a
range of incident laser polarisation directions on the sam-
ple. A polarising filter, placed in the scattered light path to
act as an analyser, allowed the detector to measure the hor-
izontally polarised scattered light. In addition, a second A/2
waveplate could be placed before the analyser, allowing
detection of the vertically polarised scattered light. Using
this setup, two types of measurement were carried out. In
the first case, the Raman intensity was mapped across the
sample, surface for two mutually orthogonal polarisation
directions -obtained with and without the two A/2 wave-
plates in the beam path. In the second case, the incident
polarisation direction was varied by rotating the first A/2
waveplate. Then without and with the second A/2 wave-
plate the horizontally and vertically polarised components

(a) M2 waveplate

’ polarisation filter
on rotating mount

LASER

785 nm DETECTOR

A2 waveplate
present: detect /,
absent: detect |,

Hi horizontal

(b) Incident laser
polarisation

(varied: 0° <6 <180°

vertical

A

Deposited line
containing
SWNTs

horizontal

crossed

Fig. 2. (a) Diagram of Raman spectrometer detailing control of polari-
sation using two waveplates and a polariser giving horizontal and vertical
components of scattered light and (b) relationship between horizontal
and vertical and parallel and crossed polarisations, described in Egs. (1)
and (2). The sample is either crystalline calcium fluoride or the FPN-
deposited SWNT-containing lines on a silicon substrate.
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of the scattered light could be measured. The measure-
ments of horizontally and vertically polarised light, 7, and
I, respectively, were then converted into measures of the
scattered light polarised parallel, / I’ and crossed, 7, to the
incident laser light as follows:

I, =I,cos” 0 +1,sin’ 6 (1

I, =1,sin* 41, cos’ 0 (2)

where 6 measures the angle between the polarisation of
the laser line and the horizontal direction.

To take account of the influence the inherent polarisa-
tion dependence of the instrumentation has on the results,
measurements were performed on the (111) surface of cal-
cium fluoride. Its Raman peak at 322 cm™! has a depo-
larisation ratio of 2/3 and a scattering efficiency that is
independent of the laser polarisation’s relation to the crys-
tal axis.® Thus, when the measurements are taken at a
range of polarisation angles as described above, the /), and
I, values should be independent of ¢ and the [/, values
should be 2/3 of the I;. Correcting the experimental data
to reflect this for calcium fluoride gives a correction factor
that can then be applied to the experimental data from the
SWNT sample, eliminating the influence of polarisation-
dependent laser intensity as well as the detection efficiency
for different polarisations of scattered light.

3. RESULTS AND DISCUSSION

The AFM and SEM images of a pattern created by FPN
using a SWNT dispersion are shown in Figures 3(a)
and (b) respectively. Analysis of the dimensions measured

by AFM shows an average height of 22+ 18 nm'ahd an " |

average width (FWHM) of 8004331 nm. = by

The presence of SWNTs was confirmed by Raman spec-'
troscopy on one spot on the deposited line, which"exhib’
ited the characteristic D and G bands known for carbon
nanotubes. A grid of 15 points was then mapped over
the region of the deposited lines (Fig. 4(a)) and at each
point two Raman spectra were measured. The first of these

had the laser light polarised in the horizontal direction

Fig. 3. (a) AFM and (b) SEM of pattern deposited by fountain pen
nanolithography.
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Fig. 4. (a) Optical microscope image showing grid where Raman spec-
tra were taken and pattern of deposited lines superimposed from AFM
data. (b) Sample Raman spectra from two points on the map. (c) Raman
intensities measured parallel and perpendicular to the deposited line and
normalised using CaF, calibration.

and the detector measuring the horizontally polarised scat-
tered light, while the second used vertically polarised laser
light and detecting the vertically polarised scattered light.
As the sample was orientated with the deposited line in
approximately the horizontal direction, this arrangement
gave the parallel component of the scattered light in the
approximate direction of the line and perpendicular to it.
The Raman spectra obtained (examples given in Fig. 4(b))
were peak-fitted to measure the area of the G band. A cor-
rection factor from CaF, normalisation was applied to the
measurements parallel to the written line and the results
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were plotted for each point in Figure 4(c). Note that some
positions had too weak a signal in the perpendicular mea-
surement to obtain a significant measurement. Clearly in
most cases the parallel measurements are much stronger.
As it is known that the Raman signal of an individual
SWNT is strongest when the polarisation of the incident
laser is parallel to the SWNT axis,!! this is evidence that
there is some degree of alignment of SWNTSs within the
deposited line throughout the deposited pattern.

The same FNP-deposited SWNT sample was then posi-
tioned in the Raman microscope such that the deposited
line was aligned exactly parallel with the horizontal direc-
tion. The signal of the G band was measured with a range
of laser polarisation directions, as described in the Meth-
ods section. The G band was peak-fitted with Lorentzian
peaks and the height of the G peak was taken as I, or ;.
Equations (1) and (2) were used to convert to /; and [,
which were then corrected according to the CaF, normal-
isation and the results obtained are given in Figure 5.

To obtain quantitative information about the distribu-
tion of orientations of SWNTs in the deposited line, the
analysis method of Liu and Kumar,” described by Perez
et al.,'° was applied. The following equation was applied
to the experimental data for the parallel arrangement and
the order parameters (P,(cosfB)) and (P,(cosf)) were
obtained from a least-squares fit, as shown in Figure 5.

1,(0)
1,(6=0°)

(Py(cosPB))[cos*0—6/Tcos>0+3/35]+ (P, (cosB))[6/Tcos”0—2/T]+1/5
« (P,(cosB))8/35+ (P, (cosP))y4/T+1/5

®)

xT -
The averaged Legendre polynomial, (P, (cos B)), is some-

times known as Herman’s orientation parameter.!” The

angle (B is the angle that a nanotube makes with respect
to the deposited line direction. In completely random
arrangements Herman’s orientation parameter would have

Raman intensity / a.u.

6/ degrees

Fig. 5. Raman intensity as polarisation is rotated with respect to the
deposited line orientation. The solid line represents a least-squares fit is
based on Eq. (3).
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a value of 0 while in a system in which every SWNT was
perfectly aligned with the § = 0° direction its value would
be 1. In the data given in Figure 5, the Herman’s parameter
value from the least-squares fit is 0.76.

Further information about the alignment of the SWNTs
in the deposited line can be obtained by applying the prin-
ciple of maximum information entropy to define an orien-
tation distribution function (ODF), as discussed by Perez
et al.!” In general, the probability of finding a particle with
orientations between angles (a, B3, y) and (e +da, B+dB,
v+dy) is:

A=27 =27 MB=T
| f(a. B, N)sinBdBdady =1 (4)
A=0 Ja=0 JB=0

where f(a, B, y) is the ODF and «, B and vy are the
Euler angles, with 8 defined as above. In the current sys-
tem o may be disregarded as all of the SWNTs may be
considered to be lying on the plane of the surface, in a
two-dimensional arrangement. In addition, the cylindrical
symmetry of SWNTSs removes any dependence on y. The
ODF can then be written in an alternative form:

J(B) = Aexp[— (AP, (cos B)) + (A4 Py(cos B))]  (5)

where A is a constant and parameters A, and A, are
Lagrange multipliers. The ODF is then known once these

(a) 06
0.5
0.4

03

ODF

0 | | | | | | L
0 10 20 30 40 50 60 70 80 90

6 / degrees

—
O
-~

N
z
E
[
o]
g
o
T T T T T 1
?)Q E)Q f\Q be 90
LA M- SR S
6 / degrees
Fig. 6. (a) ODF and (b) histogram of probability of SWNT orientation

in deposited line, based on Raman measurements in a parallel polarisation
configuration.
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Table I. ODF parameters obtained from repeated polarised Raman measurements on the SWNTs deposited by FPN.
Abundance of SWNT within

Measurement (P, (cos B))" (P,(cos B))* AP AL AL —30° < 0 < 30° (%)
L, 0.76 0.70 0.0017 —0.91 —4.8 98

1 0.7 0.3 0.0015 =52 0.96 86

2 0.68 0.24 0.00095 —6.2 1.8 82

2, 0.67 0.37 0.0042 —2.8 —0.73 90

3 0.68 0.42 0.0044 =25 —-1.2 92

3, 0.58 0.32 0.0061 =22 —0.84 86

4 0.32 0.24 0.0098 —0.94 -1.3 76

4, 0.56 0.13 0.0040 —3.6 1.0 74

5 0.4 0.6 0.0059 —1.8 —1.5 90

S 0.6 0.2 0.0040 —3.5 0.55 80

“9As defined in Egs. (3) and (9) for parallel and perpendicular measurements, respectively. ?As defined in Eq. (5).

three parameters are found, which can be done by numer-
ically solving the following set of equations:

aw [ (B)sinpap =1 ©
B=0
B=m
4m [ PcosB)f(B)sinBdp = (Py(cosp)) (D)

B=m
4w [ Pu(cosB)f (B) sinBdB = (Py(cos ) _(8)

where P,(cos) and P,(cosfB) are Legendre polynomi-
als or order of 2 and 4 respectively. The trapezoidal rule
was used to solve these equations to obtain A, A, and
A, by least-squares fit to the values of (P,(cosf)) and
(P4(cosB)) found earlier from fitting the experimental
data with Eq. (3). The values obtained were: A = 0.0017,
A, =—0.91 and A, = —4.8. The ODF could then be plotted

following equation:
1,(6)
1.(6=0°)
(P;(cosB))[—cos*O+cos?0—4/35]+ (P, (cosB))/21+1/15
= — (P, (cosP)y4/35+ (P, (cosB))/21 +1/15

©)

analogous to Eq. (3). The order parameters (P,(cosf3))
and (P,(cos B)) were determined to be 0.7 and 0.3 respec-
tively, giving ODF parameters of A =0.0015, A, = —5.2
and A, = 0. Thus, according to these measurements, the
percentage of SWNTs lying within 30° of the direction of
the written line was 86%.

The polarised Raman measurements were repeated four
more times and the results treated as described in each
case. Table I gives the ODF parameters obtained from
each experiment. It is clear from repeated experiments that

(Fig. 6(a)) and used to create a histogram of probability.of | | there is a high degree of alignment afforded to the SWNTSs

SWNT orientations within the deposited line (Fig. 6(b))s
From the ODF it can be calculated that the percentage of

SWNTs lying within 30° of the direction of the Tine is
98%.

The experimental results from the crossed polarisation
configuration were treated in a similar way using the

Raman intensity / a.u.

6/ degrees

Fig. 7. Intensity of crossed polarisation Raman scattering as a function
of 0. The solid line represents a least squares fit based on Eq. (9).

Mater. Express, Vol. 1, 2011

1 deposited by FPN.
_ tAfter the polarised Raman measurements described

above, the sample was rinsed in water: 40 hours of immer-
sion in a water bath at room temperature with no agita-
tion, followed by 20 hours at 50 °C with gentle stirring.

5.0kV 3.6mm x90.0k SE(U) 16/08/11

Fig. 8. High-resolution SEM image showing bundles of SWNTSs mainly
lying in the same direction as the overall deposited line (the darker
shadow running from bottom-right to top-left).
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AFM scanning revealed an 80% decrease in the height of
the lines while the width was unchanged. High-resolution
SEM was then able to show bundles of SWNTs inside the
written lines (Fig. 8), still with some surfactant present.
The alignment of the SWNTs visible in the SEM images
is concurrent with the alignment results from the polarised
Raman spectroscopy.

The alignment can be considered to be a consequence
of the strong interaction of the CNTs with the underly-
ing functionalised substrate combined with the large aspect
ratio of the nanotubes, with lengths much longer than the
width of the pipette. The pipette draws the nanotubes along
in the direction of writing as they leave the tip. The process
is crucially dependent on parameters such as the concen-
tration of the nanotube dispersion, the humidity and the
quality of the pipette tip.

4. CONCLUSION

We have shown that fountain pen nanolithographyis-a
practical technique for directly depositing-carbon nano-
tubes onto substrates with very high spatial precision.
Atomic force microscopy has permitted the examination of
the deposition dimensions. Polarised Raman spectroscopy
has confirmed the presence of carbon nanotubes in the
deposited lines, indicating a very high degree of align-
ment, making this a suitable method for directly writing
nanotube devices.
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