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Abstract

We present a process for fabricating small catalyst particles for carbon nanotube growth on insulating substrates. For this purpose we
define hydrogen silsesquioxane (HSQ) resist structures on top of conducting and grounded metallic catalyst layers and a sacrificial chro-
mium layer, using e-beam lithography.

The developed resist structures act as an etch mask in the subsequent ion milling step, by which the surrounding metal layers are
removed. Having wet etched the Cr mask and HSQ resist, metal structures remain which serve as catalyst in a chemical vapour depo-
sition (CVD) process resulting in single wall carbon nanotubes with a diameter range of 0.8–2.0 nm on insulating substrates.
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Optical absorption spectroscopy is an important method
for characterizing electronic properties of carbon nano-
tubes, complementing Raman measurements and transmis-
sion electron microscopy [1]. Here substrates which are
transmitting in the range of ultraviolet (UV) and visible
light (VIS) like quartz glass have to be used. Furthermore,
opto-electronic applications of carbon nanotube devices
require a flexible choice of substrates [2,3]. However,
quartz glass is not conductive and thus cannot be used
for the fabrication of catalyst patterns in standard e-beam
lift-off processes without the addition of a conductive layer
[4] on top of the resist. Other methods of e-beam lithogra-
phy on insulating substrates are limited by the critical
energy of the electron beam [5], the resolution of the resist
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[6] or the remaining conductive layer after lift-off [7,8].
Thus up to the present only large catalyst areas with
dimensions of several tens of microns have been patterned
on insulating substrates [2,9]. However, controlling the size
of the catalyst down to the nanometer scale is a key issue
for selective carbon nanotube growth, which we address
in this work.

We present a modified e-beam lithography process [9] in
which high resolution patterns are defined in hydrogen sils-
esquioxane (HSQ) and etched into an underlying catalyst
layer. This process has the advantage that the conducting
continuous metal stack enables the fabrication of nano-
scale catalyst particles on insulating substrates.

2. Fabrication

In our process we extend the fabrication method pre-
sented in [10] to the fabrication of catalyst patterns for car-
bon nanotube growth. The fabrication process is described
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M. Häffner et al. / Microelectronic Engineering 85 (2008) 768–773 769
in Fig. 1. As a catalyst 10.0 nm Al, 1.0 nm Fe, and 0.2 nm
Mo [11] are vacuum deposited on the substrate. On the top
of the catalyst layers a 7.0 nm sacrificial layer of Cr is evap-
orated. Afterwards, an additional layer consisting of
hydrogen silsesquioxane (HSQ) – a negative tone e-beam
resist (Fig. 1a) – is added via spin coating.

By exposing the resist via electron beam (Fig. 1b), using
the underlying metal as a grounded conducting layer and
developing the resist in tetramethyl ammonium hydroxide
(TMAH) (Fig. 1c) for 60 s, structures with dimensions of
few tens of nanometers as well as larger patterns, e.g. for
optical spectroscopy, can be fabricated. In contrast to the
procedures presented earlier [12,13], the resist is developed
without using elevated development temperatures since we
do not want to inadvertently etch the catalyst layers. After
development, the samples are dried supercritically in order
to prevent pattern collapse due to the capillary forces. The
Fig. 1. Fabrication process of the catalyst particles. (a) Catalyst stack and e-bea
Charging is prevented by grounding the underlying metal layers. (c) Developm
carbon nanotube growth.
developed HSQ is used as an etch mask for the subsequent
ion milling step, by which the surrounding metal layers are
removed (Fig. 1d). Due to the dependence of the milling
rate on the angle of incidence of the ions and to erosion
at the edges of the HSQ etch mask, the etching profile
has a finite side-wall angle. Thus by using e.g. dots as an
etch mask, the resulting catalyst structure is a truncated
cone for larger diameter dots or a cone for small dots.
Finally, the HSQ is lifted off by wet etching the chromium
layer (Fig. 1e). Carbon nanotubes can be grown by CVD
on the patterned catalyst (Fig. 1f).

3. Ion milling and chromium wet etching

The catalyst layer, consisting of 10.0 nm Al, 1.0 nm Fe
and 0.2 nm Mo, and the 7.0 nm sacrificial Cr layer are
etched by Ar ion milling using exposed and developed
m resist (HSQ) on top of an insulating substrate. (b) Exposure of the resist.
ent of the resist in TMAH. (d) Ion milling. (e) Cr wet etching. (f) CVD



Fig. 2. EDX spectra that are used to control the etching processes by repeat
Presence of Cr after ion milling shows the integrity of the underlying catalyst sta
indicating the end of the wet etching process.

Table 1
Melting points, atomic densities, and etch rates of the materials that are
being etched

Melting point
(K)

Atomic density
of the target material
(1022 atoms/cm3)

Etch rate
(nm/min [bulk])

HSQ 1200 1.6 14
Mo 2896 6.4 4
Cr 2130 8.3 4
Fe 1808 8.5 5
Al 933 6.0 8

All etch rates are measured from samples etched at 700 V, using 0.7 mA/
cm2 Ar ions
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HSQ resist as an etch mask. According to [14] the etching,
which is a sputtering process, results from the transfer of
momentum from the incident ions to the target atoms.
The etch rate V (H), measured in nm/min can be derived
from the sputtering yield S (H):

V ðHÞ ¼ 9:6� 1024 � J
mA=cm2

SðHÞ
n

cos H
nm

min

h i
ð1Þ

where n is the atomic density of the target material in
atoms/cm3, J is the current density in mA/cm2 and the
cosH term accounts for the reduced current density at an-
gles to the normal. The sputtering yield S bears a relation
edly checking the presence of the materials at the exposed positions. (a)
ck. (b) After Cr wet etching Cr is removed but Fe and Mo are still present,
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to the binding energy of the sample atoms [15], which in
turn is related to the melting point of the material being
etched and increases with increasing energy. For angles be-
low 30–40� S (h) � 1/cos (h). We etch at an angle of 0�,
using 0.7 mA/cm2 Ar ions at 700 V. In order to prevent
charging, we neutralize the ions before hitting the sample.
Table 1 shows the melting point, the atomic density, and
the experimentally determined etch rates of the materials
used. The tendency of increasing etch rates with both
decreasing melting point and decreasing atomic density
can be clearly seen. Thus the knowledge of the key param-
eters melting point and atomic density of a material allows
to estimate the etch rate of this material by comparing
these parameters to materials with an already determined
etch rate. Using these trends, the corresponding etch mask
thickness can be designed. Overetching during ion milling
and chromium wet etching is an important process param-
eter and can be controlled by repeatedly checking the
remaining elements in an energy dispersive X-ray (EDX)
spectrum. Fig. 2 shows two EDX spectra before (a) and
after (b) chromium wet etching. Especially by watching
the chromium peak, overetching can be controlled. How-
ever, in our case the HSQ etch mask is made very thick.
It takes about 4 min to etch the metal stack, whereas the
140 nm thick HSQ resist could last for 10 min and the etch
rate standard deviation of our ion milling process is only
approximately 10%. Hence overetching of more than a
factor of two in order to etch the surrounding catalyst
stack with certainty is uncritical. Whether chromium wet
Fig. 3. Illustration of the fabrication process after (a) exposure and developm
growth.
etching is critical depends on the underlying catalyst layer.
In our case it is possible to apply the chromium wet etch
two times longer than it would be necessary for the
7 nm chromium layer without evidently etching the under-
lying catalyst stack. Thus, repeatedly checking remaining
elements in an EDX spectrum is very helpful during pro-
cess development, but can be avoided, once all etch rates
are determined and corresponding layer thicknesses are
designed.

4. Results and discussion

Fig. 3 shows the fabricated catalyst patterns after each
of the aforementioned process steps, using an insulating
layer of 190 nm SiO2 on Si as a substrate. Exposed and
developed HSQ pillars on the metal stack can be seen in
Fig. 3a. The HSQ pillars have a diameter range of 30–
500 nm. After ion milling (Fig. 3b) the HSQ pillars are
reduced in size, and the thin surrounding metal layers are
removed. Having wet etched the Cr mask and HSQ resist
(Fig. 3c), circular Al–Fe–Mo dots remain which serve as
catalyst in the subsequent CVD process, yielding long sin-
gle carbon nanotubes originating from individual dots
(Fig. 3d). In our case CVD growth is performed at
900 �C using ethanol as the carbon source and resulting
in a low density of single wall carbon nanotubes for nano-
tube transistor fabrication.

It has thus been demonstrated by the example of an SiO2

substrate, that small catalyst particles for carbon nanotube
ent, (b) ion milling, (c) chromium wet etching, and (d) CVD nanotube
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growth can be defined on insulating substrates using
e-beam lithography.

Using the same process on a transparent, insulating
quartz glass substrate, Raman spectra of carbon nanotubes
(Fig. 4), grown from unpatterned catalyst (A) and pat-
terned catalyst (B), demonstrate by the presence of radial
breathing modes that in either case single wall carbon
Fig. 4. Raman spectra of carbon nanotubes grown f

Fig. 5. Tapping mode atomic force microscopy (AFM) amplitude image, demo
Apparent heights of 40 carbon nanotubes (right). It is interesting to note th
1.2 ± 0.1 nm. The values measured by AFM are in good agreement with the d
nanotubes (SWNTs) can be grown. The experiments were
performed with a Nd:YAG laser line at 532.14 nm
(2.33 eV) in the backscattering geometry. Here the unpat-
terned catalyst consists of the Al–Fe–Mo metal stack with
aforementioned thicknesses evaporated on a quartz glass
substrate. The radial breathing mode (RBM, left spectrum,
100–250 cm�1) is the fingerprint region of the SWNTs. For
rom unpatterned (A) and patterned (B) catalyst.

nstrating the growth of carbon nanotubes on a quartz glass substrate (left).
at 25% of all the carbon nanotubes found have an apparent height of
iameter range determined by the Raman measurements.
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our samples, the bands can be assigned to a diameter range
of 0.8–2.0 nm, since the frequency is related to the diameter
d of the nanotube, i.e. each peak in the left spectrum (100–
250 cm�1) corresponds to a certain single wall nanotube
diameter according to xRBM = A/d + B with A = 204 cm�1

and B = 27 cm�1 [16]. Since different samples show varying
nanotube diameters, the Raman spectrum in the fingerprint
region (left spectrum) shows different RBM-peaks for sam-
ple A (unpatterned catalyst) and B (patterned catalyst).
Another important region in the Raman spectrum of
SWNTs is the region from 1200 to 1800 cm�1, which shows
lines that are related to ordered (D line, 1343.8 cm�1 (A)
and 1347.2 cm�1 (B)) and disordered (G line, 1584.2 cm�1

(A) and 1580 cm�1 (B)) graphite vibration modes [17,18].
The ratio of these bands describes the status of the chemical
conversion of educts to the expected product and hence the
quality of the CVD-grown CNTs. As further proof, the
atomic force microscope (AFM) image in Fig. 5 (left)
shows the corresponding carbon nanotubes on the quartz
glass substrate. The apparent heights of 40 nanotubes
(right) are in good agreement with the diameter range as
determined by the Raman measurements.

5. Conclusions

In conclusion, a fabrication process for structuring cat-
alyst particles with dimensions of several tens of nanome-
ters for carbon nanotube growth on insulating substrates
has been developed, using e-beam lithography. Using the
catalyst metal stack and a sacrificial chromium layer as a
conducting layer thereby avoids charging of the substrate.
The application of HSQ as a negative tone e-beam resist
allows the fabrication of high resolution nanopatterns that
are transferred into the underlying catalyst stack using ion
milling. Raman spectra and AFM images demonstrate,
that single wall carbon nanotubes with a diameter range
of 0.8–2.0 nm can be grown on patterned quartz substrates.

The advantage of this e-beam fabrication process is
the ability to structure HSQ resist which yields high res-
olution patterns on an insulating substrate, and the abil-
ity to subtractively craft the catalyst particles from a
continuous film, which enables high control over the
achieved structures by repeatedly controlling the progress
of ion milling.
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