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We report the formation of silicon and carbon hetero-nanostructures in an inductively coupled 
plasma system by a simultaneous growthletching mechanism. Multi-walled carbon nanotubes were 
grown during one, three and five hour depositions, while tapered silicon nanowires were progres- 
sively etched. The carbon and silicon nanostructures and the interfaces between them were stud- 
ied by electron microscopies and micro Raman spectroscopies. The potential of this method for 
large-scale controlled production of nano heterostructures without the requirement of a common 
catalyst is explored. 
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1. INTRODUCTION 

Nanoscale heterojunctions between silicon and other nano- 
tubelnanowire materials may have important applications 
in nanoscale electronic devices, and as interfaces between 
new nano-materials and conventional silicon electronics. 
Formation of such nano-heterostructures by means of a 
common catalyst and a Liquid-Metal-Solid (LMS) growth 
mechanism for both parts of the heterostructure have been 
recently reported.'. 2, 3* In the present work, we report on 
an alternative method for the formation of a hetero carbon 
nanotube-silicon nanowire interface, based on LMS-growth 
of a carbon nanotube and simultaneous etching of a silicon 
nanowire. 

We have grown carbon nanostructures of approximately 
micron-scale lengths in an inductively coupled plasma sys- 
tem, using a 20-nanometer layer of iron catalyst on a p-type 
(100) silicon wafer in methane-hydrogen-argon plasma. 
The carbon nanostructures were shown to be multi-walled 
carbon nanotubes and hollow core vapor grown carbon 
nanofibers. Simultaneously, we have etched tapered silicon 
nanowires that retain the (100) orientation and crystallinity 
of the original silicon substrate. Increasing reactor times 
resulted in a progressive etch of the silicon nanowires. 
Junctions were observed between the silicon and carbon 
nanostructures, and details of these are reported. 

The simultaneous growthletching was achieved in an in- 
ductively coupled plasma system. Inductively coupled plas- 
mas (ICP) have high radial uniformity and low pressure1 
low temperature operating characteristics5 that make them 
attractive for large-scale applications. Therefore, the impor- 
tance of these experiments is that they indicate a mecha- 
nism through which large-scale fabrication of integrated 
nanostructures may be achieved. Also, increased flexibility 
in material combinations may be achieved, as the common 
catalyst requirement of References [1-4] is relaxed. 

2. EXPERIMENTAL DETAILS 

The inductively coupled plasma system was based on a 
modified Gaseous Electronics Conference (GEC) Reference 

The original GEC reactor had two parallel elec- 
trodes, 2.54 cm apart. The bottom electrode was biased 
with a 13.56 MHz radio frequency (RF) power supply at 
50 Watts. In the modified cell, the top electrode was 
replaced by a 5-turn coil that was also powered by a 13.56 
MHz RF power supply at 475 Watts. The pressure of the 
gas mixture was 100 mTorr with 87% Argon, and 6.5% 
methane and 6.5% hydrogen. Argon was used to sustain 
the plasma in the inductively coupled mode. Further details 
are reported in Reference 171. 

Samples were prepared by forming a 10-20 nm thick 
iron layer on a p-type (100) silicon substrate, using laser 
ablatiom8 Individual depositions were carried out over 
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time periods of 1 hour 0 minutes, 3 hours 10 minutes and 
5 hours 23 minutes. For brevity, the resulting samples will 
be referred to as the I-hour, 3-hour and 5-hour samples. 

Scanning electron microscopy (SEM), transmission 
electron microscopy (TEM) with selected area diffraction 
(SAD), high-resolution transmission electron microscopy 
(HRTEM) with Energy Dispersive x-ray Spectroscopy 
(EDS), and micro-Raman Spectroscopy and Surface En- 
hanced micro Raman Spectroscopy (SERS) were used to 
characterize the resulting carbon and silicon nanostruc- 
tures. The SEM was performed using a Cam Scan 44FE. 
The TEM was performed using a Hitachi H-800 operated 
at 200 kV and the HRTEM was performed using a JEOL 
JEM 2010F operated at 200 kV, at Michigan State Uni- 
versity. A JEOL 4000 EX operated at 400 kV at the Uni- 
versity of Michigan was also used for some of the HRTEM 
analysis. Samples were prepared for TEMIHRTEM by 
wetting the surface of the sample with ethanol and gently 
scraping, followed by dispersing the ethanol and sample 
via a pipette onto holey carbon film TEM grids. 

The micro Raman spectroscope consisted of a 0.75 m 
double monochrometer coupled with an optical micro- 
scope, operated in backscattering configuration, with an 
argon ion laser as the excitation source. 514.5 nm and 488 
nm excitation wavelengths were both used in these investi- 
gations. SERS spectroscopy was performed as described in 
Ref. [9], using 20 nm of sputtered gold on a glass substrate. 

3. RESULTS AND DISCUSSION 

3.1. Scanning Electron Microscopy Results 

For the three deposition time periods, SEM images taken 
at 0" tilt showed a uniform sparse coverage of fibrous 
nanostructures on a dotted background. A typical example 
from the five-hour sample is shown in Fig. 1. The coverage 
appeared to be uniform over roughly 4 cm2 sample areas. 
Upon tilting to 40°, it became apparent that the dotted 
backgrounds were tips of tapered nanostructures perpen- 
dicular to the surface. Interfaces between the fibrous and 
tapered nanostructures were observed by SEM, as shown 
in Fig. 1 (a) and (b). 

3.2. Transmission Electron Microscopy 
and Selected Area Diiraction Results 
and Micro-Raman Results 

TEM analysis indicated that the fibrous nanostructures 
observed in the surface plane had hollow cores and rnicron- 
scale lengths, as shown in Fig. 2 (a)-(c). Selected area dif- 
fraction (SAD) patterns of these nanostructures revealed 
spot splitting of about 30°, consistent with that expected 
for nanotubes." An example of a typical diffraction pat- 
tern is shown in Fig. 3. Micro-Raman and SERS spectro- 
scopies of the 5-hour sample also indicated the presence of 

well-graphitized carbon by relatively sharp peaks at about 
1580 cm-I, with 8-10 cm-' full width half maximum 
(FWHM). A typical peak is shown in Fig. 4. 

TEM analysis of the tapered nanostructures is shown 
in Fig. 5. The lengths of these nanostructures varied sys- 
tematically as a function of reactor time. Approximate 
average lengths of 0.4 microns, 0.5 microns and 0.9 
microns were observed for the I-hour, 3-hour and 5-hour 
samples. The average base width for the 1-hour and 3- 
hour samples was about 100 nm, while the average base 
width for the 5-hour sample was about 150 nm. Typical 
examples of the progressively etched silicon nanowires 
are shown in Fig. 6. 

Selected area diffraction (SAD), which included tilting 
to multiple zone axes, showed that these tapered structures 
were single crystal silicon nanostructures with the [loo] 
orientation along the long axis. The orientation analysis is 
shown in Fig. 7. The structures were tapered silicon 
nanowires, not hollow core silicon nanotubes. 

TEM images revealed dark contrast dots of about 5- 
20 nm at the tips or along the sides of most of the tapered 
silicon nanowires, as shown in Fig. 8. These dark contrast 
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Fig. 2. TEM images of the fibrous nanostructures from the (a) I-hour, (b) 3-hour and (c) 5-hour samples indicate approximately micron lengths and 
hollow core structures. 
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Fig. 4. Micro Raman and Surface Enhanced Micro Raman Spec- 
troscopy (SERS) from the 5-hour sample indicate the formation of well 
graphitized carbon nanostructures by relatively sharp peaks with FWHM 
about 8-10 cm- ' at 1580 cm-l. 

tionally correct SAD diffraction pattern showing spot splitting indicative Fig. 5. TEM images from the I-hour, 3-hour and 5-hour samples indi- 
of carbon nanotubes. Amorphous rings may be from either the tube sur- cate that tapered silicon nanostructures were etched perpendicular to the 
face structore or from the carbon support film. surface. The above image is from the 5-hour sample. 
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Fig. 7. SAD diffraction inlages from the tapered nanostructu~.es h o \ v  
patterns indicative of sinsle crystal silicon \vith the 11001 ol.ientatio11 
along the long axis. 

Fig. 8. Dark contrast dots at the tips and along the sides of the tapered 
silicon nanowires were shown to be iron. 
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dots were subsequently shown by HRTEM to be nanocrys- 
talline iron. I 
3.3. High Resolution Transmission Electron 

Microscopy and EDS Results 

HRTEM was used to assess details of the silicon, carbon 
and iron nanostructures. Two size scales of fibrous carbon 
nanostructures were observed. Based on inner and outer 
diameters, these were identified as multi-walled carbon 
nanotubes and vapor-grown carbon nanofibers, as shown 
in Fig. 9. Background from the carbon holey film limited 
further resolution of the wall structures. The dark contrast 
dots were shown by HRTEM to be crystalline with well- 
defined atomic spacings consistent with bcc iron. EDS 
spectra provided further confirmation that these dark con- 
trast features contained predominantly iron. The HRTEM 
and EDS results are shown in Fig. 10 (a)-(d). Iron nano- 
dots were sometimes observed at the tips of the carbon 
nanostructures, as well as at the tips of the tapered silicon 
nanowires, as shown in the Figure 9 insert. Fig. 9. HRTEM images indicate multi-wall carbon nanotubes (NT) and 

Details of a heterojunction between a tapered silicon vapor grown carbon nanofibers (CF). Iron (Fe) dots were sometimes 

nanowire tip and a multi-walled carbon nanotube are observed at the tips of the carbon nanostructures as shown in the lower 

shown in Fig. 11 (a)-(c). The heterojunction appears to be left corner jnsert. 

Fig. 10. (a) The dark contrast dots showed atomic spacings consistent with nanocrystalline iron (scale bar, 10 nm). (b) EDS spectra (scale bar, 20 nm) 
were used to further confirm the identification of the (c) iron nanodots (Spectrum 1) on the (d) silicon nanowires (Spectrum 2). 
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Fig. 11. (a) HRTEM image of a heterojunction between a MWCNT and a 
fication (c) Lower magnification view of the MWCNT-silicon nanowire he1 

about 4-6 nm wide. An EDS spectrum, shown in Fig. 11 
(b), provided further support for the identification of dis- 
tinct silicon and carbon component parts. 

Two types of nanostructures were observed in the 
plane of, and perpendicular to, the sample surfaces for 
1 hour 0 minutes, 3 hows 10 minutes and 5 hours 23 min- 
utes reactor times. One was fibrous and micron-scale in 
length for all reactor times. The other was tapered, solid 
and with an aspect ratio which changed as a function of 
reactor time. Analysis by TEWSAD, HRTEMtEDS and 
micro-RamanISERS indicated that the material composi- 
tions of these nanostructures were, respectively, carbon 
and silicon. 

The carbon nanostructures were shown by TEM and 
HRTEM to be multi-walled carbon nanotubes and hollow 
core vapor-grown carbon nanofibers. The iron catalyst 
layer was shown by TEM and HRTEM to be broken up 
into 10s of nanometer-sized droplets by the action of the 
plasma. Iron dots of 5-20 nm diameter were observed at 
the tips and along the sides of most of the tapered silicon 
nanowires. They were also observed at the ends of some 
of the carbon nanotubes and nanofibers. The observed 
multi-walled carbon nanotubes and carbon nanofibers 

I tapered silicon nanowire tip. (b) EDS was used to support the silicon identi- 
:erojunction. 

would be consistent with growth via a Liquid-Metal-Solid 
growth mechanism in the presence of the iron catalyst 
droplets. 

The silicon nanowires were shown by TEM and SAD to 
be solid tapered nano-wires, with the [loo] orientation in 
the sample normal direction, and with progressive length 
variations as a function of reactor time. This result is con- 
sistent with formation by an etching mechanism of the 
(100) silicon substrate. Similar etchings of silicon1'* l 2  and 
other semiconductor materials13' l4 have been observed in 
argon-methane plasmas. However, in our experiments, the 
etching of the silicon nanostructures was simultaneously 
accompanied by LMS-mechanism growth of the carbon 
nanostructures. As the iron catalyst layer was broken up 
into 10s of nanometer-sized islands by the action of the 
plasma, it may have served as a nano-mask for the etching 
of silicon, as well as the LMS nucleation site for the 
growth of the multi-walled carbon nanotubes. 

SEM images indicated that a nano-heterostructwe junc- 
tion was formed between the carbon nanostructures and the 
silicon nanowires at the pointed tips of the silicon. The for- 
mation of such junctions was observed for all three reactor 
times. The sample preparation method used in the present 
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analysis reduced the probability of finding an intact hetero- 
junction, but one intact specimen was located and ana- 
lyzed by HRTEM. The multi-walled carbon nanotube-sili- 
con nanowire heterojunction appears to be about 4-6 nm 
wide, which is a truly nanoscale heterojunction. Further 
experiments are needed to determine how many junctions 
had a similar structure, and if this type of connection is 
found within the macroscopic junctions observed by SEM. 

We conclude that conditions for simultaneous LMS 
growth of multi-walled carbon nanotubes and etching of 
high aspect ratio silicon nanowires can be achieved in an 
inductively coupled plasma reactor system. ICP reactors 
are state-of-the-art semiconductor fabrication industry tools 
for large-scale silicon etching, due to high radial unifor- 
mity and low pressure/low temperature operating charac- 
teristics. Our results indicate that the incorporation of 
nano-materials produced by an LMS growth mechanism 
within a growtwetching fabrication cycle may also be pos- 
sible. This may, in turn, lead to practical large-scale manu- 
facturing of nano-components of multiple materials, using 
an existing reactor tool for both conventional silicon and 
new nano-electronic materials. 

4. SUMMARY 

We report the formation of carbon nanotube and silicon 
heterostructures in an inductively coupled plasma system 
by a simultaneous growtwetching mechanism. This is an 
alternative method for the formation of a hetero carbon 
nanotube-silicon nanowire interface that can provide in- 
creased processing flexibility. 
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