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Supercritical fluid deposition
of nanowire building blocks
The importance of the information and com-
munication technology (ICT) sector to both the
economy and society at large cannot be over-
stated, and few technologies have as far-reach-
ing societal and economical impacts. The semi-
conductor industry plays a pivotal role in ICT.
In their 2005 Annual Report, the SIA (Semi-
conductor Industry Association) comments,
“The semiconductor industry sets the pace of
global economic growth. Just as the industry’s
strength provides a leading indicator of the
world’s economic health, ad-
vanced semiconductor prod-
ucts and systems are bringing
new opportunities, growth,
and development to countries
around the globe.”

Moore’s Law is the beat-
ing heart at the centre of this
industry, driving business
growth through the techno-
logical realization of new
process technologies that
double the number of transis-
tors on a chip about every
two years. However, as the
semiconductor industry con-
tinues to miniaturize in fol-
lowing Moore’s Law, there
are some real challenges
ahead, particularly in moving deeper and
deeper into the nano length scale.1 Sustaining
the traditional logic MOSFET (metal-oxide-
semiconductor field-effect transistor) structure,
design, and material composition will be espe-
cially difficult beyond 22nm. The next tech-
nology standard is a 9nm physical gate length,
predicted to be reached in 2016 according to
the International Technology Roadmap for
Semiconductors, and as early as 2011 accord-
ing to some company roadmaps.2 There is even
the question of how far silicon charge-based
logic MOSFET transistor devices can be scaled.
The semiconductor sector of the ICT industry
is therefore actively chasing solutions that can
fulfill the Moore criteria.

In particular, the industry is looking at new
materials. Nanowires offer two possible solu-
tions for the given challenge. The first lies in
their unique properties, the other in realizing
revolutionary, hierarchical, three-dimensional
nanoscale architectures and designs not achiev-
able with conventional materials and tech-
niques. At University College Cork, in collabo-
ration with CRANN at Trinity College Dublin,
supercritical fluid (SCF) solution phase meth-
ods3 have been exploited for forming arrays of
semiconductor, metal, and metal oxide
nanowires within the channels of porous tem-
plates for potential nanoscale device applica-
tions.4 In this article we report on recent work
in our laboratories that demonstrate the flex-

ibility of SCF methods for producing a range
of useful, templated, nanowire structures.

Recently we reported the use of SCF tech-
niques to consistently produce high-density,
ordered arrays of crystalline germanium
nanowires within anodized aluminum oxide
(AAO) templates.4,5 Conductive atomic force
microscopy (C-AFM) and macro-contacting
strategies were used to study the electrical prop-
erties of the germanium nanowires within these
arrays (see Figure 1). Each nanowire was found

to possess similar electrical
properties, demonstrating
the continuous and repro-
ducible nature of SCF
methods.

We also investigated the
optical properties of SCF-
grown silicon and germa-
nium nanowires within
the pores of hexagonal
mesoporous silica matri-
ces.6 A clear blue-shift in
the photoluminescence
(PL) of the semiconductor
composite material was ob-
served as the diameter of
the nanowires decreased
from 85Å to 22Å (see Fig-
ure 2). Powder X-ray dif-

fraction revealed that, due to escalating lattice
expansion, the strain on the crystallographic
structure increased as the diameter of the con-
fined nanowires decreased. This resulted in a
shift of the PL maximum to higher energies.
The ability to manipulate the optical proper-
ties of templated semiconductor nanowires
through strain engineering has important im-
plications for the design of future optical de-
vices.

Dilute magnetic semiconductor (DMS) ma-
terials exhibit semi-conducting properties and
long-range ferromagnetic ordering, and is an-
ticipated that these materials will play a vital

Figure 1. Conductive atomic force microscopy (C-AFM) of Ge nanowires embedded within
anodized aluminum oxide (AAO). (a) Representation of the C-AFM, (b) AFM topography of
Ge-nanowires-AAO surface, (b) C-AFM current map at 20V and (d) current map at 40V.5
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role in the integration of spintronic devices with
traditional semi-conducting technologies.7 We
have reported the synthesis of Ge

1-x
Mn

x
(0≤x≤0.05) DMS nanowire arrays with diam-
eters between 35-60nm in AAO templates.
These nanowires exhibited room temperature
ferromagnetism that is surprisingly high for this
class of material.7,8 Structural investigations
showed that these wires are comprised of a
highly crystalline germanium host lattice con-
taining discrete and spatially separated man-
ganese ions.

Additionally, we have realized the integra-
tion of magnetic and semi-conducting materi-
als through the synthesis of a range of high-
density arrays of coaxial nanocables: such as
germanium nanowires surrounded by a cobalt
nanotube sheath within AAO (Figure 3).9 Struc-
tural studies on these heterostructured
nanowires have clearly demonstrated the pres-
ence of discrete core-shell phases with no evi-
dence of alloy formation. These materials form
well-defined building blocks that may lead to
new spin-based multifunctional devices.

In conclusion, the adaptability of SCF depo-
sition techniques combined with versatile

Supercritical fluid deposition of nanowire building blocks

templating materials offers the opportunity to
synthesize and assemble ordered arrays of ori-
entated nanowire structures that have specific
dimensions and controllable electronic, opti-
cal, and magnetic properties. Identifying the
synthetic parameters to ‘dial-up’ nanowires
with specific properties, in robust and hierar-
chical templates, could lead to many new and
exciting applications of these materials in fu-
ture devices.
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Figure 2. (a) Electron Microscopy image of free-standing
Ge nanowires. (b) Solid state PL spectra at room
temperature for silicon nanowires with diameters (from left
to right) 73Å, 50Å, 45Å and 30Å respectively.6

Figure 3. Electron Microscopy images of Co-Ge coaxial nanocables.
(a) Scanning electron microscope image of nanocables partially
liberated from AAO matrix and (b) Tunneling electron microscope
image of a Co nanotube formed within AAO, showing nanotube wall
thickness of 7nm.9
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Femtosecond imaging of surface plasmon dynamics
Light interacting with nanostructured metals
excites collective charge density fluctuations
known as surface plasmons (SP). Through ex-
citation of SP eigenmodes, incident light is
trapped on nanometer spatial and femtosecond
temporal scales and its field is enhanced. Exci-
tation of SP resonances leads to extraordinary
physical phenomena including the anomalous
transmission of light through sub-wavelength
aperture arrays1 and enhancement of nonlinear
optical processes. Recently, the prospect of
plasmonic devices2,3 has stimulated consider-
able effort to understand the fundamental dy-
namics of SPs and to develop practical appli-
cations such as ultra-sensitive chemical sensors
and sub-wavelength optics. The physics of sur-
face plasmons concerns the properties of elec-
tromagnetic fields on nanometer spatial and
femtosecond temporal scales. The special scale
of SPs excited in metal nanoparticles distrib-
utes for the order of 10 - 100nm, and the co-
herent lifetime ranges from a few to tens of
femtoseconds.

A new technique demonstrated here enables
us to investigate surface plasmon dynamics
with sub-femtosecond temporal precision and
sub-wavelength spatial resolution.4 We com-
bine techniques of interferometric time-re-
solved two-photon photoemission (ITR-2PP)5

with photoelectron emission microscopy
(PEEM). Phase-correlated pump and probe
optical pulses with 10fs duration excite SP
modes in a nano-structured silver film.6 Imag-
ing of photoelectrons with electron optics cre-
ates a map of SP fields that mediate two-pho-
ton photoemission. We present a movie of SP
fields at 330as per frame and 50nm spatial reso-
lution—a trillion times faster than conventional
techniques.

Figure 1 shows one- and two-photon photo-
emission (1 and 2PP-PEEM) images of the
same part of the silver grating excited with a
Hg lamp (λ=254nm) and a p-polarized
femtosecond laser (λ=400nm). The 1PP-PEEM
image simply shows a topography of the sample
because the 254-nm (4.89eV) light is above the
plasmon resonances of silver (bulk plasmon =
3.8eV). By contrast, the 2PP-PEEM image in
Figure 1b is dominated by many spikes. Each
‘spike’ represents a localized surface plasmon
that is trapped at a nano-scale defect and oscil-
lating at 750THz (400nm light frequency).

A movie of surface plasmons is recorded by
advancing the delay time (τ

d
) between pump

and probe pulses in 1/4 optical cycle, or 330as
(one optical cycle = 1/(750THz) = 1.33fs). Fig-
ure 2 presents selected frames where we ex-
tract a portion of each image (highlighted in
Figure 1b).7 Four dots start to oscillate com-
pletely in-phase at the beginning of the movie,

because the pump pulse introduces coherent
oscillations by driving polarizations at the light
carrier frequency. After the pump pulse over,
each dots starts to oscillate at its characteristic
plasmon frequency. The discrepancy in these
frequencies causes variations in oscillation
phases of dots. As τ

d
 proceeds from 10×2π to

20×2π, the phase of the amplitude maximum
of dot A is retarded by 1/4×2π, while that of
dot C is forwarded by ~1/2×2π, as indicated
by blue and orange markers, respectively. This
result indicates that the plasmon frequency of
dot A is slightly lower than the 400nm light
frequency, while that of dot C is slightly higher.

Figure 2 also constitutes a realization of
quantum control: we specify excitation and de-
excitation of individual dots with sub-
femtosecond accuracy by tuning excitation
fields through a choice of τ

d
. With more com-

plex methods, it is now possible to engineer
control fields with arbitrary spatial and tempo-

ral phase.8 By using such engineered optical
fields, we can control the spatio-temporal evo-
lution of plasmon fields within systems of me-
tallic and semiconductor nanostructures. The
quantum control of coherent excitations in such
photonic devices with complex ultrafast <10-
fs optical pulses could be the basis for optical
information processes with 100-THz band-
width. The ability to image the time-evolution
of SP fields by the interferometric time-re-
solved PEEM technique opens the way for us
to study the dynamical properties of
nanophotonic devices.

This research has been supported by NSF
DMR-0116034 and NSF ECS-0403865 grants.
A. K. acknowledges fellowship support from the
Yamada Science Foundation of Japan.

Figure 1. PEEM micrographs of the identical region on a silver grating obtained with (a) the 254nm line of
a Hg lamp (1PP-PEEM), and (b) a p-polarized 400nm femtosecond laser excitation (2PP-PEEM). The
length of a scale bar is 2µm.

Figure 2. Frames of a movie of the localized surface plasmons highlighted in Figure 1b. The interval of the
frame is 0.33fs or 1/4×2π in terms of the optical phase of the carrier light (λ=400nm). As the delay time
evolves from 10×2π to 20×2π, the phase of dot A (C) is retarded (advanced). Markers (blue and orange)
indicate the change in the intensity maxima in five cycle intervals.

Continues on page 4.
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Femtosecond imaging of surface plasmon dynamics
Continued from page 3.
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Gold nanoparticles for cancer cell
imaging and photothermal therapy
The development of
nanoparticles with different
structures and shapes has cre-
ated widespread interest in
their potential use in diagnos-
tic imaging and therapy appli-
cations. Gold nanoparticles
have potential for biological
applications due to their easy
preparation, size and shape,
controlled optical properties,
and great biocompatibility.
They strongly absorb and scat-
ter visible and near-infrared
light and provide a novel con-
trast agent for simultaneous
molecular imaging and photo-
thermal cancer therapy. Re-
cently, gold nano-shells have
been reported for this applica-
tion that have a silica core cov-
ered with a thin shell of gold:
they operated in the near-in-
frared region because of their
strong near-infrared absorp-
tion.1 However, the silica core
in the nanoshell could be
toxic. Gold nanoparticles, on
the other hand, are well known
to be safe in vivo application:
when they are conjugated with
anti-EGFR antibodies they
can be used for cancer cell di-
agnostics under illumination
of a beam of white light2 and
can also be used for selective
photothermal therapy of can-
cer cells using visible lasers.3

Gold nanoparticles of 35nm
in diameter are conjugated
with anti-EGFR monoclonal
antibodies. One benign epithe-
lial cell line, HaCaT (human
keratinocytes), and two malig-
nant epithelial cell lines (hu-
man oral squamous cell carcinoma, HOC 313
clone 8 and HSC 3) were cultured on 18mm
diameter glass cover in DMEM plus 5% FBS
at 37°C under 5% CO

2
. The cell monolayer was

incubated with the anti-EGFR/Au conjugates
in buffer for 40 minutes at room temperature
and then fixed with paraformaldehyde and
sealed with another cover slip with a small
amount of glycerol. The cells were imaged in
dark field using an inverted Olympus IX70
microscope. The high numerical dark field con-
denser (U-DCW) delivers a very narrow beam
of white light from a tungsten lamp and the

100x /1.35 oil Iris Ph3 objective (UPLANAPO)
collect only the scattered light from the
samples.

Figure 1 shows the light scattering images
of the three types of cells with and without in-
cubation with anti-EGFR/Au conjugates. The
light scattering pattern of gold nanoparticles in
cancerous and noncancerous cells is signifi-
cantly different when anti-EGFR antibodies are
conjugated to gold nanoparticles. The HaCaT
noncancerous cells are poorly labeled with the
nanoparticles and the cells could not be identi-
fied individually. When the conjugates are in-

cubated with HOC and HSC
cancerous cells for the same
amount of time, the
nanoparticles are obviously
bound to the surface of the cells
in higher amounts. This con-
trast difference is due to the
specific binding of
overexpressed EGFR on the
surface of the cancer cells with
the anti-EGFR antibodies
bound to the gold surface. The
nanoparticles are also found on
the HaCaT noncancerous cells
in small amounts due to the
nonspecific interactions be-
tween the antibodies and the
proteins on the cell surface:
thus the nanoparticles are ran-
domly distributed on the whole
cell monolayer. The nonspe-
cific interaction is also reflected
in the broadening and red shift
of the absorption band of the
gold nanoparticles on the non-
cancerous cells.2

Due to the specific binding
of anti-EGFR/Au conjugates to
the cancer cells, it is possible
to selectively kill the cancer
cells by conversion of the photo
energy absorbed by gold
nanoparticles into local heart
energy. In our work, a CW ar-
gon laser at 514nm with differ-
ent energies was used to irradi-
ate the cells after incubation
with anti-EGFR/Au conjugates.
The overlapping of the laser
wavelength with the surface
plasmon absorption band of
gold nanoparticles around
520nm enables efficient ab-
sorption of the laser energy.
Cell viability was tested by

staining with 0.4% trypan blue, which will ac-
cumulates inside dead cells but is pumped out
of live ones.

Figure 2 shows the images of all cells with
and without nanoparticles after irradiation.
Without nanoparticle incubation (left column),
neither cancerous nor noncancerous cells were
killed at the highest energy we used: 75W/cm2.
After incubation with the anti-EGFR-antibody-
conjugated gold nanoparticles, all three types
of cells showed photo-destruction damage, but

Figure 1. Light-scattering images from gold nanoparticles in cancer diagnostics: images
of HaCaT noncancerous cells (top row), of HSC cancerous cells (middle row) and of
HOC cancerous cells (bottom row) without gold nanoparticles (left column) and with anti-
EGFR antibody conjugated gold nanoparticles (right column). The light scattering images
of cancerous and noncancerous cells shows obvious difference due to the specific and
stronger binding of the antibody conjugated gold nanoparticles to cancerous cells.

Continues on page 6.
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at different laser energies (right two columns).
After exposure to the argon laser at and above
57W/cm2, all HaCaT noncancerous cells within
the laser spots were photo-damaged and shown
in deep black color due to the uptake of trypan
blue, while at lower energy values only a few
or no cells were damaged. The HSC cancerous
cells were photo-destroyed at a much lower
power density. Cell death occurred within the
laser spots after exposure at and above 25W/
cm2 while no cell deaths were observed at a
lower power density than 19W/cm2. The HOC
malignant cells also underwent photothermal
destruction at a much lower power density than
required for HaCaT benign cells. Cell death
within the laser spots was observed at and
above 19W/cm2. These results show that gold
nanoparticles can be used for selective cancer-
cell therapy with a simple, visible, continuous-
wave laser.

For the clinical application of treating can-

cer in vivo under the skin, near-infrared laser
light is necessary because it has larger penetra-
tion depth.4 Using the technique described here
we are be able to tune the absorption band of
the nanoparticles to the near-infrared region by
changing the shapes of the nanoparticles. Thus,
selective cancer-cell therapy in the near-infra-
red region is possible.5
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Figure 2. Selective laser photothermal cancer therapy: HaCaT noncancerous (top row), HSC
cancerous cells (middle row) and HOC cancerous cells (bottom row) irradiated at different laser
powers without (left column) and with (right two columns) nanoparticles. HaCaT noncancerous
cells were killed at and above 57W/cm2 while cancerous cells were killed at much lower laser
powers (19-25W/cm2 and above).

Gold nanoparticles for cancer cell imaging and photothermal therapy
Continued from page 5.



7SPIE Nanotechnology e-newsletter

NANOTECHNOLOGY 8 NOVEMBER 2005

Controllable switching of carbon
nanotube emission energies
Single walled carbon
nanotubes (SWNTs) are re-
markable molecules being
explored for applications in
conductive composites, mo-
lecular electronics, biological
markers, and chemical sen-
sors. SWNTs can be visual-
ized as single sheets of graph-
ite wrapped into nanometer-
diameter tubes, and exhibit a
range of electronic behaviors
from metallic to semi-con-
ducting. The diverse elec-
tronic structure of different
species depends on the wrap-
ping vector of the graphite
sheet, and optical methods
have been particularly help-
ful in classifying SWNTs.1

Techniques such as absorp-
tion, Raman, and photolumi-
nescence (PL) spectroscopy
have attracted considerable
interest as tools for studying
SWNT electronic properties.
In addition to being able to
probe large nanotube en-
sembles optically, we can also
look at isolated, individual
SWNTs.2,3 Recently, we re-
ported abrupt shifts in the
photoluminescence energy of
individual single-walled car-
bon nanotubes caused by in-
creased absorption of laser
light above a certain thresh-
old.4 This effect is likely linked to laser induced
absorption/desorption of ambient gas mol-
ecules binding to the walls of the nanotube.
Other groups have shown gas effects on
SWNTs using electrical detection schemes,5,6

and an all-optical ‘readout’ of a chemical sens-
ing nanotube may have significant implications
for sensory applications. Moreover, it appears
reasonable that charge injection of electron-
hole pairs should be able to trigger the shift,
which may have certain opto-electronic appli-
cations.

Photoluminescence is a process in which a
photon is emitted as an electron and hole
radiatively recombine from an optically-ex-
cited, metastable state. For SWNTs, one finds
that PL emission energies can be combined
with higher energy absorption resonances to
identify different tube species.7 Nonetheless,
our understanding of optical emission from
carbon nanotubes is still in a somewhat nascent

state. For example, a consensus is forming that
SWNT PL is dominated by excitonic recombi-
nation, although free carrier recombination is
still discussed.  Additionally, there appears to
be some disagreement between the emission
energies measured by different methods, an
effect which seems to be linked to differences
in dielectric environment between nanotubes
in solution and those suspended in air. In addi-
tion, some sideband transitions have been ob-
served but not yet identified.

To obtain PL from individual tubes, we grow
SWNTs by chemically assisted vapor deposi-
tion (CVD) over micron-sized holes in a sili-
con nitride membrane. Transmission electron
microscopy of the apertures confirms the pres-
ence of individual SWNTs bridging the open
areas. PL is collected from the suspended
SWNTs using a confocal microscope with a
tunable excitation source and a motorized
sample stage.

By rastering the stage and
collecting PL spectra from
each sample position, we ob-
tain diffraction-limited im-
ages that probe the spatial
dependence of PL emission
on excitation position. At low
excitation power, the tubes
behave as expected and emit
PL at a single peak wave-
length. At higher laser inten-
sity, however, the spatial im-
age unexpectedly changes
and ‘holes’ appear in the
middle of the image. At these
sample positions the PL
emission peak has suddenly
blueshifted about 20meV
(Figure 1a). By imaging at
the blueshifted peak energy
(Figure 1b), the complemen-
tary spatial image is produced
and corresponds to the ‘miss-
ing’ region in Figure 1a. Ex-
ample PL spectra from the
unshifted and blueshifted re-
gions are given in Figure 1c.

The blueshifted regions
grow with increased absorp-
tion into the tube as deter-
mined by raising the laser
power, co-aligning the exci-
tation light with the tube axis,
or by bringing the excitation
energy into resonance with
the tube’s absorption peak.
These results establish a link

between a photon absorption threshold and the
threshold for the blueshifted PL spectra. Our
work additionally shows that the shifts can be
triggered by optical excitation of certain ‘hot
spots’ along the nanotube, as seen in Figure 1
where two foci are observed in the spatial im-
ages.

Our calculations indicate that laser heating
of the tube may raise the nanotube tempera-
ture sufficiently for gas desorption, causing a
blueshift in the PL spectra. Parallel work on
large ensembles of nanotubes by Finnie et al.,
has kept the excitation power constant but var-
ied the sample temperature. These latter stud-
ies have conclusively related similar band-gap
shifts to desorption of gases.8 Together, the re-
sults suggest that control of adsorbates is es-
sential for obtaining ‘native’ optical properties

Figure 1. A 3×3 µm spatial map of the photoluminescence (PL) intensity at the peak (a)
unshifted and (b) blueshifted emission energies. The ‘hole’ in the middle of part a of the
figure corresponds with an increase in the PL intensity at the blueshifted emission energy
peak as seen in part b. (c) Examples of the unshifted (red squares) and blueshifted (blue
circles) PL spectra.

Continues on page 8.
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of carbon nanotubes.  Our work suggests that
one route could be through laser-induced des-
orption of adsorbates from a nanotube that is
initially at low temperature and pressure. A la-
ser pulse could be used to momentarily heat
the nanotube by hundreds of degrees, remov-
ing adsorbates and permitting studies of ‘bare’
nanotube properties once cryogenic tempera-
tures are restored.

D. E. Milkie, C. Staii, S. Paulson,
E. Hindman, A. T. Johnson, and
J. M. Kikkawa
Department of Physics and Astronomy
University of Pennsylvania, Philadelphia, PA

Controllable switching of carbon nanotube emission energies
Continued from page 7.
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