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wavelengths of light and three different
polarization directions. Multiple recording
layers may then be combined on a single
disk, adding the final spatial dimension, to
further increase the storage density. The
size and shape of the gold nanorods pro-
vide the necessary selectivity for the five-
dimensional recording process.

The gold nanorods are patterned through
a photothermal reshaping process. This
reshaping happens when a nanorod
absorbs a laser pulse and heats above its
melting temperature, which then causes

the nanorod to transform into a spherical
particle. The nanorods selectively absorb
the laser energy depending on the wave-
length and polarization of the light while
the threshold for photothermal melting
ensures that the writing process is confined
within the focal volume of the laser. The
aspect ratio and orientation of the nano-
rods determine the wavelength and polar-
ization sensitivity, respectively. Recordings
can be imaged nondestructively using
longitudinal surface plasmon resonance
mediated by two-photon luminescence.

This nonlinear optical detection mecha-
nism provides much higher angular and
wavelength sensitivity compared to linear
detection mechanisms used with gold
nanoparticles. With the demonstrated abil-
ity to record pixel sizes close to the expect-
ed diffraction limit and in a manner free
from cross-talk, this new optical recording
technique has the potential to raise storage
density into the terabytes for an optical
disk the size of a DVD.
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Graphene Nanoribbon Interconnect
Resistivity Comparable to Copper

The unique properties of graphene make
the material attractive for a wide range of
potential electronic devices. R. Murali,
K. Brenner, Y. Yang, T. Beck, and
J.D. Meindl at the Georgia Institute of
Technology have now experimentally
demonstrated the potential for another
graphene application: replacing copper
for interconnects in future generations of
integrated circuits. In the June issue of the
Electron Device Letters (DOI: 10.1109/
LED.2009.2020182; p. 611), the re-
searchers provide a detailed analysis of
resistivity in graphene nanoribbon inter-
connects as narrow as 18 nm.

“As you make copper interconnects
narrower and narrower, the resistivity
increases as the true nanoscale properties
of the material become apparent,” said
Murali, a research engineer in Georgia
Tech’s Microelectronics Research Center.
“Our experimental demonstration of
graphene nanowire interconnects on the
scale of 20 nm shows that their perfor-
mance is comparable to even the most
optimistic projections for copper inter-
connects at that scale. Under real-world
conditions, our graphene interconnects
probably already out-perform copper at
this size scale.” Use of graphene for these
interconnects could help extend the long
run of performance improvements for

silicon-based integrated circuit technology.

Beyond resistivity improvement,
graphene interconnects would offer higher
electron mobility, better thermal conduc-
tivity, higher mechanical strength, and
reduced capacitance coupling between
adjacent wires.

“Resistivity is normally independent of
the dimension—a property inherent to the
material,” Murali said. “But as you get
into the nanometer-scale domain, the
grain sizes of the copper become impor-
tant and conductance is affected by scat-
tering at the grain boundaries and at the
side walls. These add up to increased
resistivity, which nearly doubles as the
interconnect sizes shrink to 30 nm.”

Experimentally, the researchers began
with flakes of multi-layered graphene
removed from a graphite block and placed
onto an oxidized silicon substrate. They
used electron beam lithography to con-
struct four electrode contacts on the
graphene, then used lithography to fabri-
cate devices consisting of parallel nano-
ribbons of widths ranging over 18-52 nm.
The three-dimensional resistivity of the
nanoribbons on 18 different devices was
then measured using standard analytical
techniques at room temperature.

The best of the graphene nanoribbons
showed conductivity equal to that pre-
dicted for copper interconnects of the
same width. Because the comparisons

were between non-optimized graphene
and optimistic estimates for copper, the
researchers suggest that performance of
the new material will ultimately surpass
that of the traditional interconnect material.

Though one of graphene’s key properties
is reported to be ballistic transport—mean-
ing electrons can flow through it without
resistance—the material’s actual conduc-
tance is limited by factors that include
scattering from impurities, line-edge
roughness, and from substrate phonons—
vibrations in the substrate lattice.

Use of graphene interconnects could
help facilitate continuing increases in inte-
grated circuit performance once feature
sizes drop to approximately 20 nm, which
could happen in the next five years,
Murali said. At that scale, the increased
resistance of copper interconnects could
offset performance increases, meaning that
without other improvements, higher den-
sity would not produce faster integrated
circuits.

“This is not a roadblock to achieving
scaling from one generation to the next,
but it is a roadblock to achieving increased
performance,” he said. “Dimensional scal-
ing could continue, but because we would
be giving up so much in terms of resistivi-
ty, we wouldn’t get a performance advan-
tage from that. That’s the problem we
hope to solve by switching to a different
materials system for interconnects.”

Stream of Sand Behaves like Water

H.M. Jaeger, J.R. Royer, and colleagues
from the University of Chicago have
demonstrated that dry granular materials
such as sands, seeds, and grains have
properties similar to liquid, forming
water-like droplets when poured from a
given source. The finding could be
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important to a wide range of industries
that use “fluidized” dry particles for oil
refining, plastics manufacturing, and
pharmaceutical production.

Researchers previously thought dry
particles lacked sulfficient surface tension
to form droplets like ordinary liquids.

“Previous studies of granular streams

were able to detect clustering by perform-
ing experiments in vacuum and were able
to establish that the clustering was not
caused by the drag from the ambient air,”
said Jaeger, a professor in the university’s
Materials Research Science and Engi-
neering Center. “However, the cause of the
clustering remained a mystery.”
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As reported in the June 25 issue of
Nature (DOI: 10.1038 /nature08115; p. 1110),
the research team used high-speed photo-
graphy to measure nanoscale forces that
cause droplet formation. The researchers
observed falling 100-pm-diameter glass
beads, or streaming sand, and found that
forces as much as 100,000 times smaller
than those that produce surface tension
in ordinary liquids could cause droplet
formation in granular streams and cause
these dry streams to behave like an ultra-
low surface-tension liquid.

Royer, a graduate student in physics at
the University of Chicago, who developed
the apparatus, and his colleagues also
directly measured grain-to-grain interac-
tions with an atomic force microscope.

“At first we thought grain-grain interac-
tions would be far too weak to influence
the granular stream,” said Royer. “The
atomic force microscopy surprised us by
demonstrating that small changes in these
interactions could have a large impact on
the break-up of the stream, conclusively
showing that these interactions were actu-

ally controlling the droplet formation.”

“Our experiments ask two questions
for which currently there is no estab-
lished answer,” said Jaeger. “Both ques-
tions are about how a liquid breaks apart.
How does the break-up proceed in the
ultra-low surface-tension limit and what
happens in the ultra-low temperature
limit when particles cease to move rela-
tive to each other?

“It is quite remarkable that a granular
stream consisting of macroscopic particles
provides a model system to explore it.”

Lanthanide-Doped Nanocrystals
Serve as Single-Molecule Imaging
Probes

S. Wu, G. Han, D.J. Milliron, S. Aloni,
V. Altoe, B.E. Cohen, and P.J. Schuck of
Lawrence Berkeley National Laboratory
(Berkeley Lab.), and D.V. Talapin of the
University of Chicago have developed
lanthanide-doped upconverting nano-
particles (UCNPs) that act as individual
investigators of activity within a cell.
These light-emitting probes represent a
significant step in scrutinizing the behav-
iors of proteins and other components in
complex systems such as a living cell.

Labeling a given cellular component
and tracking it through a typical biological
environment is fraught with issues: the
probe can randomly turn on and off, com-
petes with light emitting from the cell, and
often requires such intense laser excitation
that it eventually destroys the probe.

“The nanoparticles we've designed can
be used to study biomolecules one at a
time,” said Bruce Cohen, a staff scientist
in the Biological Nanostructures Facility
at Berkeley Lab.’s nanoscience research
center, the Molecular Foundry. “These
single-molecule probes will allow us to
track proteins in a cell or around its sur-
face, and to look for changes in activity
when we add drugs or other bioactive
compounds.”

As reported in the July 7 issue of
Proceedings of the National Academy of
Sciences (DOI: 10.1073/pnas.0904792106;
p- 10917), the researchers developed
nanocrystals containing rare earth ele-
ments—specifically, hexagonal phase
NaYF, with multiple Yb3* and Er3*
dopants—that absorb low-energy infra-
red light and transform it into visible
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Figure 1. Confocal upconverted lumi-
nescent image of individual upconverting
nanoparticles (NaYF4: Yb3+/ Er3*) on a
silicon nitride membrane. Laser power
density is ~3 x 108 W/cm2, and dwell
time per pixel is 10 ms. (Inset) The
transmission mode-scanning electron
microscope image taken at the upper left
corner region of the optical image shows
that the individual diffraction-limited lumi-
nescent spots are emitted from individual
UCNPs. The five individual nanocrystals
are labeled as A-E; an impurity is labeled
as F. Reproduced by permission from
Proceedings of the National Academy of
Sciences 106 (27) (2009) DOI: 10.1073/
pnas.0904792106, p. 10917. ©2009 by
the National Academy of Sciences.

light (known as “upconversion”) when
illuminated by light from a 980-nm con-
tinuous wave, near-infrared laser (see
Figure 1). Biological tissues are more
transparent to near-infrared light, making
these nanocrystals well suited for imag-
ing living systems with minimal damage
or light scatter.

To study how these probes might
behave in a real biological system, the
research team wrapped them with low
molecular weight amphiphilic polymers
and incubated the nanocrystals with
embryonic mouse fibroblasts, cells crucial
to the development of connective tissue,
allowing the nanocrystals to be taken up
into the interior of the cell. Live-cell imag-
ing using the same near-infrared laser
showed similarly strong luminescence
from the nanocrystals within the mouse
cell, without any measurable blinking or
photobleaching. The researchers reported
that blinking is suppressed in the
nanocrystals because each nanocrystal
contains many Yb* and Er®* ions result-
ing in steady-state emission under the
low-power continuous illumination. The
low power illumination also essentially
eliminates multiphonon fluorescence
background signal that occurs with high-
power laser sources.
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