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that is genetically transmissible (5, 6).
Interestingly, these mutations have been
found in the α4 and β2 genes. Functional
analyses of these mutated nAChRs show that
they all display increased sensitivity to the
natural neurotransmitter acetylcholine (7).
The findings of Tapper et al. not only pro-
vide direct evidence of how nicotine pro-
motes dependence, but also raise fundamen-
tal questions about the genetics of addiction.

Is it possible that polymorphisms present in
the human population could determine our
susceptibility to addiction? If this is the case,
we can predict that polymorphisms in neu-
ronal nicotinic receptor genes could be asso-
ciated with tobacco dependence. A coordi-
nated study of polymorphisms in nAChR
genes, smoking behavior, and functional
characterization of mutated receptors would
be required to answer this question.
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T
oday’s information economy is driven
by the electronics and photonics tech-
nologies, which use electrons and pho-

tons, respectively, to carry, store, and process
information. An emerging branch of photon-
ics, called plasmonics, aims to use nano-
structured materials that support “surface
plasmons” (see the figure, top left) for these
purposes. Plasmonics can potentially achieve
highly complex miniaturized devices by con-
trolling and manipulating light on the
nanometer scale (1–3). Several plasmon-
ic devices—including filters (1), wave
guides (1, 3), polarizers (4), and
nanoscopic light source (5)—have been
demonstrated. However, for plasmonics
to reach its full potential, active plasmon-
ic devices (6) such as switches and mod-
ulators will be required.

On page 1002 of this issue, Andrew
and Barnes (7) take an important step
toward the realization of an active plas-
monic device by combining thin poly-
mer films containing molecular chro-
mophores with thin silver films (see the
figure). The chromophores are the mo-
lecular equivalent of a Wi-Fi transmit-
ter and receiver, transferring energy and
hence information across the silver film
with the help of surface plasmons.

When light interacts with a free-elec-
tron metal, such as a thin (10 to 200 nm)
silver film, its surface electrons oscillate
collectively and absorb, scatter, or re-radi-
ate the incident photons. The resulting sur-
face electromagnetic field propagates in
the plane of the film (the x and y direc-
tions) with ranges of around 10 to 100 µm,
but decays exponentially in the z direction
(see the figure, top left) with a range of
200 to 300 nm. The field intensity in the z
direction is amplified by a factor of 10 to
100 relative to the incident intensity. These

propagating electromagnetic modes are
properly termed surface plasmon polari-
tons, but are often referred to simply as
surface plasmons.

The molecular plasmonic device con-
structed by Andrew and Barnes consists of
two polymer layers, one containing donor
(D) chromophore molecules and the other
containing acceptor (A) fluorophore mole-
cules (see the figure, bottom left). These
layers are deposited on either side of a thin
(30 to 120 nm) silver film to form a sand-
wich structure that is supported on a quartz
substrate (see the figure, right panel). The
donors absorb incident light and transfer
this excitation energy by dipole-dipole in-
teractions to the acceptors. The latter then
emit their characteristic fluorescence.

The distance dependence of this dipole-
dipole interaction, which is commonly re-
ferred to as fluorescence resonance energy
transfer or FRET, usually places an upper
limit of about 10 nm on the distance be-
tween D and A (8). This length scale is

comparable to the di-
mensions of biological
macromolecules. FRET
is therefore widely
used to measure the
distances between
sites in biomolecules
that are labeled with
donors and acceptors.
However, a number of
biological and physical
problems require dis-
tance measurements
with a range longer
than 10 nm. At present
this cannot be accom-
plished by FRET.

Andrew and Barnes
show that by coupling
surface plasmons and
FRET, energy can be
transferred with high
efficiencies of up to
~70% over distances
that are 15 to 20 times
longer than the 10 nm
observed in free solu-
tion or in biomole-
cules. The authors sup-

port the observation of the acceptor emis-
sion spectrum with two additional lines of
evidence. First, time-resolved measure-
ments of the donor and acceptor emission
spectra provide an independent demon-
stration of surface plasmon–mediated
FRET. Second, angle-resolved lumines-
cence studies on samples with a nanofab-
ricated sinusoidal grating etched into the
SiO2 substrate conclusively show the par-
ticipation of surface plasmon polariton
modes.

This groundbreaking research raises a
number of important questions. Can other
plasmonic nanostructures, such as nano-
particle or nanohole arrays, be fabricated
with integrated molecular components to
act as switches? What molecular proper-

D AAgQuartz

30–200 nm

+++ +++– – – – – – x

z

Metal

Dielectric medium

Donor (D) Acceptor (A)

O– N
Al3+

CH3

O

O

C–OCH2CH3

NHCH2CH3

Cl–
CH3

CH3CH3NH
3

+

Toward active plasmonic devices. (Top left) Surface plasmons are surface
electromagnetic waves that propagate in the x-y plane of a metal film but
decay exponentially in the z direction, both within the film and in the outside
dielectric medium. (Bottom left) Donor and acceptor molecules used by
Andrew and Barnes. (Right) Schematic representation of the plasmonic de-
vice created by Andrew and Barnes. Light arrives from the left (blue arrow), is
absorbed by the donor molecules in the blue layer, and is transferred across
the silver film with the help of surface plasmons. The acceptor molecules in
the green layer absorb the light and emit their characteristic fluorescence.
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ties, such as thermal or light-driven color
change, can be used to make active de-
vices? Can other light-driven surface
processes be mediated in an analogous
manner? Is it possible to use molecular
plasmonic nanostructures to measure large
distances between sites in biological struc-
tures such as viruses and organelles? These
and other questions will engage both theo-
rists and experimentalists. 

Andrew and Barnes suggest the use of
surface plasmon–mediated energy transfer
to improve the light output of organic light-
emitting diodes, which have great promise
as low-cost, flexible, portable displays (9,
10). Surface plasmons may also facilitate

charge separation in synthetic light-
harvesting nanostructures. Other potential
applications for molecular plasmonics in-
clude nanoscale optical spectroscopy (11),
surface-enhanced spectroscopy (12), sur-
face plasmon resonance sensing (13, 14),
and nanolithography (15).
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M
any of today’s tiniest
sensors are built
with microsystems

technology, a set of design
and production tools that us-
es techniques similar to inte-
grated circuit production to
make micrometer-scale me-
chanical structures. Since
the 1970s, researchers have aimed to create
smarter sensors and transducers—in which
data are gathered and interpreted within the
sensor or transducer—using this technolo-
gy. From accelerometers and gyroscopes to
image and pressure sensors, these smart
sensors have higher functionality and per-
formance, are more reliable and often dras-
tically smaller, and can be cheaper to man-
ufacture than conventional sensors.

In many smart sensors, the sensor and
its computational chip may be next to each
other (see the figure, left panel). This
arrangement is not, however, ideal for all
applications. For example, micromirror ar-
rays for projection display applications  (1)
necessitate huge parallelism for controlling
the individual elements. They therefore re-
quire “monolithic integration” (see the fig-
ure, right panel), in which each mirror ele-
ment is directly interfaced with its process-
ing electronics.

Monolithic integration saves volume,
electric power, and possibly cost, but
achieving it is not straightforward, because

very different materials and processing
techniques must be combined on the same
substrate. There are currently three ap-
proaches to realize monolithic integration
of sensors and electronics: processing the
microsystems first and the integrated cir-
cuits last, typically next to the sensors (2);
mixing the fabrication of both (3, 4); and
processing the integrated circuits first and
the microsystems last (5, 6), typically on
top of the circuitry. 

This third method could be the Holy
Grail of smart microsystem processing, be-
cause the ability to process and interconnect
devices in a modular manner above any un-
derlying signal-processing circuitry is a sub-
stantial simplification. Unfortunately, at-
tempts to realize this method by academia
and corporate R&D have not had the ex-
pected widespread success. Some industry
leaders have questioned whether this ap-
proach is worth pursuing, because the effort
and time needed to develop a generic mi-
crosystems module may not be adequately
offset by cost savings.

The problem is indeed complex. One
needs a good sensor material and a viable
process technology for making the sensor,
without at the same time affecting or de-

stroying the underlying circuitry (for ex-
ample, by excessive temperature or by
chemical reactions). The major hurdle
turns out to be temperature: The finished
circuitry cannot withstand temperatures
above 450°C—yet the most widely used
microsystems material, polysilicon (poly-
Si), must be deposited and treated above

800°C to ensure good me-
chanical and electrical prop-
erties. The processes clearly
are incompatible.

Many materials, such as
organic resists or metals,
can be deposited and fabri-
cated into microsystems at
low temperatures, but these
suffer from degraded de-

vice properties, high mechanical stress or
stress gradient, and limited reliability.
However, one material may combine all
the required properties. Poly-SiGe is high-
ly suitable for reliable micromachining be-
cause of its high melting point (well above
900°C), high elastic constants (around 150
GPa), and low losses (allowing it to vi-
brate or resonate if needed) (6). By com-
bining chemical vapor deposition and
plasma-enhanced chemical vapor deposi-
tion, poly-SiGe with mechanical qualities
similar to those of the abundant poly-Si
can be manufactured at a deposition tem-
perature of 450°C and at adequate deposi-
tion rates (100 nm/min) (7). Practical
films (for example, with a thickness of 10µm) have been generated with low tensile
stress and a very low strain gradient (7). In
situ doping has led to a poly-SiGe materi-
al with low resistivity (8). Moreover, the
electrical connection to the circuitry
shows a reasonable contact resistivity. The
good mechanical and electrical properties
mentioned above are needed for gyro-
scopes and other kinematic sensors (such
as capacitive accelerometers).

Poly-SiGe therefore seems very suitable
for monolithic integration of microsystems
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