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Weird Light & Plasmons 2

Last time, | talked about how weird light really is, and how it is simultaneously made up of waves, and of particles called
photons. Trunk lines of glass fibre are being laid across the world, and inside these optic fibres, beams of light are
shifting huge amounts of data. So we are gradually shifting from "electrons" and "electronics", to "photons" and
"photonics". But when you get down to the size of the wavelength of light, you enter the land of Quantum Mechanics,
where everything is really weird.

Back in 1989, Thomas Ebbesen from the NEC Research Institute in Princeton, New Jersey, was playing with a special
sheet of gold foil. It had some 100 million tiny holes in it, each about 300 nanometres (nm) across. A nanometer is really
small - one billionth of a metre, or a millionth of a millimeter. Now 400 nm is roughly the wavelength of blue light, and it's
the smallest wavelength that our eyes can see. Green light is in the middle of the rainbow at around 525 nm, and red
light is at the top end of what our eyes can see with a wavelength of about 700 nm.

So these 100 million holes (each 300 nm across) were all smaller than the shortest wavelength of visible light (which is
blue light at 400 nm). It's like trying to stuff a basketball into a hole the size of tennis ball - it just won't go. There is a well-
accepted Quantum Theory of optics which tells us that actually about one thousandth of the light that falls on the holes
should somehow sneak through. But forget the theory.

Back in 1989, Thomas Ebbesen measured that well over 100% of the light that was hitting the holes on one side, was
getting through the holes to the other side, and out. There was more light coming out of the holes than was going into
them! It was as though the metal between the holes was gathering the light and magically funneling the light to the
holes. Ebbesen did his experiments many more times, in many different ways, and still there was more light getting
through the holes than was landing on them. Nobody could explain these weird results, so he didn't even write about
them in a science magazine.

This all changed in 1998, when Peter Wolff, a theoretical physicist, joined NEC and found out about these weird holes
that funneled light. Now Wolff had a special interest in how electrons behaved on the surface of a metal. He already
knew that electrons ripple around on the surface in strange waves called " surface plasmons". If you want to get
technical, the physicists say that these strange waves are "collective electronic excitations, or charge density waves,
which are characterized by intense electromagnetic fields confined to the surface". In plain English, the electrons
behave like waves, not particles, and these waves ripple around on the surface of metals - a bit like how waves ripple
on the surface of the water of a pond when small boats sail across it.

By an amazing coincidence for Ebbesen back in 1989, there was an accidental close match between the incoming light
and the plasmons. By a lucky coincidence, the incoming light and the plasmons each had the same energy and
momentum. So the incoming light was being absorbed by these strange waves on the surface of the gold (these surface
plasmons) and then the surface plasmons were traveling through the holes to the other side, and when they got to the
other side of the metal foil, they were collapsing and emitting the light.

That's really weird.

But then it got weirder.

The next experiment just had one single small hole. The metal foil was engraved on each side with a whole set of
concentric rings, like a bullseye. These rings didn't go all the way through the metal, they were just grooved into the foil.
Again, the light landing on the metal got absorbed by the surface plasmon waves, which went through the single hole
and emitted the light on the other side - but only from the hole.

So why would these scientists have been spending their time on poking light through a hole?

One use would be to groove incredibly thin lines in computer chips - making them faster. Or, you could use the Bullseye
Effect to focus and send light exactly where you wanted to.

Or how about a medical use? Shine light onto chemicals that are stuck to a metal surface, and the plasmons could
slowly deliver drugs over days, and weeks.
These plasmons could put us light years ahead of where we stand today...



Tag-team entanglement

In quantum mechanics, when two particles cannot be described meaningfully by two separate wavefunctions they are said to be entangled. As a result,
any manipulation or measurement of one of the pair has an immediate effect on the state of the other, regardless of the distance between them. This
counterintuitive effect — famously dismissed by Einstein as requiring implausible "spooky actions at a distance" — is at the heart of research into
quantum computing and quantum cryptography.

Entanglement is relatively fragile — environmental decoherence effects can readily split the single wavefunction of an entangled system into two or
more distinct, non-entangled, particle wavefunctions. This fragility usually places constraints on the way in which such systems can be handled. But in
this week's Nature, Erwin Altewischer and colleagues demonstrate the transmission of entanglement between systems of entirely different particles,
without any catastrophic decoherence.

Photons are usually used in entanglement experiments for three simple reasons. Entangled pairs of photons are readily produced — for example by the
spontaneous splitting of a single photon in a nonlinear crystal — they are easy to transmit over long distances, and their entanglement can be verified
statistically. Altewischer and co-workers used entangled photons for another reason: they readily interact with other types of particles — in this case,
surface plasmons.

Surface plasmons are quasiparticles formed from collective excitations of conduction electrons at the surface of a metal or semiconductor. The wave-like
nature of surface plasmons has been understood for some time, but their quantum nature has never been explicitly verified. Recent studies have shown
that by forming a periodic array of pinholes in a metallic thin film, the dispersion relation for surface plasmons in the film can be altered to enhance their
resonant coupling with light. Such coupling results in a surface-plasmon-mediated enhancement of light transmission through these films.

By placing identically formed hole arrays in the paths of two entangled photon beams, Altewischer et al. tested whether the surface plasmons preserve
the entanglement during light transmission. The answer they got was a resounding yes. In the absence of hole arrays, the visibility of the biphoton
interference fringe — a measure of the degree of entanglement between the beams — was 97.0-99.3%. Placing both arrays into both beams caused
almost no change in their entanglement, resulting in visibilities of around 97.1%. Similar results were found using only one array in one of the beams.

These results suggest that entanglement is perhaps more robust than expected. But more significantly, it shows for the first time the essential quantum
nature of surface plasmons — involving the collective motion of some 1010 electrons — a vivid demonstration of the occurrence of quantum
phenomena at macroscopic scales.

Plasmon-assisted transmission of entangled photons
E. ALTEWISCHER, M. P. VAN EXTER & J. P. WOERDMAN

The state of a two-particle system is said to be entangled when its quantum-mechanical wavefunction cannot be factorized into two single-particle
wavefunctions. This leads to one of the strongest counter-intuitive features of quantum mechanics, namely non-locality. Experimental realization of
quantum entanglement is relatively easy for photons; a starting photon can spontaneously split into a pair of entangled photons inside a nonlinear
crystal. Here we investigate the effects of nanostructured metal optical elements on the properties of entangled photons. To this end, we place optically
thick metal films perforated with a periodic array of subwavelength holes in the paths of the two entangled photons. Such arrays convert photons into
surface-plasmon waves-optically excited compressive charge density waves-which tunnel through the holes before reradiating as photons at the far
side. We address the question of whether the entanglement survives such a conversion process. Our coincidence counting measurements show that it
does, so demonstrating that the surface plasmons have a true quantum nature. Focusing one of the photon beams on its array reduces the quality of the
entanglement. The propagation of the surface plasmons makes the array effectively act as a 'which way' detector.



Surface plasmons squeeze light
Mar 23, 2006

The backbone of the world's communication system is a
network of optical fibres that carry information in the form of
light pulses. Large volumes of data can be transmitted very
efficiently down these fibres but bottlenecks in the system
occur when the light pulses are converted into electrical
signals at various "junction boxes" that ensure information
reaches its correct destination. The telecommunications
industry, among others, is therefore extremely interested in
microphotonic circuits that can manipulate light pulses
directly and therefore increase data rates.

Physicists in Denmark and France led by Sergey Bozhevolnyi of the
University of Aalborg have developed a new class of waveguide that
could get round one of the biggest obstacles to photonic circuits. The
devices allow light at telecommunications wavelengths to be
"squeezed" to below the diffraction limit, allowing it to pass though
small regions such as channels on a chip without being significantly
lost (Nature 440 508).

Diffraction means that only a tiny amount of

light can pass through a hole that is narrower
than the wavelength of the light, and the light
that is transmitted emerges in all directions.

This can be problematic, for example, in optical The results
lithography where diffraction prevents the

fabrication of semiconductor features below a certain size. In
telecommunications, where the light typically has a wavelength of 1.5
microns, light cannot pass though the channels used to guide
electrons in today's silicon chips because they are too small.

One way to overcome this problem is to use light waves to excite the
collective wavelike motions of billions of electrons on the surface of
metals. Unlike the light waves themselves, these "surface plasmons"
are not restricted by the diffraction limit of light. Indeed, Bozhevolnyi
and co-workers previously showed that the plasmons can be used to
guide light through grooves in gold that are much narrower than the
wavelength of the light used.

Now, the Denmark-France
team has taken this work a
step further by using a new
class of surface plasmons
called channel plasmon-
polaritons -- electromagnetic
waves that originate at the
interface of a metal and an insulating dielectric such as air. The
researchers have shown that these plasmons can guide and
manipulate light along the bottom of sub-wavelength V-shaped
grooves in a gold film without significant propagation losses (see
figure). This is because the surface plasmons remain tightly bound to
the interface and thus concentrate the light into a volume that is less
than one wavelength across.

Discussing channel plasmon-polaritons

Channel plasmon-polaritons can be used to transmit light signals for
wavelengths of around 1.5 microns -- just right for
telecommunications applications. Furthermore, the propagation
length of a plasmon at a planar gold-air interface is around 1mm,
which is long enough to optically connect two devices on a chip.

"Our technique is so good that it can already be used for many
practical applications, such as ultracompact optical interconnects,
interferometers and waveguide-ring resonators,” explains
Bozhevolnyi. "It should also be borne in mind that the channel
plasmon-polaritons are bound to and propagate along the metal
surface, thereby allowing for natural integration with electrical
circuits."



Physics and Technology Forefronts

Catching an electron wave with emerging plasmon applications.
By Jennifer Ouellette

When light strikes a metallic surface, it generates electron waves,
called plasmons. This remarkable effect was discovered in 1897 by
Robert W. Wood, a physics professor at Johns Hopkins University .
Wood was also the first person to unwittingly record the energy lost as
heat by plasmons skimming along the surface of metals in 1902.

‘Nanorice' shown in the images
above, can be used to map the
surfaces of biological cells.

It took 40 years for Italian physicist Ugo Fano to provide an
explanation: metals are not perfect conductors. A conducting surface
can guide light as a 2D surface wave plasmons are also known as
two-dimensional light-and those waves absorb energy. Hence, Wood's
anomalous observations of energy loss in the light reflected from
metallic surfaces. Their unusual properties make surface plasmons
extremely promising for a wide range of applications, including
plasmon microscopes and "super-lenses,” plasmon-based nanoparticle
biosensors, and electronic circuits capable of operating at optical
frequencies.

A "plasmon microscope” formed with
a glycerin drop (left) creates an image
of a 30 ym x 30 ym array of
“nanoholes” (blue square), in which
the triplets of the 100 nm diameter
holes can be resolved (right).

Cutting-Edge Microscopes . Plasmons can enable scientists to see
fine details that were previously undetectable. For instance, a team of
scientists at the University of Maryland led by Igor Smolyaninov, along
with colleagues at Queen's University in Belfast, Ireland, are
developing a two-dimensional plasmon microscope, ideal for imaging
living cells, that could operate much like a point-and-shoot camera and reveal much more detail that currently
available with existing imaging techniques. They were able to image tiny objects with spatial resolutions of 60
nm, further reduced to 30 nm with a bit of mathematical tweaking. The UMD team believes they can improve the
resolution even further, down to around 10 nm.

A sample is placed on a metal-coated glass surface and covered with a drop of glycerin. Laser light shines
through the glass and produces surface plasmons in the metal. The glycerin acts like a parabolic dish that can
collect plasmons sprayed out from the sample at its focal point. It then forms them into something like a
"plasmon beam" that goes back down towards the metal surface. Part of that beam bounces back up and can
be seen with a regular light microscope. The performance is close to what an electron microscope might
achieve, but involves no vacuum, high voltage or elaborate specimen preparation.

Other planned improvements include replacing the micromanipulators currently used to adjust the glycerin
droplet's shape by hand with solid mirrors etched on the glass using lithography — an important step towards
building a practical device. This would enable scientists to buy these special glass slides to use with any
microscope: any lab could achieve electron microscopy resolution for the cost of a regular microscope. Nor
would there be a need for special sample preparation. Movies might even be possible, since the image is taken
all at once, rather than one pixel at a time. State-of-the-art lithography cannot yet produce sufficiently smooth
mirrors to match that of the glycerin drop's surface, but the UMD researchers are hopeful that the technology will
continue to improve rapidly to make it possible in the near future.

Super-Lensing . Other researchers are exploiting plasmons to create “"super lenses,” relying on tiny
nanoparticles to amplify and focus the light shining on a given sample. Scientists at the University of Texas, for
example, have built a "super lens" and used it in a device to take pictures just below the surface of thin material
substrates. According to Gennady Shvets, by combining his “super lens” with near-field scanning optical
microscopy, he was able to achieve microscope resolutions as good as 1/20th of a wavelength in the
mid-infrared range of light.

This in turn enabled him to observe “giant transmission,” in which light falls on a surface covered with holes
much smaller than the wavelength of the light. Even though the total area of the holes comprised a mere 6% of
the total surface area, 30% of the light nonetheless came through, thanks to the presence of plasmons. It is very
difficult to image objects smaller than half the wavelength of the light being used for the imaging, but Shvets and
his colleagues were able to achieve much higher resolution because there was less diffraction.

Meanwhile, at Rice University, researchers have created rice-shaped particles of gold and iron oxide, called
“nanorice™so named because when magnified the structures resemble tiny grains of rice that they hope to
attach to the probe tips of scanning microscopes to map out the surfaces of biological cells. According to group
leader Naomi Halas, nanorice is similar to an earlier structure she invented in 1998 called nanoshells. Both are
made of a non-conducting core covered by a metallic shell. Changing the shape of a metal at the nanoscale
enables researchers to modify the properties of the plasmon waves produced. Spheres and rods are the most
optically useful shapes, and nanorice combines the best properties of both.

Nanoshells and nanorice can also serve as "super-lenses,” amplifying light waves and focusing them to spots far
smaller than a wavelength light. In fact, Halas reports that nanoshells are about 10,000 times more effective at
surface-enhanced Raman spectroscopy (SERS) than traditional methods. Raman scattering is routinely used by
medical researchers, drug designers, and chemists to determine the precise chemical makeup of materials. So
single grains of nanorice could provide the needed field intensities to characterize biomolecules like proteins and
DNA that adsorb on a particle. They could also be used not just to identify, but eradicate cancer cells in rats.

Integrated “Plasmonics.” To date, it's proven difficult to combine photonic components — such as fiber optic
cables — with electronic components like wires and transistors because of their mismatched capabilities and
size scales. Photonic components can carry a lot of data — witness the explosion in broadband data
transmission rates — but are bulkier than electronic components, which in turn can carry less data. |deally
scientists would like to be able to combine the best features of both onto a single chip in an emerging new
discipline known as plasmonics.



Plasmons might be the key to achieving true integration on a single chip, since they operate at optical
frequencies — typically 100,000 times greater than the frequency of even the most cutting-edge
microprocessors — and the higher the frequency of the wave, the more information you can transport over it.
Yet they take up much less space because their wavelengths are much smaller than the light used to create
them. In such devices, light would be converted into plasmons, which propagate along a metallic surface with a
wavelength smaller than the original light. The plasmons could then be processed with their own 2D optical
components— mirrors, waveguides, or lenses—and then later converted back into light, or into electrical signals.

Nader Engheta of the University of Pennsylvania believes that nanoparticles—including those capable of
supporting plasmon excitations—could be configured to act as nanometer-scale capacitors, resistors and
inductors: the basis elements of an electrical circuit. But in this case, the circuit would operate not at radio or
microwave frequencies, but at optical frequencies. This would enable the further miniaturization (down to about
30-50 nm) of optical components and the direct processing of optical signals with nano-antennas, nano-circuit
filters, nano-waveguides, and nano-resonators. It could even lead to possible applications in nano-computing,
nano-data storage, molecular signaling and molecular-optical interfacing.

Physicists in Denmark and France led by Sergey Bozhevolnyi of the University of Aalborg have developed a
waveguide that could allow light at fiber-optic wavelengths to be "squeezed" to below the diffraction limit,
allowing it to pass though small regions such as channels on a chip without being significantly lost.

Bozhevolnyi's team used a new class of surface plasmons called channel plasmon-polaritons —
electromagnetic waves that originate at the interface of a metal and an insulating dielectric such as air. These
plasmons can guide and manipulate light along the bottom of V-shaped grooves in a gold film without significant
propagation losses. This is because the surface plasmons remain tightly bound to the interface and thus
concentrate the light into a volume that is less than one wavelength across.

Channel plasmon-polaritons can be used to transmit light signals for wavelengths of around 1.5 microns — just
right for telecommunications applications. Furthermore, the propagation length of a plasmon at a planar gold-air
interface is around 1 mm, which is long enough to optically connect two devices on a chip.

Cloak and Dagger. In 2005, scientists at the University of Pennsylvania announced that they could potentially
use plasmon coatings as a cloaking device to render objects invisible by creating a kind of "shell" around the
object. Plasmon waves limit light scattering off an object because they resonate at the same frequency as the
light striking them, so they cancel each other out. This makes the object in question very difficult to detect.

The roots of their research date back to 1998, when researchers led by Thomas Ebbesen of the Louis Pasteur
University in Strasbourg, France shone light on a sheet of gold foil that contained millions of tiny holes. The
holes were smaller than the wavelength of the light, and Ebbesen expected no light to get through. Instead,
more light came out the other side than what hit the holes. Follow-up research found that plasmons were
snagging light and stuffing it through the holes. When the energy and momentum of the photons match the
energy and momentum of the plasmons, the photons are absorbed and radiated again on the other side.

Practically speaking, the technology, if developed, might be used in antiglare materials or to improve
microscopic imaging. A more futuristic goal is that an entire aircraft might be made transparent to radio waves or
some other long-wavelength detector.

But cloaking ability would depend on an object's size, so that only with very small things — items that are
already microscopic or nearly so — could the visible light be rendered null. A human could be made impossible
to detect in longer-wavelength radiation such as microwaves, but not in visible light.

Anything not perfectly ball-shaped presents additional problems. The researchers' calculations suggest
"homogeneous spherical objects” in the nanoscale range could be rendered optically invisible.

More than 100 years after their serendipitous discovery, an increasing number of researchers are catching an
electron wave. As a result surface plasmons are emerging as a critical element in many next-generation
technological applications because of the remarkable properties. Further research and development is needed
before such applications become truly enabled, but the future of plasmons appears as bright as a shiny metallic
mirror.



Nanotechnology

Plasmonic waveguides based on synthetic nanomembranes

Zoran Jaksié
Optics and electronics are merged on the nanoscale to facilitate introduction of
biomimetic principles in nano-optics.

S April 2011, SPIE Newsroom. DOI: 10.1117/2.1201103.003562

Structuring metal dielectrics with nanometer-scale
precision enables electromagnetic-field concentration
and control at the subwavelength level. Use of surface-
plasmon polaritons (SPPs), evanescent waves
propagating at 2 conductor-dielectric interface, has
ushered in the field of plasmonics.2:2 Plasmonic
waveguides and circuits will be critical to 2 new
generation of devices with the compact dimensions of
integrated electronics and the speed of photonics. Existing applications of
plasmonics include ultrasensitive chemical and biological sensors,? plasmon
nancguides and circuits,® and photovoltaic cells.® Photonics is vastly extended
by plasmonic nanostructures, including subwavelength plasmenic crystals’ and
plasmonic metamaterials.®

The primary limitations of plasmonic materials are heavy absorption losses,
large frequency dispersions, and a limited choice of materials.? Longer
propagation paths and larger design freedom could be ensured through use of
synthetic free-standing nanomembranes, quasi-2D structures with extremely
large aspect ratios.1® Such structures are intrinsically symmetric in an
electromagnetic sense, ensure much lower losses, and therefore support
long-range SPP propagation1~12 (see Figure 1). In contrast to conventional SPP

guides with bulk substrates, here SPPs propagate along a quasi-2D guide. A
nanomembrane is less than 100nm thick, with lateral dimensions often larger
than 1cm. In spite of their enormous aspect ratios, nanomembranes are quite
robust and even allow manipulation with free hands.14/15 They are probably the
only element from the nanotechnology toolbox that can be seen with an unaided
eye and manipulated without special equipment.
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Figure 1. Long-range surface-plasmon-polariton (SPP) propagation on a
self-supported nanomembrane. €3, €2: Dielectric functions. a.u.: Arbitrary units.

In our research, we choose to produce plasmonic nanomembrane guides
through multifunctionalization.16 A biological nanomembrane without
functionalization would be a2 simple inanimate object. Synthetic-nanomembrane
nanofunctionalization vastly expands their applicability. Primary approaches to
membrane multifunctionalization include using nanofillers, lamination
(multilayering), additive and subtractive patterning, and surface sculpting (see
Figure 2).
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Figure 2. Nanomembrane multifunctionalization. (a) Nanofillers, (b) lamination,
(c) additive (top) and subtractive (bottom) patterning, and (d) surface
sculpting.

One may incorporate nanofillers into nanomembranes Examples include
plasmonic metal-nanoparticle arrays,>” which themselves may serve as
plasmonic guides, but also other components such as carbon nanotubes, which
also mechanically reinforce nanomembranes. Another approach is to laminate a
larger number of strata, thereby obtaining multilayer plasmonic crystals.18
Methods for this approach include the layer-by-layer technique,!? Langmuir-
Blodgett deposition, and dip-and-drop coating.2% Patterning by rendering
protrusions or apertures can be effected, for example, by directed energy or
particle beams.2? This enables fabrication of complex structures, such as
fishnet-type negative-refractive-index metamaterials. Nanomembrane
waveguides can also be sculpted to form various 3D shapes2i.22 (see Figure 3).
Obviously, two or more of these may be combined.

Figure 3. Artificial ion channels (red cylinders) built into a three-layer
nanomembrane.



One of our research directions is lamination of nanomembranes with layers of
transparent conductive oxides.2> These materials are seen as a viable low-loss
alternative to metals in plasmonics.? We used indium oxide, indium-doped tin
oxide, and aluminum-doped zinc oxide nanoparticles synthesized from
nonaqueous solution and deposited them using dip-or-drop coating.23

Another research direction is aimed at plasmon-waveguide chemical-sensor
selectivity enhancement. The idea is to laminate the plasmon guide with another
nanomembrane, incorporating artificial nanopores.24 Use of synthetic gated-ion
channels enables selective and switchable transport of analytes to the guide
surface?® and opens a pathway toward biomimetic enhancement of plasmonic
structures.

In combination, artificial free-standing nanomembranes and plasmonics have
opened up new research directions, further expanded by multifunctionalization.
Nanomembranes can be used to fabricate stretchable and foldable plasmonic
waveguides, circuits, and devices that are transferable to various substrates,
including those that are curvilinear. They can be patterned and stacked to form
3D photonic and plasmonic crystals. They may be dynamically tuned through
stretching and folding. They can be fabricated in various shapes, such as
nanoribbons, and their properties can be engineered through
multifunctionalization. There are many applications of nanomembrane
guides—such as chemical and biological sensors—and photonic circuitry, such as
active devices and photodetectors. Some functionalization approaches include
those that are biomimetic, which facilitates the introduction of bionics into
plasmonics. Available material choice even includes those that may be
incompatible with biology. Possible limits are far away and are the subject of
ongoing research.

Zoran Jaksic

Institute of Chemistry, Technology, and Metallurgy
University of Belgrade

Belgrade, Serbia

Zoran Jaksic received his PhD in electrical engineering from the University of
Belgrade. His interests include nanophotonics, nanoplasmonics, and nane- and
micro-electromechanical sensors and detectors. He has authored 210
peer-reviewed publications, including 46 journal papers. He is a full research
professor.




True-color holograms may light up small displays

By Chris Lee | Last updated 9 days agc

The recording media (left) and a resulting hologram
Science/AAAS

The Nintendo 3DS notwithstanding, 3D technology still comes under the classification of cumbersome. The
viewing angle is usually poor, or you need to wear special glasses. Neither of these options are particularly
attractive. An alternative is to use holograms, but this comes with its own set of problems. For instance, the
holograms on credit cards are visible from a wide range of angles... but, well, they aren't called rainbow
holograms for nothing. Holograms with better color reproduction have a limited viewing angle. All in all, it is
rather fraught.

Riding to the rescue are engineers bearing surface plasmon polaritons. By combing some fairly standard
holography technigues along with some surface plasmon polariton tricks, the researchers have created
holograms that have both a wide viewing angle and good color reproduction.

So, how did they do it? First, a short primer on surface plasmon polaritons, entities that are part light and part
electric charge. When light is incident on a metallic surface, it begins to move charges back and forth. Normally,
this will result in the light being reflected from the surface. But charge motion can also become collective and
begin to transit along the surface of the metal. When this happens, the light is not reflected—it's absorbed into
the metal as a surface plasmon polariton.

To excite a surface plasmon polariton, we must match the speed of light along the surface to the speed of the
surface plasmon polariton. This requires that we hit the surface at some angle that is not perpendicular to the
surface, and because light in vacuum is just so damned fast, we have to slow it down. We do this by putting the
metallic surface on some glass. This slows the light down by about 30 percent, allowing us to choose an angle
of incidence and wavelength of light that will generate a surface plasmon polariton.

Having gotten a surface plasmon polariton into the metal, what do we do with it? We get it to radiate as light
again. To do this, you pattern the metallic surface with a series of lines. These lines disrupt the movement of
the surface plasmon polariton, causing it to emit light. However, the emission is in the form of a bunch of stripes
that all add together to make a single bright spot at a single angle. By altering the lines, you could also create a
pattern that doesn't allow the surface plasmon polariton to radiate at all, or allow red colors to radiate vertically,
while green colors radiate at 45 degrees.



Having gotten a surface plasmon polariton into the metal, what do we do with it? We get it to radiate as light
again. To do this, you pattern the metallic surface with a series of lines. These lines disrupt the movement of
the surface plasmon polariton, causing it to emit light. However, the emission is in the form of a bunch of stripes
that all add together to make a single bright spot at a single angle. By altering the lines, you could also create a
pattern that doesn't allow the surface plasmon polariton to radiate at all, or allow red colors to radiate vertically,
while green colors radiate at 45 degrees.

How does this relate to holograms? A hologram is recorded by mixing light that has bounced off an object with
light that is undisturbed. The resulting fringe pattern records the amplitude and phase of the light associated
with the object. These two bits of information are what gives a hologram its depth, in contrast to a normal
photograph, which records the intensity of scattered light.

If this fringe pattern is recorded with different colors, the combined fringe pattern also records the colors that
make up the object as well. The other thing to note is that a fringe pattern is just a bunch of lines that cross
each other at various angles—just the sort of thing used to make a surface plasmon polariton radiate.

The researchers took advantage of this by recording their hologram on a metallic surface layered on a piece of
glass. The cool thing is that if you illuminate the back of the glass plate with red, green, and blue lasers at the
right angles, you end up with red, green, and blue surface plasmon polaritons traveling through the metal.
These then hit the fringe pattern of the hologram—which, remember, records not just amplitude and phase, but
color as well. The fringe pattern causes red colors to only be viewable in directions from which red was
scattered in the original pattern. Likewise for green and blue, allowing for good color reproduction over the
range of angles.

As with many things, this isn't all pixies and fairy dust. The angular range over which the hologram can be
viewed with color accuracy is basically the same angular range over which the original hologram was
illuminated, so to get a wide range of viewing angles, a number of holograms have to be overlapped. This
makes the combination of wide viewing angle and accurate white balance very hard to achieve (but achievable
all the same).

Furthermore, | suspect that the size of the image is rather small. While you might envision this as a display for
something like a phone or a portable gaming system, it probably won't scale to a television display. On the
technical development side, the researchers have shown static images, but display technology needs to be
dynamic. They will need to develop a way to write the fringe patterns on the metallic substrate and erase them
again in just a few milliseconds in order for this to progress to a workable 3D system. This last may well be a
real barrier to any products and will require some innovative thinking.



Holograms in True Color - ScienceNOW http://news sciencemag .org/sciencenow/2011/04/holograms-in-true-color.html ?ref=ra
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Researchers have developed a new way to create true-color holograms

ENLARGE IMAGE

that can be viewed from any angle using ordinary white light. The advance
could lead to a new generation of electronic devices, such as cell phones
or miniature televisions that display three-dimensional (3D) images.

True 3D images can be created in several ways. In the 1960s, researchers
generated the first holograms by firing a laser at an object and then using a
photosensitive material to record the pattern of interference between light

waves reflected off the object and those striking the material directly from
the laser. This hologram, if later illuminated with the same wavelength of . . " "
In living color. This three-dimensional,
laser light, reproduced a 3D (but monochromatic) image of the object. One true-color image of an apple was
generated using a new technique of

well-known hologram of that era captured in red laser light a chessboard making holograms (insef) that allows the

on which pieces could be viewed from various angles as a viewer shifted image to be viewed using ordinary white \ /
position. light.
Credit: Science/AAAS Building
Solid
The so-called rainbow holograms now common on credit cards are Career
generated differently, using white light reflected off a silvery backing through a plastic film that contains several Connections

images, each stored in a different color in its own layer. As the hologram is viewed from different angles, the shifting
view of those colored layers with respect to one another provide a 3D perspective. In many cases, the image
produced by these rainbow holograms isn’t a true-color representation of the object depicted.

View

Now, researchers report today in Science that they can create true-color holograms that can be viewed using only ! NOW >

white light. Like the first holograms, the new technique uses lasers to generate an interference pattern, says Satoshi
Kawata, a photonics physicist at Osaka University in Japan. To capture colors, Kawata and his colleagues illuminate
the original object with three different lasers: red, blue, and green, the three primary colors of projected light. They
store the hologram in a light-sensitive material coated with a thin layer of metal such as gold or silver, a veneer that

. . N . . Produced by the Science/AAAS
contains free electrons that are easily excited when struck by radiation such as light waves. Business Office

Science Careers
To reproduce a 3D image, the researchers bathe the metal-sheathed material in ordinary white light, which contains From thejournal science  RVAAAS

all wavelengths of visible light (including red, blue, and green). That white light excites the free electrons; their

resulting movements and oscillations (so-called surface plasmons) in turn give off light that regenerates the

image—an image that combines the red, blue, and green versions of the hologram to generate a true-color ScienceNOW. ISSN 1947-8062
representation of the original object. In their lab tests, Kawata and his colleagues created realistically hued

holograms of an apple, a flower, a Japanese origami crane, and several other objects. For now, Kawata says, the

new technique can produce only static holograms—no pint-sized Princess Leia pleading for help from Obi-Wan

Kenobi just yet.

“It's quite a scientific achievement,” says physicist Pierre-Alexandre Blanche of the University of Arizona in Tucson.
The technique may be able to generate brighter images that can be seen through a broader range of viewing angles
than holograms produced using other methods, adds media technologist V. Michael Bove Jr. of the Massachusetts
Institute of Technology in Cambridge. The problem, he says, may be figuring out how to mass-produce images more
cheaply than other techniques can.

Yet another issue may be scaling up the holograms to large size, says photonics physicist Nasser Peyghambarian of
the University of Arizona. So far, the researchers apparently have created holograms only about the size of an index
card. The prisms used to illuminate the holograms, which in the current scheme are mounted beneath or behind the

metal-coated material, could easily become cumbersome in much larger displays, he contends.

Nevertheless, the notion of watching the Super Bowl on a coffee table with an embedded holographic display

—complete with little linemen, wee wide receivers, even a tiny blimp floating a few feet above the potato chips and
beer coasters—may someday become a reality to sports fans everywhere.
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. Surface plasmons create vivid holograms
07 April 2011

Holograms displayed using interactions between light and the collective
oscillations of electrons on the surface of a metal, known as surface plasmons,
are set to transform three-dimensional imaging technology. Satoshi Kawata and
his team from Japanese research insitute RIKEN's Saitama campus have
constructed images that, unlike credit-card holograms, appear in the same
natural colours from any angle.

Plasmons are "quasiparticles” that are observed when electrons in a metal
collectively oscillate at light wave frequency. If light falls on a metal with a lower
frequency than the surface plasmons it is reflected, while higher-frequency light
is transmitted. The frequencies of gold and silver’s surface plasmons are in the
visible range, causing their distinctive colours. Katawa's team exploits this
phenomenon. 'Our proposal is plasmons can be used to select colours in a
hologram,’ he says. 'This hologram is reconstructed by white light - you don't
need a laser.'

Lasers are still needed to make
the hologram. Team members
Miyu Ozaki and Jun-Ichi Kato
iluminate objects with red,

. green and blue lasers and the
light beams diffract onto a glass
sheet covered in a 150 nm thick
layer of photoresist material,
recording the image.

To make the plasmon hologram,
the scientists coated 55 nm
silver and 25 nm glass layers
onto the photoresist. Shining
light into the hologram through a
prism from three different
angles, one for each colour,
reconstructs the three-
dimensional image.

Reconstruction of a red apple with a green leaf in three

Katawa predicts that he and dimensions using surface plasmon holograms
other scientists will eventually N
use this method to create SHEEIMSREARS

moving pictures. But even

before that such holograms promise ‘revolutionary' tools for personalised
medicine, according to Heike Arnolds, who researches plasmon-enhanced
photochemistry at the University of Liverpool. ‘Chemists are ideally placed to
exploit this by producing functionalised hologram surfaces for surface plasmon
resonance sensors,' she says. A glucose sensor might display its readout
through characteristic colour changes, Arnolds explains. 'If your apple doesn't
look green, go see a doctor.’

Andy Extance

Interesting? Spread the word using the ‘tools’ menu on the left.
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Scientists 'prove’ that time travel will always be impossible by building a toy
version of the Big Bang

By Daily Mail Reporter

Last updated at 10:57 AM on 14th April 2011

If you've long harboured a fantasy of firing up the Delorean and becoming the next Marty McFly, then sadly it looks like your time-travelling dreams have finally been dashed.
For scientists at the University of Maryland claim to have proved that time travel is impossible and will forever remain a Hollywood invention.

Igor Smolyaninov and Yu-Ju Hung have built a toy version of the Big Bang - the point at which the universe was created around 13.7 billion years ago.

Going out with a bang: Scientists in the U.S. claim their experiment proves time travel is impossible

The desktop experiment simulates how light and timed flowed during the Big Bang - but not the explosion itself.

According to the research, it could help explain why time only marches forward and disorder increases - why we only get older not younger and why a smashed plate cannot become unbroken.
In a report in Physical Review Letters, Smolyaninov describes their work as 'simple experimental geometry'.

For the experiment, researchers took strips of acrylic and gold called metamaterial, and arranged them to twist light in unusual ways.

These substances can be thought of as 'invisibility cloaks', bending light around objects to disguise them.

Shed some light: An image from inside 'Big Bang-in-a-box’

It has also been claimed that metamaterial can mimic astronomical events such as a planet orbiting a star or how light behaves in a black hole.
When a laser hit the metamaterial, it excited waves of plasmons on the surface - which appeared to only move in one direction.
The movement is the same as how massive particles move through time and space - creating a Big Bang-like moment.

At first the scientists believed they could create time travel - by building a metamaterial in which light moving in a circle was mathematically identical to particles moving through time, then sending a plasmon on a circular orbit
bringing it back to the same point it started.
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Mystery solved? A diagram of the Big Bang

No firing up the Dolorean: Christopher Lloyd as Doc Brown and Michael J Fox as Marty McFly in the film Back To The Future

But it turns out to be even more complicated than that - for the specific light that is need to interact with particles travelling through time cannot go in a circle.

‘Time travel in this model looks like it's impossible,’ said Smolyaninov.

However the research team did acknowledge that the the experiment was not absolute in its findings.

"It will never give you the real final answer about the real Big Bang and real time,' said Smolyaninov. 'But if you study it, you may discover something, and you may be able to ask more intelligent questions."

For example, it could help scientists understand more about the 'Big Crunch' - one scenario on the fate of the universe when the constant expansion of light and time from the Big Bang reverses and the universe collapses into a
black hole.
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Teddy Robbear - | refuse to believe you have a PhD of any value when | read the utter nonsense you spout on here about a fairy in the sky. No educated man has faith in a made-up god in the way you do. Someone with a PhD,
by definition a research degree would surely have educated himself on the details of the bible and found them to be false, as did I? - Norma Lee Lucid, Wigan, UK, 15/4/2011 Many scientists and other academics and
professionals lead lives of religious practice and faith and yet engage fully with the physical, medical, and social sciences and the worlds of politics and literature. Such people are rational and thoughtful and skeptical. They are
critical thinkers.

- Teddy Robbear PHD, Scotland, 17/4/2011 21:15

Click to rate __Rating 4

Report abuse

Read Brian Cox's wonderful book "Why Does E=mc2 (And why should we care?)". To move in any other direction in space-time requires that we move faster than the speed of light. Unless that is possible (and it isn't) we cannot
travel backwards in time, only forward. - Simon, Bath, 15/4/2011 12:12 | prefer his "Things can only get better" song to his science. He's a typical attention seeking individual with a false Blair like smile which is ok for your
average pop star but not your scientists, who are best heard and not seen. Good looking people make bad scientists, because no one is listening to them, just remarking on how good looking he is.

- Teddy Robbear PHD, Scotland, 17/4/2011 21:08

Click to rate __Rating 5

Report abuse

Total rubbish. | drive fast and still have a 70s hair style! The big crunch and time reversing is also bunkum. Even Stephen Hawking acknowledged that. Time doesn't reverse just because you're going backwards.
- rupert, Yorkshire, UK, 17/4/2011 18:27
Click to rate __Rating 4

Report abuse

What a load of rubbish! everybody knows you can time travel by hitting 88MPH
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Metamaterial Reveals Nature of Time and the
Impossibility of Time Machines

By recreating the Big Bang inside a metamaterial for the first time, physicists have shown why the
cosmological arrow of time points in the same direction as the thermodynamic arrow of time
By kfc

toy “big bang”

Metamaterials are periodic structures that can be engineered to steer light in specific ways. The
trick is to manipulate the properties of the "electromagnetic space” in which light travels by
controlling the values of the permittivity and permeability of this space.

In recent years, physicists have had a great deal of fun using metamaterials to build all kinds of
exciting devices, the best known being invisibility cloaks which steer light around an object,
thereby concealing it from view.

But metamaterials have a more profound application because there is a formal analogy between
the mathematics of electromagnetic spaces and the mathematics of general relativity and the
spacetime it describes.

That means it is possible to reproduce inside a metamaterial an exact copy of many of the
features of spacetime. We've looked at a number of these ideas, such as how to build a black
hole and even create a multiverse.

Today, Igor Smolyaninov at the University of Maryland, College Park, says it is possible to
recreate the arrow of time inside a metamaterial. Such an experiment, he says, allows the
experimental study of one of the great outstanding mysteries in science: why the cosmological
arrow of time is the same as the thermodynamic arrow of time.

At the same time, the exercise gives a curious insight into the potential for time travel.

The arrow of time is a long standing puzzle. Many cosmologists believe that the Universe began
with the Big Bang, an event that is clearly in our past.

And yet our standard definition of time comes from thermodynamics and the observation that
entropy always increases with time. For example, you can easily break an egg or mix milk into
your tea but reversing these processes is hard. Observing phenomena like these defines the
arrow of time.

But why should the cosmological and thermodynamic arrows of time point in the same direction?
Metamaterials can help researchers study this problem because it is possible to manipulate them
so that space-like dimensions become time-like. Smolyaninov describes how to create a material

in which the the x and y directions are space-like while the z-direction is time-like.

The way light moves in this space is exactly analogous to the behaviour of a massive particle in a
(2+1) Minkowski spacetime, which is similar to our own universe. So the pattern of light
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propagation inside this metamaterial is equivalent to the "world lines" of a particle in a Minkowski
universe.

Smolyaninov says that a Big Bang event in the metamaterial occurs when the pattern of light rays
expands relative to the z-dimension, or in other words, when the world lines expand as a function
of time. This establishes a cosmological arrow of time.

The next question is how this arrow relates to a thermodynamic arrow of time. This requires a
definition of entropy inside the metamaterial which Smolyaninov says is a kind of measure of the
disorder associated with the light rays.

If the metamaterials are perfect the rays should propagate perfectly. But they're not perfect and
so distort the rays as they spread. This determines a thermodynamic arrow of time and shows
why it is the same as the cosmological arrow of time.

But there's a problem of course. Although there is a formal mathematical analogy between these
spaces, it's not at all clear what plays the role in Minkowski space of the imperfect propagation of
light through electromagnetic space.

In the past, scientists have only been able to think about these problems theoretically but
metamaterials now allow them to s study them experimentally.

Amazingly, Smolynainov and a colleague, Yu-Ju Hung, have actually built their time simulator.
Their system is made using specially shaped plastic strips placed on a gold substrate. And the
light rays are actually plasmons that propagate across the surface of the metal while being
distorted by the plastic strips.

This represents a number of firsts. To start with, Smolyaninov uses this system to recreate the
Big Bang in his lab. He calls it a toy Big Bang but it's hard to understate the significance of this
event. A Big Bang in your own lab!

He then goes on to use his model to study the arrows of time. Imagine: your own custom-built
arrow of time!

This system also gives an interesting insight into the nature of time machines. The question
Smolyaninov asks is whether it is possible to create closed time-like curves in his material. This is
equivalent to asking whether it is possible for particles in a Minkowski space to travel in a curve
that takes them back to the point in space-time where they started.

He considers this by imagining a cylindrical metamaterial in which the z-dimension and radial
dimension are space-like and the angular distance around the cylinder is time-like. Can closed
time-like curves exist in this system, he asks. "At first glance, this question is simple, and the

answer should be "yes"," he says.

But under closer examination the answer turns out to be different. He points out that while it is
possible for light rays to follow circular paths that return to the point from where they started,
these rays would not perceive the angular dimension as time-like.

By comparison, any ray that does perceive the angular dimension as time-like cannot actually
return to the same point in space-time, (although it can travel a world line that is very close to a
closed time-like curve). So time machines, even trivial ones like this, are impossible.

That's hugely impressive work. Smolyaninov is one of the world's leading thinkers on
metamaterials and has done much to advance the theory that links electromagnetic and
Minkowski spaces.

Now he's actually getting his hands dirty. In creating for the first time metamaterials that
reproduce the Big Bang and the arrows of time that result, he's surely achieved an extraordinary
landmark.

Ref: arxiv.org/abs/1104.0561: Modeling of Time with Metamaterials

You can now follow The Physics arXiv Blog on Twitter

Copyright Technology Review 2011.
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Plasmonic Structures Trap a Rainbow

WRITTEN BY NANCY LAMONTAGNE | 20 APRIL 2011
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Researchers at the State University of New York (SUNY) at Buffalo and Lehigh University
have theoretically and experimentally described trapping light of different wavelengths in a
single nanoplasmonic structure.

Trapping multiple wavelengths of light could
be useful for increasing the optical
absorption of solar cells. Qiaogiang Gan, an
Assistant Professor from SUNY at Buffalo’s
School of Engineering and Applied
Sciences, and his colleagues in Filbert
Bartoli's group at Lehigh University created
plasmonic structures by making nanoscale
grooves in metallic surfaces at different
depths, which led to altering the materials'
optical properties.

The optical properties of the nanoplasmonic

structures allow different wavelengths of Nanomaterials created by Qiaogiang Gan
light to be trapped at different positions in allow for the trapping of different

the structure, trapping multiple wavelengths wavelengths of light. Credit: Douglas
on a single chip. Conventional methods (e.g. Levere, UB Communications

ultra cold gas) can only trap a narrow spectral band. The engineered surface of the
nanostructures allow plasmon resonances, where light excites the waves of electrons that
oscillate back and forth on metal surfaces. The structures can provide the interface
between photons and electrons that is critical for enhancing performance in optical
computing as well as photovoltaic devices.

The nanoplasmonic structures can trap slow resonances of light at room temperature.
This results in a great improvement over the ultra cold temperatures required in
conventional slow-light technologies. "In the PNAS paper, we showed that we trapped
light from the visible red to the visible green,” explained Gan. "Now we are working on
trapping, the entire rainbow from the visible red to the visible blue,” Gan said.

Gan cautions that there is still a long way to go before the structures could be useful for
photovoltaic devices. Various research groups are investigating nanostructures to support
surface plasmon waves and are developing applications, including plasmonic-enhanced
photovoltaic devices, based on these nanostructures. Like many of these groups Gan's
team is working to improve their structures’ coupling efficiencies. “This is the biggest
challenge we are facing to employ our structure to practical solar cells. Currently, we
employ a simple nanoslit to couple the light to surface plasmon waves, whose coupling
efficiency is weak,” Gan said.

They are considering various ways of optimizing the coupling mechanism. End-fire
coupling, for example, might enhance the coupling efficiency between the incident light
and surface plasmon modes. “If this coupling efficiency challenge could be overcome in
the near future, our structures should be promising for planar thin-film solar cells,” he said.
One way it could be used would be to combine the graded structure with solar cells to
allow trapping of different wavelengths within the active layer of an organic photovoltaic
device.

Research paper: Experimental verification of the rainbow trapping effect in adiabatic
plasmonic gratings, PNAS Vol. 108, No. 13, pp. 5169-5173.
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Rainbow-Trapping Scientist Now Strives to Slow Light Waves Even Further

An electrical engineer at the University at Buffalo, who previously demonstrated
experimentally the "rainbow trapping effect" -- a phenomenon that could boost S m a rt Ll po
optical data storage and communications -- is now working to capture all the

colors of the rainbow. BOdy SCUlpt|ng

In a paper published March 29 in the Proceedings of the National Academy of
Sciences, Qiaogiang Gan (pronounced "Chow-Chung" and "Gone"), PhD, an
assistant professor of electrical engineering at the University at Buffalo's School of
Engineering and Applied Sciences, and his colleagues at Lehigh University, where
he was a graduate student in Dr. Filbert Bartoli's group, described how they
slowed broadband light waves using a type of material called nanoplasmonic
structures.

Gan explains that the ultimate goal is to achieve a breakthrough in optical
communications called multiplexed, multiwavelength communications, where www.madspa200.com MabyGoogle
optical data can potentially be tamed at different wavelengths, thus greatly

increasing processing and transmission capacity.

He notes that it is widely recognized that if light could ever be stopped entirely, new possibilities would open up for data storage.

"At the moment, processing data with optical signals is limited by how quickly the signal can be interpreted,” he says. "If the
signal can be slowed, more information could be processed without overloading the system."

Gan and his colleagues created nanoplasmonic structures by making nanoscale grooves in metallic surfaces at different depths,
which alters the materials' optical properties.

These plasmonic chips provide the critical connection between nanoelectronics and photonics, Gan explains, allowing these
different types of devices to be integrated, a prerequisite for realizing the potential of optical computing, “lab-on-a-chip"
biosensors and more efficient, thin-film photovoltaic materials.

According to Gan, the optical properties of the nanoplasmonic structures allow different wavelengths of light to be trapped at
different positions in the structure, potentially allowing for optical data storage and enhanced nonlinear optics.

The structures Gan developed slow light down so much that they are able to trap multiple wavelengths of light on a single chip,
whereas conventional methods can only trap a single wavelength in a narrow band.

"Light is usually very fast, but the structures I created can slow broadband light significantly," says Gan. "It's as though I can hold
the light in my hand."

That, Gan explains, is because of the structures' engineered surface "plasmon resonances," where light excites the waves of
electrons that oscillate back and forth on metal surfaces.

In this case, he says, light can be slowed down and trapped in the vicinity of resonances in this novel, dispersive structural
material.

Gan and his colleagues also found that because the nanoplasmonic structures they developed can trap very slow resonances of
light, they can do so at room temperature, instead of at the ultracold temperatures that are required in conventional slow-light
technologies.

"In the PNAS paper, we showed that we trapped red to green," explains Gan. "Now we are working on trapping a broader
wavelength, from red to blue. We want to trap the entire rainbow."

Gan, who was hired at UB under the UB 2020 strategic strength in Integrated Nanostructured Systems, will be working toward
that goal, using the ultrafast light source in UB's Department of Electrical Engineering in the laboratory of UB professor and vice
president for research Alexander N. Cartwright.

"This ultrafast light source will allow us to measure experimentally just how slow is the light that we have trapped in our
nanoplasmonic structures,” Gan explains. "Once we know that, we will be able to demonstrate our capability to manipulate light
through experiments and optimize the structure to slow the light further."”

Co-authors with Gan on the study are Filbert Bertoli, Yongkang Gao, Yujie Ding, Kyle Wagner and Dmitri Vezenov, all of Lehigh
University.

The University at Buffalo is a premier research-intensive public university, a flagship institution in the State University of New
York system and its largest and most comprehensive campus. UB's more than 28,000 students pursue their academic interests
through more than 300 undergraduate, graduate and professional degree programs. Founded in 1846, the University at Buffalo is
a member of the Association of American Universities.
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Sensitive label-free DNA sensing based on metal/fluorophore interactions

(Nanowerk News) With two recent studies, imec scientists contribute to the field of label-free DNA
sensing. The measurement technique they have refined is based on the fact that metallic films and
nanoparticles absorb the light of nearby light-emitting fluorophores. In one study, the quenching and
enhancement of the emitted light was studied and quantified with a wide range of gold nanoparticles and
DNA hairpin probes. In a second study and using similar probes, the technique was used to demonstrate
a functional label-free genosensor.

Metals are ultra-efficient quenchers of light-emitting fluorophores. When fluorophore molecules are
located within a few nanometers from a metal surface, their fluorescence signal is suppressed. When
they are moved further away from the metal (e.g. by some spacer molecule), an enhanced fluorescence
signal is measured. This phenomenon of clearly distinct quenched and enhanced signals can be used for
biosensing applications such as DNA detection.

% + § -
(b)

DNA sensing

(a)

DNA hairpin probes are single-stranded DNA sequences that are folded through their outer ends that
bind to each other. The middle part of the strands is complementary to the DNA sequence that we want
to detect. Here we used hairpin probes that have at one end a fluorophore molecule attached while at the
other end they are bound to the metal surface (gold). In the absence of the target DNA sequence, the
hairpin remains closed and the fluorophore is close to the metal. But when the DNA sequence of the
hairpin meets its complimentary strand, the strands hybridize and the hairpin opens. At that moment, the
fluorophore molecule is further away from the metal, resulting in an enhanced fluorescence signal.

In one study, we examined fluorescence quenching and enhancement near gold nanoparticles of various
sizes, and with DNA hairpin probes of different lengths. As a result, we report a 96.8% quenching
efficiency for all particles sizes tested, and a more than complete signal recovery after DNA hybridization.
Initial sensing experiments indicate a detection sensitivity of 100pM and below. Previous studies had not
been able to relate light quenching and enhancement to the number of fluorescence molecules involved.
We were able to quantify the number of fluorophores attached to DNA hairpin probes using a novel thiol
exchange method. This allowed us to examine and quantify both the quenching efficiency and
enhancement factor.

In a second development, we made a label-free genosensor based on DNA hairpins immobilized on a
gold surface under microfluidic conditions. We used a microfluidic integrated instrument based on
surface plasmon resonance combined with a gold chip. This instrument was first used to immobilize the
DNA-fluorophore hairpins and then to promote the hybridization of the target molecules. The fluorescent
signal was visualized with fluorescence microscopy. We experimented with the various design options of
this sensor, investigating the detection sensitivity and specificity. With our resulting sensor, we reached a
detection sensitivity of 300pM.
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AT THE HEART OF THE PHARMACEUTICAL INDUSTRY

PharmaDiagnostics' SoPRano wins prestigious product award at SBS 2011
Label-free assay technology receives New Product Award Designation from panel of scientific and industry specialists

Brussels, April 12, 2011- PharmaDiagnostics NV, a company developing and marketing a broadly-enabling, label-free screening technology that uniquely does not require specialized equipment, announces today that their
SoPRano(TM) technology has won its third award in 12 months. SoPRano was awarded an SLAS (Society for Laboratory Automation and Screening) New Product Award (NPA) Designation at SBS 2011, the conference and
exhibition highlighting pharmaceutical and biomolecular screening technologies in Florida March 27 — 31, 2011.

PharmaDiagnostics’ SoPRano technology was awarded the NPA Designation by a panel of scientific specialists chaired by Al Kolb of KeyTech Solutions, and including Charles Lunn of Merck and Ricardo Macarron of GSK.
SoPRano was selected for the prize from a large range of products at the exhibition at which 155 different companies were exhibiting.

The yearly SBS conference is organized by the Society for Laboratory Automation & Screening (SLAS), an international community of more than 10,000 individual scientists, engineers, researchers, technologists and others
from academic, government and commercial laboratories. SLAS provides forums for education and information exchange to encourage study and advance laboratory science and technology for the drug discovery,
agrochemical, biotechnology, chemical, clinical diagnostic, consumer product, energy, food, forensic, pharmaceutical, security and other industries.

This is the third time in the last 12 months that PharmaDiagnostics SoPRano has won a first prize technology award at a leading exhibition. In addition to the prize at SBS 2011, PharmaDiagnostics also won the ELRIG
Technology Prize twice in 2010. This was at Drug Discovery 2010, Coventry, in September 2010 and Liquid Handling & Label Free Technologies 2010 in March 2010.

Label-free screening is an area of great interest and potential growth in pharmaceutical research. To date, the expanding SPR segment of this market has been dominated by providers of expensive specialist instrumentation
that is unable, due to technical constraints, to provide the throughput required for routine adoption of label-free screening. PharmaDiagnostics’ SoPRano label-free platform is the first SPR-based system to utilize standard plate-
readers, and simple assay protocols. This makes for increased accessibility for researchers, lowers barrier to adoption and also offers excellent scalability, thus lowering costs, as it is not necessary to increase instrument
expenditure to increase throughput.

“Winning our third prize in 12 months, this time from the SBS 2011 conference at which we are assessed against many multinational suppliers, is continued demonstration that SoPRano’s appeal to industry and academic
experts is real and ongoing,” said Dr David Ricketts, CEO at PharmaDiagnostics. “SoPRano was chosen by a select panel of well respected industry figures. This prize at the SBS conference is further proof that the potential of
a label-free platform that requires no expensive instrumentation, and offers high throughput, is recognized by key members of the industry.”

About PharmaDiagnostics NV

PharmaDiagnostics NV develops label-free screening technology with the unique capability in its market of operating without the need for specialized hardware. The technology is broadly enabling and applicable to a range of
applications including: receptor-ligand binding; enzymatic reactions; antibody screening and ADME. The assays are very sensitive and have the potential for very high throughput. The company is focused upon licensing its
technology for use in pharmaceutical and biotechnology companies, and also offers bespoke assay development services. In addition the company is seeking collaborations to develop applications in compound screening,
particularly fragment screening and antibody screening. PharmaDiagnostics’ novel technology platform, SoPRano(TM), is based on localized surface plasmon resonance (LSPR) and noble metal nanoparticles, and is run on
standard laboratory equipment.

The company, based in the Z1 Research Park in Zellik, near Brussels, was founded in 2007. It has raised more than EUR 4.0 million (USD 5.6M) in two rounds of venture funding and EUR 100,000 in grants from IWT (Instituut
voor de aanmoediging van innovatie door Wetenschap & Technologie in Vlaanderen), a Flemish innovation agency.

For further information, please contact: Andrew Lloyd & Associates Andrew Lloyd / Neil Hunter Tel: +44 1273 675100 allo@ala.com / neil@ala.com
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Electron resonances could greatly enhance the response
of optical chip photodetectors

March 28, 2011 By Lee Swee Heng
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Scanning electron microscopy image
of the germanium-silicon-based
photodetector with metal contacts to
induce plasmonic light enhancement.
Credit: 2010 AIP

Optical chips are the latest innovation in silicon technology with the
potential to revolutionize telecommunications. Their operation relies on
several key components, including light-emitting devices, waveguides
and photodetectors. Engineers are looking for ways to miniaturize these
components without sacrificing the data-processing speed of the
integrated optical chips. Patrick Guo-Qiang Lo and co-workers at the
A*STAR Institute of Microelectronics have now fabricated a highly
sensitive photodetector by exploiting the enhancement effects of electron
resonances that occur at metal contacts.



Surface plasmon polaritons—the collective movements of electrons at the
surface of metals—are known to enhance and focus electromagnetic waves in
their vicinity. The plasmon effect has been studied extensively for its ability to
enhance the performance of optical devices, but in this study the researchers
applied the phenomenon to improved the sensitivity, and hence speed, of
semiconductor detectors.

Photodetectors on a silicon chip are generally designed to pick up light arriving
through silicon waveguides. The light travelling through the silicon waveguides
is detected by germanium, another semiconductor, which is grown directly on
top of the silicon structure. However, the sensitivity of the germanium detector
needs to be enhanced considerably in order to increase the speed and reduce
the footprint of the photodetector further.

Plasmonic resonances can easily enhance the sensitivity of this light detection.
The researchers introduced plasmons by adding thin aluminum contacts on top
of the device (pictured). The plasmonic effects in the metal films channel
considerably more light from the silicon waveguide into the photodetector, with
important implications for device performance. “The enhanced photodetection
enables the use of smaller devices, which in turn means that the device speed
can be increased considerably,” explains Lo.

The researchers demonstrate detection speeds of 37.6 picoseconds or faster,
corresponding to a data transmission speed of 11.4 gigahertz—several orders
of magnitude faster than that achievable by current broadband connections.

At the same time, these speeds still lag behind the full potential of these
detectors. One of the reasons, says Lo, is loss that arises from the plasmonic
resonances, which absorb some of the light and therefore reduce the amount of
light that arrives at the detector. “The response of the detector is lower than
what we expected from our design,” says Lo. “Enhancing the plasmonic
properties of the detector, for example through the design of different
geometries, could alleviate such problems and enable a further miniaturization
of photodetectors on silicon chips.”

The A*STAR-affiliated researchers contributing to this research are from the
Institute of Microelectronics

More information: Ren, F.-F. et al. Surface plasmon enhanced responsivity in
a waveguided germanium metal-semiconductor-metal photodetector. Applied
Physics Letters 97, 091102 (2010). http://dx.doi.org/ ... 63/1.3485064
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Researchers report a novel nanoscale integrated all-optical diode

(Nanowerk News) Recently, new achievements were made in the integrated optics by the Creative
Research Group of Femtosecond Photophysics & Integrated Optics at Peking University. The group
realized a novel nanoscale integrated all-optical diode having ultralow power and ultrahigh transmission
contrast after the realization of the all-optical switch device with ultralow power and high-speed photonic
crystal.

The related research paper, titled "Low-Power and High-Contrast Nanoscale All-Optical Diodes Via
Nanocomposite Photonic Crystal Microcavities", has been published in the journal Advanced Functional
Materials.

The photonic crystal all-optical diode is one of the important integrated photonic devices, which has
potential applications in the fields of optical computing, optical interconnection systems, and integrated
photonic circuits. Low operating power and high transmission contrast are the two key characteristics for
the photonic crystal all-optical diodes. Owing to the relatively small nonlinear optical coefficients of the
conventional optical materials, the operating threshold power is rather high with a threshold intensity of
several hundred GW / cm2. Moreover, the transmission contrast was achieved only less than 100. This
has greatly restricted the practical applications of the photonic crystal all-optical diodes.

Infrared Countermeasures Abdominal Liposuction

ITT: Protecting lifelines with the next New Technique, Safer, Less Downtime No
generation of CIRCM Major Surgery & Fast Recovery

< Ads by Google

By combining the strong plasmonic response of metal nanoparticles and the strong photon confinement
effect of photonic crystal microcavity, the group has constructed a nanocomposite photonic crystal
microcavity with very large third-order nonlinear susceptibilities. A prototype device of photonic crystal
all-optical diode is realized based on the effect of surface-plasmon resonance enhancing optical
nonlinearity and dynamic coupling of asymmetrical microcavity modes. An ultralow threshold photon
intensity of 2.1 MW / cm2 and an ultrahigh transmission contrast of 11875 are achieved simultaneously.
Compared with previously reported all-optical diodes, the operating threshold power is reduced by four
orders of magnitude, while the transmission contrast is enlarged by three orders of magnitude.

The research achievement will not only promote the practical application research on the integrated
photonic devices like all-optical diodes, but also provide a new approach for the study of nonlinear
optical material.

This work is supported by the National Basic Research Program of China (973 Program) and the
National Nature Science foundation of China (NSFC).



New Digital 'Electronics' Concept May Continue Moore's

Law
November 5, 2009 By Lisa Zyga
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In the NFL logic device, the first SPW
(kBias) is launched, followed by the
launch of a second SPW (kC2), which
steers the first SPW into the left drain
terminal for detection, where it's
identified as a logic “1”. Image
copyright: De Los Santos. ©2009
IEEE.
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(PhysOrg.com) -- Computers of the future could be operating not on
electrons, but on tiny waves traveling through an electron "fluid," if a new
proposal is successful. The new circuit design, recently introduced by Dr.
Héctor J. De Los Santos, CTO of NanoMEMS Research, LLC, in Irvine,
California, may be a promising candidate to replace CMOS-based circuits,
and ultimately continue the circuit density growth described by Moore's
Law.
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As Gordon Moore predicted more than 40 years ago, the number of transistors
able to fit on a computer chip has doubled approximately every 18 months. But
if the trend is to continue for the years to come, it will have to be with
technology other than the conventional CMOS design. As the size of transistors
gets down to the nanoscale, CMOS devices begin suffering from several
issues, such as increased resistance, decreased channel mobility, and
increased manufacturing costs.

To overcome the challenges involved with scaling, researchers from around the
world have begun to look for alternatives to CMOS technology. De Los Santos'
concept, called nano-electron-fluidic logic (NFL), is based on the flow of
plasmons in a fluid-like electron gas (basically an electron fluid). He predicts
that logic gates with the NFL design offer the potential for femtosecond
switching speeds and sub-femtojoule power dissipations at room temperature -
numbers that would be extremely capable of continuing Moore's Law beyond
CMOS. De Los Santos’ paper will be published in a future issue of IEEE
Transactions on Nanotechnology.

As De Los Santos explains, the NFL concept takes advantage of the properties
of surface plasma waves (SPWs). These waves propagate on the inversion
layer at the insulating gate-semiconductor interface (which, in this case,
embodies an electric fluid) and behaves as an SPW waveguide. When two
SPWs collide, they repel each other. In the device set-up, one SPW is launched
from a particular direction to collide with another SPW, causing it to scatter in
one of two directions, where it is detected and interpreted as a “1” or, if not
detected, a “0.”

To begin the process, an SPW is launched into a channel filled with electron
fluid that forks into two channels, each with a detector at the end. Under no
external forces, the SPW will be split equally so that equal portions will be
detected at the two end terminals. But when a second SPW is launched into the
main channel from the left or right, it will cause the original SPW to deflect into
the opposite fork. For example, a second SPW coming from the right would
steer the original SPW down the left fork. When the SPW is detected at the left
end terminal, and not the right, the NFL device forms the basis of a logic
flip-flop, having the ability to store one bit of memory.



Quantum dots enable plasmonic semis
R. Colin Johnson
4/19/2011 1:08 AM EDT

PORTLAND, Ore.—Plasmonic semiconductors will revolutionize electronics by
allowing the easy coupling of photons (light) and electrons, according to
researchers at the U.S. Department of Energy (DOE) Lawrence Berkeley
National Laboratory.

Plasmons are wavefronts that couple independent electrons together into quasi-
particles that travel in waves on a surface, allowing their frequency to be matched
to that of incident photons,

thus coupling electronic

plasmons with optical

photons at resonance.

Achieving such localized ‘

by Berkeley Lab enable

electronic interconnects

where signals are sped up More Comments >

to the speed of light,

on-chip lenses for lasers

and sensors, a new generation of super-efficient plasmonic light-emitting

surface plasmon
diodes (LEDs), a new generation of supersensitive chemical and biological

resonance in a
semiconductor is predicted

detectors, as well as metamaterials that can bend light around object to create an
invisibility cloak.
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Brad Pierce

Until now plasmonic devices were based on interfaces between metals and
insulators (dielectrics), but these new results claim that many common
semiconductors can also be crafted to transport plasmons, according to Berkeley
Lab, which reported achieving surface plasmon resonsances in vacancy-doped
semiconductor nanocrystals—quantum dots.

"Doped semiconductor quantum dots open up the possibility of strongly coupling
photonic and electronic properties, with implications for light harvesting, nonlinear
optics, and quantum information processing," said Berkeley Lab Director Paul
Alivisatos.

Surface plasmon resonances from p-type carriers in vacancy-doped copper-
sulfide dots used quantum confinement to tune the electronic properties to the
near-infrared range of the electromagnetic spectrum. The strong coupling
between the photonic and electronic modes, the researchers claim, could be used
to greatly enhance the exciton-light interactions of solar photovoltaics and artificial
photosynthesis. Next, the team is experimenting with copper selenide and
quermanium telluride semiconductors, to measure the expected enhancements in
solar cells and memory devices made with them, respectively.

Funding was provided by the DOE's Office of Science.

Transmission electron micrograph (TEM) shows electron diffraction patterns (inset) of
three quantum dot samples with average size of (a) 2.4 nanometers (b) 3.6 nm, and (c) 5.8

nm. Source: Lawrence Berkeley National Laboratory



New Kid on the Plasmonic Block

By: Other Author - Published: April 18 2011

Berkeley Lab Researchers Find Plasmonic Resonances in
Semiconductor Nanocrystals
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“We have demonstrated well-defined localized surface plasmon
resonances arising from p-type carriers in vacancy-doped
semiconductor quantum dots that should allow for plasmonic sensing and manipulation of solid-state processes in
single nanocrystals,” says Berkeley Lab director Paul Alivisatos, a nanochemistry authority who led this research. “Our
doped semiconductor quantum dots also open up the possibility of strongly coupling photonic and electronic
properties, with implications for light harvesting, nonlinear optics, and quantum information processing.”

Alivisatos is the corresponding author of a paper in the journal Nature Materials titled “Localized surface plasmon
resonances arising from free carriers in doped quantum dots.” Co-authoring the paper were Joseph Luther and
Prashant Jain, along with Trevor Ewers.

The term “plasmonics” describes a phenomenon in which the confinement of light in dimensions smaller than the
wavelength of photons in free space make it possible to match the different length-scales associated with photonics
and electronics in a single nanoscale device. Scientists believe that through plasmonics it should be possible to design
computer chip interconnects that are able to move much larger amounts of data much faster than today’s chips. It
should also be possible to create microscope lenses that can resolve nanoscale objects with visible light, a new
generation of highly efficient light-emitting diodes, and supersensitive chemical and biological detectors. There is even
evidence that plasmonic materials can be used to bend light around an object, thereby rendering that object invisible.

The plasmonic phenomenon was discovered in nanostructures at the interfaces between a noble metal, such as gold
or silver, and a dielectric, such as air or glass. Directing an electromagnetic field at such an interface generates
electronic surface waves that roll through the conduction electrons on a metal, like ripples spreading across the
surface of a pond that has been plunked with a stone. Just as the energy in an electromagnetic field is carried in a
quantized particle-like unit called a photon, the energy in such an electronic surface wave is carried in a quantized
particle-like unit called a plasmon. The key to plasmonic properties is when the oscillation frequency between the
plasmons and the incident photons matches, a phenomenon known as localized surface plasmon resonance (LSPR).
Conventional scientific wisdom has held that LSPRs require a metal nanostructure , where the conduction electrons
are not strongly attached to individual atoms or molecules. This has proved not to be the case as Prashant Jain, a
member of the Alivisatos research group and one of the lead authors of the Nature Materials paper, explains.

“Our study represents a paradigm shift from metal nanoplasmonics as we've shown that, in principle, any
nanostructure can exhibit LSPRs so long as the interface has an appreciable number of free charge carriers, either
electrons or holes,” Jain says. “By demonstrating LSPRs in doped quantum dots, we've extended the range of
candidate materials for plasmonics to include semiconductors, and we've also merged the field of plasmonic
nanostructures, which exhibit tunable photonic properties, with the field of quantum dots, which exhibit tunable
electronic properties.”

Jain and his co-authors made their quantum dots from the semiconductor copper sulfide, a material that is known to
support numerous copper-deficient stoichiometries. Initially, the copper sulfide nanocrystals were synthesized using a
common hot injection method. While this yielded nanocrystals that were intrinsically self-doped with p-type charge
carriers, there was no control over the amount of charge vacancies or carriers.



“We were able to overcome this limitation by using a room-temperature ion exchange method to synthesize the copper
sulfide nanocrystals,” Jain says. “This freezes the nanocrystals into a relatively vacancy-free state, which we can then
dope in a controlled manner using common chemical oxidants.”

By introducing enough free electrical charge carriers via dopants and vacancies, Jain and his colleagues were able to
achieve LSPRs in the near-infrared range of the electromagnetic spectrum. The extension of plasmonics to include
semiconductors as well as metals offers a number of significant advantages, as Jain explains.

“Unlike a metal, the concentration of free charge carriers in a semiconductor can be actively controlled by doping,
temperature, and/or phase transitions,” he says. “Therefore, the frequency and intensity of LSPRs in dopable quantum
dots can be dynamically tuned. The LSPRs of a metal, on the other hand, once engineered through a choice of
nanostructure parameters, such as shape and size, is permanently locked-in.”

Jain envisions quantum dots as being integrated into a variety of future film and chip-based photonic devices that can
be actively switched or controlled, and also being applied to such optical applications as in vivo imaging. In addition,
the strong coupling that is possible between photonic and electronic modes in such doped quantum dots holds exciting
potential for applications in solar photovoltaics and artificial photosynthesis

“In photovoltaic and artificial photosynthetic systems, light needs to be absorbed and channeled to generate energetic
electrons and holes, which can then be used to make electricity or fuel,” Jain says. “To be efficient, it is highly desirable
that such systems exhibit an enhanced interaction of light with excitons. This is what a doped quantum dot with an
LSPR mode could achieve.”

The potential for strongly coupled electronic and photonic modes in doped quantum dots arises from the fact that
semiconductor quantum dots allow for quantized electronic excitations (excitons), while LSPRs serve to strongly
localize or confine light of specific frequencies within the quantum dot. The result is an enhanced exciton-light
interaction. Since the LSPR frequency can be controlled by changing the doping level, and excitons can be tuned by
quantum confinement, it should be possible to engineer doped quantum dots for harvesting the richest frequencies of
light in the solar spectrum.

Quantum dot plasmonics also hold intriguing possibilities for future quantum communication and computation devices.

“The use of single photons, in the form of quantized plasmons, would allow quantum systems to send information at
nearly the speed of light, compared with the electron speed and resistance in classical systems,” Jain says. "Doped
quantum dots by providing strongly coupled quantized excitons and LSPRs and within the same nanostructure could
serve as a source of single plasmons.”

Jain and others in Alivsatos' research group are now investigating the potential of doped quantum dots made from
other semiconductors, such as copper selenide and germanium telluride, which also display tunable plasmonic or

photonic resonances. Germanium telluride is of particular interest because it has phase change properties that are
useful for memory storage devices.

“A long term goal is to generalize plasmonic phenomena to all doped quantum dots, whether heavily self-doped or
extrinsically doped with relatively few impurities or vacancies,” Jain says.

This research was supported by the DOE Office of Science.
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Scientists make advancements in field of plasmonics

By Kate Randle

Daily Cal Staff Writer
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A new development was created through research in plasmonics.

In an age when technological grandeur is marked by the speed of a device, scientists at the Lawrence Berkeley National Laboratory have made an advancement in the field of plasmonics
that would broaden the range of materials used to make, among other things, extremely fast computers.

Plasmonics is a field that studies the interaction of light with nanoscale structures. The research - published online April 10 in the journal Nature Materials - indicates that localized
plasmonic surface resonances are not only displayed in metals but can also exist in semiconductor nanocrystals called quantum dots.

This means that the frequency of plasmonic resonances can be manipulated to improve the efficiency of the products in which they are used - such as computers.
According to Prashant Jain, a UC Berkeley postdoctoral researcher who co-authored the study, creating computers that run on plasmons rather than electrons - which is what current
computers run on - would be impossible without the controllable frequencies characteristic of plasmonics in semiconductors. Such computers would be faster, as photons travel faster than

electrons without losing energy through resistance.

"To create a photonic computer you need all these tiny photonic components," he said. "If you want one that's switchable you can't use a metal, but you can use a semiconductor because
their interaction with light can switch on and off."

Yongmin Liu, a postdoctoral researcher in UC Berkeley's Department of Mechanical Engineering, said the relatively small wavelengths of plasma can focus light on small areas. This
feature can be used to make patterns on computer chips that would increase density for information storage.

Co-author Joseph Luther, currently a senior research scientist at the National Renewable Energy Lab in Colorado, conducted postdoctoral research with Paul Alivisatos, a corresponding
author and director of the Lawrence Berkeley National Laboratory, whose research group helped conduct studies at the lab.

Luther said the team wanted to see if plasmonic properties could arise in non-metallic materials, a theory that had not yet been proven. To do this, they tested the properties of the
semiconductor copper-sulfide.

"Since the nanocrystals didn't have as much copper as did sulfur, they're what are called copper vacancies," he said. "When (a copper atom) is not there, you basically have a localized
charge in that one vacancy. What we noticed was that they behaved like a metal that had a plasmon."

Four authors - including Jain - found that pure copper sulfide without those vacancies did not demonstrate the same plasmonic qualities.
According to Jain, by exposing the material to a chemical oxidant, researchers "doped" it, which made it an impure substance. This allows it to display plasmonic resonance.
Research has already been conducted on semi-conductors and plasmonic resonance. However, this is the first time plasmonics and semi-conductors have been merged into a single field.

"There were two communities of researchers," Jain said. "One was on nanostructures, photonics and plasmonics. The other was working on semiconductors, quantum dots and the whole
nanoelectronics and computer fabrication industry. This paper basically combines research from both and makes a combined field of quantum dot plasmonics."

Tags: , Lawrence Berkeley National Lab, plasmonics
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Surface plasmon laser based on metal cavity
array with two different modes
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Abstract: The phenomenon of surface plasmon (SP) laser based on a square
array of rectangular cavities cut into a metal substrate has been investigated.
Both main resonant modes of the proposed structure can be used to realize
SP laser while the working mechanism is different. We study the origin of
these differences and propose an efficient design that exploits them.
Besides, the effect of the sample size on SPP mode lasing is also discussed.

©2010 Optical Society of America
OCIS codes: (250.5403) Plasmonics; (310.6628) Subwavelength structures, nanostructures.
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1. Introduction

In the past ten years, advances in nanotechnology have stimulated the study of Surface
Plasmon Polaritons (SPPs) which have importance in many new areas. One main consequence
of SPPs is that electromagnetic (EM) fields can be strongly localized and enhanced at the
metal and dielectric interface. When SPPs are generated, strong interactions will occur
between the EM fields and the local material properties, which can be treated as an EM
cavity. By combining SPPs with gain media, Bergman and Stockman introduced the new
concept of a SPASER (Surface Plasmon Amplification by Stimulated Emission of Radiation)
[1,2] suggesting a new kind of laser. Recently some simulations [1,3—7] and experiments [§8—
10] have appeared which show that the stimulated SPP could provide a very useful source in
bio-sensing. One example of the proposed SPASER [4-7] is based on a metamaterial (i.e. a
periodic array of sub-wavelength elements) which shows a strong field confinement at a
resonant frequency. Unfortunately, fabrication has proved an obstacle realizing such a meta-
structure for visible or infrared wavelengths. This is because the unit cell of the metamaterial
needs dimensions of the order of a tenth of the wavelength being employed, requiring the size
of the elements in each unit cell to be even smaller. In this paper, we propose a periodic array
of cavities in a metal substrate which exhibits two resonant modes. With the appropriate
design, both modes can provide good field confinement that can be used to realize the surface
plasmon (SP) laser phenomenon, but the working principle is different between the two
modes. At visible and infrared wavelengths, comparing our design with those based on
metamaterials proposed by others, ours is simpler and more straightforward to make using
existing fabrication technology.

2. The structures and its passive response

A cavity array under investigation is shown in Fig. 1. It comprises cuboid cavities, arranged in
a square array with lattice constant p, which are carved into a semi-infinite metal substrate and
the bottoms are closed. Each cavity has dimensions of a, b and 7 in the x, y and z directions,
respectively. The metal substrate is covered by a dielectric layer with thickness /4 and the
background material is air. For convenience, we define the dielectric cover-layer as region I
and the cavities as region II. The permittivity of the metal, the medium in the cavities, the
cover-layer, and the air are denoted by ¢, &y, & and &, respectively and we adopt the Drude
model to describe the metal permittivity. Linearly polarized light, with the electric field along
the x direction, is incident normal to the metal surface and is reflected into the air.

Fig. 1. (a) the schematic of our designed structure; a square array of cuboid cavities are carved
into the metal substrate with a dielectric overlay, (b) the top-view and (c) the side-view of the
unit cell, where p = 1100nm, @ = 250nm, b = 375nm, ¢ = 500nm, /& = 250nm.

In order to understand the spectral response of this structure, a numerical simulation based
on the full-wave finite element method was carried out. Parameters are set as: p = 1100nm, a
= 250nm, b = 375nm, t = 500nm, /& = 250nm, and ¢; = g; = 2.25, which are optimized for a
high Q cavity mode and a surface mode at communication wavelength (~1550nm). More
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details of the geometry optimization can be found in Ref [11]. Besides, ¢, is silver having a
Drude-type permittivity (w, = 1.37el6rad/s, y = 8.85e13Hz), and background permittivity &, =
1. The incident light has its electric field in x direction and magnetic field in y direction and
we assume the ideal electric and magnetic boundary conditions are satisfied.
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Fig. 2. The reflection spectra for normal incidence linearly polarized light on the periodic
cavities for (a) the structure without gain media present and (b-d) the structure with gain media
at different location as indicated in each inset. The red and blue curves represent the simulation
results of gain media with different center frequencies at v, = 193.9THz and v, = 236.2THz,
respectively. Inset A and B in (a) show the magnetic field (H,) distribution corresponding dip A
and dip B, respectively.

The spectrum of the reflected wave is shown in Fig. 2 (a) and indicates that there are two
reflection minima at around 193.9THz (A) and 236.2THz (B), which means that strong
absorption occurs around those frequencies. As shown, the absorption behavior in these two
regions is quite different, since dip B is much sharper and deeper than dip A. To explain the
origin of this difference, we have studied the magnetic field (H,) distribution for the two
cases. As illustrated in Fig. 2 (a), inset A and inset B are the corresponding H, distributions to
dip A and dip B, respectively. It is observed that the EM fields are localized in the metal
substrate surface for both dips, but there is stronger EM field in the cavity for dip B. This is in
agreement with Huang’s result [11] that the field of an SPP mode is partly located in region I,
and partly trapped into the cavity as a Cavity Surface Plasmon (CSP) mode. Thus dip A arises
from the SPP mode and dip B originates from the coupling between the SPP and the CSP
modes [12]. Compared to SPP mode, the CSP mode can induce more intense field localization
in the cavity leading to a lower reflection minimum. The cut-off wavelength of the cavity is a
key parameter here, which can be written as [11]:

A, =27r,/gn/(u2+v2), (1

where, u, v are determined by utan(ua/2) = —ik,&,, / \/; and vtan(vb/2) = —iko\/a , and k

is the wave vector in the free space. The wavelength of dip A (1546nm) is longer than the cut-
off wavelength (1363nm), thus the CSP mode can't be excited and the SPP mode is the major
contributor to the reflection minimum. In contrast, the SPP and CSP modes can exist
simultaneously at the wavelength of dip B (1270nm, and its cutoff wavelength is 1426nm),
and the CSP mode plays an important role as shown in the insets of Fig. 2 (a). Thus it can be
seen that SPP mode and CSP mode play different roles in the reflection spectrum. Both modes
can be used to realize an SP laser, but based on different principles, as discussed below.
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3. SP laser based on different modes

The material in regions I and II can be chosen as gain media to realize SP laser. The CSP and
SPP modes are surface modes, and the fields are confined to the groove dielectric/silver
surface. The localized field has a strong interaction with the structure and if gain media are
introduced, an efficient feedback mechanism is available. Because of the losses in the metal,
there will be a threshold value of the gain media for the SP laser phenomenon. For our
structure, because of the two different physical mechanisms that occur, the SPP field spreads
over the surface while the CSP field is much more trapped inside the cavities and so at
different locations in the gain medium, there will be different SP laser behavior.

To examine this, we set region I, region II and then region I + II to be gain media to study
the effect of the location of regions of gain. The gain media considered here are dispersive,
with permittivity described as [13]:

2
XD,

2 2 .
0, — " +iy @

)

e(w)=¢,+

where o is the angular frequency, ¢, is the background permittivity, @, is the resonant center
angular frequency of the gain media, y, is the collision frequency representing the dissipation,
and y, is the coupling strength. For convenience, we defined the resonant frequency v, =
wg/2m. The gain is described by the negative imaginary part of ¢, , similar to Ref [4-7], and
thus the gain coefficient can be defined as:

4]

a =
100x ¢,

Im./&(w) 3)

Here, c, is velocity of light in vacuum, a has units of cm™', and a, is defined as the highest
value of a and a, = a(w,).

In the following discussion, we set ¢, = 2.25. We note that ¢, just determines the optical
path length of the wave in the gain media, thus for different ¢, we can obtain the same
simulation results by adapting the geometry of the structure to get the same optical path
length. Also, y, = 1.26 x 10" rad/s means a full width at half maximum (FWHM) of the gain
material emission peak of ~150nm, which is reasonable for materials working at infrared
wavelengths, e.g., PbS quantum dots. To study the SP laser at the two different reflection dips,
the resonant frequency v, is taken as 193.9 THz and 236.2 THz corresponding to dip A and
dip B, respectively. The gain coefficient given in Fig. 2 (b), (c¢) and (d) are the optimized
results, and the optimization process will be discussed in the content about Fig. 3 below.

First we consider only region I is filled with the gain medium (see inset in Fig. 2(b)), while
the other parameters are the same as in Fig. 2 (a). For this situation, the SPP mode on the
metal surface interacts with the gain medium and the CSP mode in cavities gives a negligible
contribution to the SP laser. The result (see Fig. 2 (b)) shows that for dip A (v, = 193.9 THz),
high reflection peaks of more than 60 dB can be obtained when the gain coefficient is about a,
= 2100/cm, which means that there is strong feedback and the stimulated emission of the SPP
mode takes place. For dip B (v, = 236.2 THz), to get a high enough (>60dB) reflection peak,
the required gain coefficient is around o, = 2520/cm which is higher than that of dip A. The
reason for this is that the reflection corresponding to dip B originates from the coupling of the
SPP and CSP modes as described earlier. Consequently the interaction between the surface
field and the gain medium associated with dip B is weaker than that of dip A and there is a
higher gain coefficient requirement for the SP laser effect at dip B.

Secondly, the location of the gain media in the structure is changed from region I to region
II (see inset in Fig. 2 (c)). This means the CSP mode is the dominant factor for the interaction
between the surface field and the gain medium. Intuitively, for the reflection dip A, there is
little EM field interacting with the gain medium in the cavity because its wavelength is
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beyond the cut-off wavelength of the cavity. In contrast, for dip B, the EM field enters the
cavities leading to the CSP mode, and a high localized EM field inside the cavities. This
deduction is confirmed by our simulations shown in Fig. 2 (c). Although, high reflection
peaks can be realized for both dips, we note that the gain coefficient required for dip A is
much higher (o, is about 7000/cm) than that required for dip B (o, = 3060/cm).

The final case is that both region I and region II are filled with the gain medium (see the
inset in Fig. 2 (d)). This is a more efficient way to realize SP laser based on our structure since
the SPP and CSP modes both contribute to the interaction between the surface EM field and
the gain media. The calculated reflection curves are shown in Fig. 2 (d), and we can see that
the gain coefficient can be quite low while still reaching a high reflection peak for both
frequencies, as compared to those cases in Fig. 2 (b) and (c). We also notice that in Fig. 2 (d),
the required gain coefficient is lower for dip B than that of dip A for the reasons given earlier.
The EM field corresponding to dip B has longer interaction time and optical path in the gain
medium and thus stronger feedback leading to better conditions for SP laser. This is also
consistent with the reflection curves in Fig. 2 (a) which shows the reflection dip B is much
deeper and sharper, i.e., higher Q factor for dip B than dip A. Q factor here is represented by
the ratio of the center frequency and the FWHM of the resonance. The cavities are important
for field localization and feedback when using the gain medium.

205 245 {dB)
(a) 60
c)
E 40
2 195 20
Q
L | |
g 0
=
-20
1850 900 1800 225O 900 1800

Olg (cmr!) Olg(cml)

Fig. 3. (a) and (b) are calculated reflection spectra as function of a, and frequency for dip A
and dip B, respectively. Data are shown with a logarithm scale.

The SP laser reflection peaks in Fig. 2 are optimized results, that is, the peak does not
continue to increase as the gain coefficient increasing. This effect in different SP laser designs
has been studied and reported in Ref. 5 and 7. For the case of region I and II filled with gain
media (as illustrated in Fig. 2 (d)), the relation of the reflection spectrum vs. gain coefficient
has been calculated and shown in Fig. 3. The center frequency of the gain medium is still set
to be v, = 193.9 THz for dip A and v, = 236.2 THz for dip B, and the maximum gain
coefficient a, is varied from 0 to 1800/cm. Initially, for both A and B, as the gain coefficient
increases, the reflection amplitude increases to an optimum value (see those red areas in Fig. 3
(a) and (b)), and then begins to decrease if the gain coefficient keeps increasing further, which
is similar to that reported in Ref. 5 and 7. In our simulation results, the width of resonance
tends to be zero at the threshold of lasing and then broadens up again, owing to the fact that
the gain medium is represented by an imaginary part of permittivity with negative value in
this work, whereas the nature of the SP lasing as a spontaneous symmetry breaking, which
leads to the establishment of the coherent SP state, is not considered [14]. Nevertheless, this
simulation model is simple but useful for studying SP lasing before its lasing threshold [5-7].

The reflection peak corresponding to the SPP mode is caused by the surface periodicity,
but factually, the sample should have a finite number of periods, which may limit the lasing.
A sample with finite structure should be cut off along both x and y axis, but subject to the
huge computational volume of a large 3D simulation, we study the problem for two separated
cases, i.e. with cutoff along x and y directions respectively. The first has finite cell units in y
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direction, denoted as c x n, and the second has finite units in x, denoted as m x oo. As the
electrical filed is always along x direction, implying that the surface plasmon oscillation is
mainly along x axis, we can expect that the cutoff in x axis will have a dominant effect on
lasing as confirmed by our simulation results. A small number of units in y direction is enough
for lasing in the SPP mode. An example with n =5 is shown in Fig. 4 (a) and (b)

CHEE T M 5%10° Vim

Fig. 4. Calculated E-field distribution for the SPP mode of finite array samples, (a) and (b) are
corresponding to oo X 5 units array with and without gain medium, (c) 23 x oo units array with
gain medium. The samples are illuminated by a line source along x-direction which are denoted
by arrows.

without and with gain respectively. The calculation domain is 8um x 8um in y-z plane and one
unit cell along x-direction. The two surfaces normal to x-direction are perfect electric
boundaries and the other four surfaces are absorbing boundaries (such settings ensure we are
simulating o x 5 cells). The structure is illuminated by a line source (E-field along x
direction), the field around the structure in (a) is nearly two orders of magnitude smaller than
that in (b). Clearly, the source pattern in (b) has been covered by the lasing beam, compared to
(a). When the cutoff occurs in x direction, more units along x are needed to get an output high
enough. In Fig. 4 (c), the simulation result for the case m = 23 (i.e. 23 x ) is shown. The
calculation domain is 30 um x 8 um in x-z plane, and one unit cell in y direction, the two
surfaces normal to y-direction are perfect magnetic boundaries and the other four surfaces are
absorbing boundaries (such settings ensure we are simulating 23 x oo cells). It is seen that the
field becomes weaker towards the edges, because of periodicity breaking. This demonstrates
that the amplified reflection can be realized by a sample with a finite number of periods and
the sample edge scatter plays a limited adverse role.

4. Conclusion

The SP laser based on a cavity square array fabricated in a metal substrate has been studied.
Both of the resonance modes of the structure can be used to realize the SP laser. By changing
the gain media locations in the structure, results show that the CSP mode and SPP mode
contribute quite differently when the SP laser is working at different resonant modes, which
suggests that a joint contribution of CSP and SPP modes is the most efficient way to realize an
SP laser. For SP laser of the SPP mode, the finite size could cause edge scattering and play
negative role for lasing, but the influence can be improved when the sample contains enough
units. Compared with those based on left-handed materials, this design is easier to implement
using existing technology, and this work gives a new way to design an SP laser.
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An electro-optic light modulator design based on a grating-coupled surface-plasmon-resonance structure is
numerically investigated using finite-difference time-domain simulation. The thickness effect of a dielectric
layer acting as a waveguide on metal structures is investigated. The results show that the new structure has
much higher modulation index than the conventional one and can implement an electro-optic modulator

with low operating voltage. © 2009 Optical Society of America

OCIS codes: 240.6680, 050.2770, 230.4110.

A surface plasmon is an electromagnetic wave propa-
gating along the surface of a metal and dielectric in-
terface. Under phase-matching or resonance condi-
tions, the energy of the incident light wave can be
coupled to the collective oscillation of free electrons
on the metal surface. This energy-transfer phenom-
enon can be achieved with p-polarized light by using
either a prism or a grating coupler [1]. The energy
transferred for excitation of the surface-plasmon
resonance (SPR) is observed as a rapid decrease in
reflectivity. Since the SPR is highly sensitive to
changes in the refractive index on the metal surface,
this technique has been extensively applied to bio-
chemical sensing [2]; moreover, it has also played an
important role in optical modulators. Further, the
SPR technique can be combined with an electro-optic
(EO) polymer in order to implement a simple and
high-speed optical modulator. This type of device was
theoretically described [3] and experimentally dem-
onstrated later with different advancements [4—6].
Recently, a new type of a modulator that uses a reso-
nant metal grating to greatly improve the modula-
tion index has been proposed and numerically stud-
ied [7]. For the above modulators, prism coupling or
the Kretschmann (KR) configuration is used for excit-
ing SPR. However, this configuration requires a
prism with high refractive index and therefore re-
sults in a noncompact and high-cost modulator.

A conventional grating coupler adapted for EO
polymer modulation purpose and the reflectivity
curves calculated as a function of the angle of inci-
dence 6 are shown in Fig. 1. This result is obtained by
the EM Explorer, a 3D electromagnetic solver based
on the finite-difference time-domain (FDTD) method
[8]. In this structure as shown in the inset of the fig-
ure, a polymer layer with a thickness of 300 nm cov-
ers a gold grating with a modulation height of 70 nm
and a pitch of 710 nm. The incident laser beam has a
wavelength of 632.8 nm, and two polymer refractive
indices are 1.489 and 1.490. The results reveal that
the FWHM of the reflectivity curve exceeds 3°, and a
nonsignificant resonance angle shift is observed on

0146-9592/09/243812-3/$15.00

increasing polymer refractive indices from 1.489 to
1.490. Hence, this structure can achieve only a very
low modulation depth. A similar structure using a na-
nopolymer dispersed liquid-crystal EO material with
high EO coefficients has been proposed [9]. Our new
grating coupler structure is shown in Fig. 2. A similar
structure has been previously described [10], and an
implementation of such a structure has been demon-
strated [11]. In [10], a grating structure is directly
formed on a flat metal film; in [11], an elastomeric
grating fabricated by the replica molding method is
placed on the surface of a metal film. In the present
study, the above structure is further modified by de-
positing a dielectric layer on the metal surface to
function as a waveguide to improve the modulation
index. A similar structure has been applied for exci-
tation of the long-range SPR [12]; however, the thick-
ness effect was not discussed. Through the thickness
control, the new structure can be used to design an
EO modulator with low operating voltage.
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(Color online) Schematic of the SPR EO modulator
based on a conventional grating coupler structure and re-
flectivity curves calculated as a function of the angle of in-
cidence for two polymer refractive indices of 1.489 and
1.490.

Fig. 1.

© 2009 Optical Society of America
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Fig. 2. (Color online) Schematic diagram of the grating
coupler EO modulator with a passivation layer SiOg on Au.
The thicknesses of silver, gold, SiO,, polymer, and indium—
tin—oxide (ITO) are 100 nm, 5 nm, 125 nm, 1 um, and
100 nm, respectively. The modulation height and the pitch
of grating structure are the same as those in Fig. 1.

The new structure can be divided into two parts:
the top glass substrate with an ITO layer and the
grating structure on the downside, and the bottom
glass substrate coated with dielectric, gold, and silver
films on the upside. The refractive indices of all ma-
terials in this structure for simulation are as follows
(from bottom to top): nyg=1.515 (glass), n;=0.14
+4.15i (silver), ny=0.166+3.15: (gold), n3=1.457 (di-
electric passivation, SiOy), n,=1.489 (polymer), and
ns=1.72 (ITO). The thicknesses of silver, gold, SiO,,
polymer, and ITO are 100 nm, 5 nm, 125 nm, 1 um,
and 100 nm, respectively. The thicknesses of silver
and gold are following the suggestion in [10]. The
modulation height and pitch of the grating structure
are the same as those in Fig. 1. In contrast to a high-
refractive-index prism in the KR configuration, a
glass substrate with a low refractive index of 1.515 is
used here. Figure 3 presents calculated reflectivity
curves by the EM explorer as a function of the angle
of incidence for different thicknesses of the dielectric
layer from O nm to 150 nm in steps of 25 nm. Be-
cause of the waveguide effect, the structures with a
dielectric layer have a narrower FWHM than that
without this layer. As the thickness of the dielectric
layer increases, the propagation loss of the coupling
wave in this grating-waveguide structure decreases
and the quality factor increases, and hence the reso-
nance width or the FWHM of the reflectivity becomes
narrower. However, a too-thick dielectric layer de-
creases the energy transformation for excitation of
the SPR and results in a high reflectivity at the reso-
nance angle.

We choose the structure with a 125-nm-thick di-
electric layer for further investigating, since this case
has the narrowest resonance and still maintains a
high plasmon-coupling efficiency of about 80%. For
the gold-thickness effect, different gold thickness of
0 nm, 5 nm, and 10 nm for the case of 125-nm-thick
dielectric layer are simulated, and the results show
that the 5-nm-thick one gives the highest coupling ef-
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Fig. 3. (Color online) Reflectivity curves of the structure
shown in Fig. 2 as a function of the angle of incidence for
different thicknesses of the passivation dielectric layer
from 0 nm to 150 nm in steps of 25 nm.

ficiency and that the SPR FWHM is about 0.06°. For
the structures with a 125-nm-thick dielectric layer
and a 5-nm-thick gold film, two simulation curves
with different EO polymer indices of 1.489 and 1.490
are shown in Fig. 4. As compared with Fig. 1, a sig-
nificant resonance angle shift is observed when the
same small increment is made in the refractive index
of the polymer layer. For the EO polymer layer, if the
poling field is applied along the z axis as the refer-
ence principal axes as shown in Fig. 3, after the pol-
ing process, the index ellipsoid of the poled polymer
in the presence of a modulation electrical field E
=(E,,E,,E,) becomes [13]

1 1
(—2 + r13EZ) (x2 +y2) + (—2 + r33Ez)22 +2ri3Eyz
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Fig. 4. (Color online) Reflectivity curves of the structure
shown in Fig. 2 with different EO polymer indices of 1.489
and 1.490. In this calculation, the thicknesses of dielectric
layer and gold film are 125 nm and 5 nm, respectively.
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where n, and n, are refractive indices of the poled
polymer for ordinary and extraordinary rays, respec-
tively, and rq3 and rg3 are the EO tensor elements. If
the optical wave propagates along the y direction and
only the z-axis electric-field E, is applied, the index
ellipsoid in Eq. (1) can be simplified as an index el-
lipse equation as

1 1
(—2+r13E2)x2+ <_2+7'33E2>22=1. (2)
n n

o e

For the optical wave to excite the SPR, its polariza-
tion direction is along z axis, and hence the corre-
sponding refractive index change An of the EO poly-
mer induced by the voltage V applied across the
polymer is

3
An =—-n’r -, 3
n 9 e’ 33 / ( )

where d is the thickness of the EO polymer and V/d
corresponds to the electric-field E,. Assuming that a
polymer material with a high EO coefficient r3;3 of
200 pm/V is used and the incident angle 0 is 23.28°,
the reflectance as function of an applied voltage V is
shown in Fig. 5. If the reflectivity bias point is set to
50%, a modulation index of 0.5 can be achieved by a
low operating voltage of 2.5 V. Since this new struc-
ture is based on grating-coupled principle, the modu-
lator operation is dependent on wavelength of the in-
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Fig. 5. (Color online) Reflectance for a fixed incident angle
with increasing applied voltage between the metal and ITO
layers of the structure in Fig. 2.
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cident light. Meanwhile, the modulator is a free-
space type, the incident beam alignment accuracy
should be controlled to better than 0.01° to obtain the
expected performance. Regarding the device fabrica-
tion, the different structures located on two sub-
strates can be fabricated separately and then as-
sembled together by using adhering or bonding
technique. The EO polymer grating structure can be
fabricated by using simultaneous embossing and pol-
ing method [14].

In conclusion, a new structure of a grating-coupled
SPR EO modulator with good modulation perfor-
mance has been numerically demonstrated using the
FDTD simulation. The resonance angle of this new
configuration shifts significantly for a small-index in-
crement of 0.001 in the EO polymer grating struc-
ture, and an EO modulator with low operating volt-
age can be achieved.

The authors gratefully acknowledge the financial
support provided by the National Science Council,
Taiwan (NSCT) under grant NSC97-2221-E-150-020-
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Surface Plasmon Enhanced Light-Emitting Diode

Jelena Vékovic, Marko Lortar, and Axel Scherer

Abstract—A method for enhancing the emission properties TABLE |
of light-emitting diodes, by coupling to surface plasmons, is LAYERS OF THEGROWN WAFER
analyzed both theoretically and experimentally. The analyzed
structure consists of a semiconductor emitter layer thinner than layer thickness [nm]
A/2 sandwiched between two metal films. If a periodic pattern 8 p-GaAs cap 10
is defined in the top semitransparent metal layer by lithography, 7 p-Al,Gai_zAs, £ < 0.3 20
it is possible to efficiently couple out the light emitted from the 6 undoped GaAs 10
semiconductor and to simultaneously enhance the spontaneous 5 indoped IngGaggAs QW g
emission rate. For the analyzed designs, we theoretically estimate 1 undoped GaAs 10
extraction efficiencies as high as 37% and Purcell factors of up to 3 0-AlLGay_As, £ <03 50
4.5. We have experimentally measured photoluminescence inten- 3 1-GaAs cap 10
sities of up to 46 times higher in fabricated structures compared T [ undoped AlAs (sacrificial Tayer) 100
to unprocessed wafers. The increased light emission is due to an 0 Joned GaAs sub .

‘ undoped GaAs substrate

increase in the efficiency and an increase in the pumping intensity
resulting from trapping of pump photons within the microcavity.
Index  Terms—Finite-difference  time-domain  methods,
light-emitting diodes, optics at surfaces, spontaneous emis- gther hand, Barnes [10] recently discussed a potentially highly
sion, surface plasmons. efficient LED consisting of a metal clad dielectric microcavity
with periodic texturing of one of metal layers. He noted that
|. INTRODUCTION coupling to surface plasmon modes could improve light emis-
sion properties of the device. Our work, presented in this paper,

ORYyears, a S|gn|f|caqt amou_nt of scientific yvork hg; be‘?e the first experimental demonstration of this novel method for
focused on ways of improving the extraction eﬁ'c'en%nhancing the light emission from LEDs

of light-emitting diodes (LEDs). Many interesting approaches In Section Il of this article, we describe the procedure that we

have been propased to accomplish this, such as the use of H]é(}eloped for fabricating metal clad semiconductor microcav-

light-emitting layers with surface texturing [1], resonant ca ities with periodic texturing of the top, semitransparent metal

ities [2], photon recycling [3], or output coupling through surp. o |1y Section I, we present the theoretical analysis of their

face plasmons excited at corrugated metal surfaces [4]. Exterg d structures, electromagnetic fields, external and extraction

i i i 0 i - . . -
guantum efficiencies of 31% were reported _by employing IStficiencies, Purcell factors, as well as the calculated transmis-
flection from a bottom metal mirror together with a textured toBion of pump power through the top surface and the increase in

semiconductor surface [5]. . . the pumping intensity resulting from trapping of pump photons
Apar t from efforts t.o ex'trgct as much light as possible fro.m ithlian thr()e rgicrocavig/. Finally(fJ in Secti(l;)rl? |\? WeppreZepnt and

a s_em.lconductqr qu'Ce’ 't. Is also possple to enhanpe the “%}(ﬂécuss results of photoluminescence (PL) measurements from

emission rate within a semiconductor. This approach s basedfggricated structures.

Purcell's prediction in 1946 that the radiation rate of an atom

placed within a wavelength-sized cavity can be changed [6].

A fivefold enhancement of spontaneous emission was recently

measured in a semiconductor optical microcavity at low tem- Design of the grown wafer is shown in Table I. Wafer was

peratures [7], and Yablonovitch and coworkers demonstratdesigned for fabrication of electrically pumped devices and

[8] that Purcell factors of about 55 can be achieved whenpa and n-doped layers were included. Layers 2-8 form the

InGaN/GaN quantum well (QW) is positioned close to a thimembrane that will be lifted off and sandwiched between two

silver layer. metal layers. The total membrane thickness is approximately
In order to build an ideal, highly efficient light-emitting diode90 nm. The emission from the InGaAs/GaAs QW is centered

(LED), itis desirable to improve the extraction efficiency and sat 986 nm, which corresponds to conduction-to-heavy hole

multaneously enhance the spontaneous emission rate. A 15-fwdahd transitions (C-HH). There is also a peak at 930 nm, corre-

emission intensity enhancement, with Purcell fa¢fpe= 2was  sponding to conduction-to-light hole band transitions (C-LH),

observed in 2-D periodic thin film photonic crystals [9]. On thevhich becomes more prominent at high pumping levels. C-HH

transitions couple to electric fields polarized in the QW plane

Manuscript received December 27, 1999; revised July 10, 2000. This W&%'Z plane). On the other hand, C-LH transitions couple twice

was supported by the Air Force Office of Scientific Research (FOSR) undas strongly to electric fields with polarization perpendicular

Contract AFS-5XF49620-1-044-SC. to the QW plane « direction) than to those polarized in
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Institute of Technology, Pasadena, CA 91125 USA(e-mail:jela@caltech.edt?).e QW plane [11]. In the classical spontaneous emission

Publisher Item Identifier S 0018-9197(00)08144-6. model, C-HH transitions are represented with parallel dipoles,
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Fig. 1. Fabrication procedure: (a) thick silver layer deposition; (b) epitaxial liftoff; (c) Van der Waals bonding onto silver coated silicates@ythin silver
layer deposition; () PMMA deposition and patterning using e-beam lithography; (f) pattern transfer to thin silver layer tisiog willing; and (g) PMMA
removal.

while C-LH transitions are represented with both parallel ar(@olymethylmethacrylate) is then spun on top of the thin metal
perpendicular dipoles, weighted by factors 1gf3 and 2/3, layer and subsequently baked on a hot plate at“IS@or 20
respectively. min. A desired pattern is beamwritten on the PMMA by electron
The fabrication procedure is described in Fig. 1. Firsheam lithography in a Hitachi S-4500 electron microscope
we deposit a thick silver mirrord( > 1.5um) on top of [step (e)]. The resulting patterns are approximately 50
the grown wafer [step (a)]. This metal layer is also used 50 xm in size, and the exposed PMMA is developed in a
as a mechanical support during the membrane liftoff. The®;7 solution of 2-ethoxyethanol:methanol for 30 s. Then, the
we remove the membrane from its substrate by dissolvipgttern is transferred into the top semitransparent metal layer
the sacrificial AlAs layer in 8.2% hydrofluoric acid (HF)using Art ion milling at a beam voltage of 1500 V [step (f)].
diluted in water [step (b)]. HF attacks AlAs very selectivelyFinally, the remaining PMMA may be dissolved in acetone
over Al,Ga,_,As for z < 0.4 [12]. The lifted-off membrane [step (g)]. A corresponding SEM picture, showing the top
(layers 2-8) with the thick silver layer on top is then Vawiew of a fully processed wafer, is given in Fig. 2, where
der Waals bonded [12] onto a silver coated silicon wafer afight areas correspond to regions where silver was removed.
the silver on the lift-off film bonds to the silver coated on The structure shown in Fig. 1.1 is the unprocessed wafer and
the silicon support wafer [step (c)]. Another 20—40-nm-thicthe one in Fig. 1.4 is referred to as the half-processed wafer.
silver layer is then deposited on top of theGaAs cap [step Fig. 1.5 represents the unpatterned metal clad microcavity, and
(d)]. A 100-nm-thick film of high molecular weight PMMA finally, the structure shown in Fig. 1.8 is the fully processed one.
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Fig. 2. Fabricated pattern in the top silver layer. Light areas correspond to
regions where silver was removed during the-Aon milling process.

S — e
= A EmL

HI
I1l. THEORY

A. FDTD Analysis of Metallic Structures at Optical Fig. 3. A metal clad microcavity analyzed using the FDTD method. The

Frequencies structure is infinite in the: direction. Mur’s absorbing boundary conditions

o ) . ) . are applied to boundaries in tlyedirection and Bloch boundary conditions are

The finite-difference time-domain (FDTD) method is used tapplied to boundaries in the direction.

theoretically analyze electromagnetic fields within metal clad
microcavities. In order to accurately model metals at optical fre- .
SR re used. We have performed 2-D analyses to design our struc-
quencies, itis necessary to make some changes [13], [14] to u%s with discretization steps of 3 nm (unless noted otherwise)
standard Yee’s FDTD scheme [15]. Electromagnetic fields in° " P '
metals are described by adding a current tefmto Maxwell’'s

curl equations (Drude model) B. Electromagnetic Fields and Band Diagrams of Unpatterned

Metal Clad Microcavities

CxH=c 3_E I 1) First, we analyze the band diagram of the metal clad mi-

= ot . crocavity shown in Fig. 3. Parameters of the analyzed struc-
- o OH ture are chosen so that they correspond to geometries which
VXE=—po— (2)

ot we have fabricated and measured. The semiconductor mem-
o - brane was 90 nm thick, with a refractive indexof= 3.5.
o T vl = cowp B () The top semitransparent silver layer was 40 nm thick, and the
i . bottom silver layer was 200 nm thick. Absorption losses in silver
wherew,, is the plasma frequency of a metal anis the corre- \ere not included in any of the band diagram calculations, since
sponding damping rate. We assume that the metal is silver wiih,e ands are too lossy, it is difficult to recover them from
parameterdw, = 8.8 eV (i.e., A, = 140 nm), fus = 0.05 eV, spectra obtained in FDTD analyses. In the wavelength range of
ande, = €o- In part of our FDTD calculations, we n(_aglectour interest (986 nm), the imaginary part of the silver dielec-
metal absorption losses by applying= 0. Nonmetallic régions i constant is still much smaller than its real part, and posi-

are described with standard Maxwell curl equations tions of bands can be determined approximately by assuming

L oF that» = 0. The analyzed structure is surrounded by air on top
VxH= c(F)a— (4) and bottom and the slab is infinite in the horizontal plane. We
t M 13 1 AT H T M
of assume that the structure is “periodic” in thalirection with
VxE= —Ho— (5) an artificial periodicity of 50 nm and analyze only one unit cell.

Mur’'s ABC are applied to boundaries in tyedirection, while

The FDTD method consists, basically, of the discretization &loch boundary conditions are applied to boundaries inzthe
(1)—(5) in space and time [16]. The reader is referred to [1d]rection.

for the detailed description of the FDTD calculation of band P-polarized (TM) light has: andy components of the elec-
diagrams and filtering of electromagnetic fields for a mode dfic field and thez component of the magnetic field, whitepo-
interest. Depending on the problem, different boundary cond&rized (TE) light has: andy components of the magnetic field
tions are applied to boundaries of the computational domaand thez component of electric field. The band diagram for the
such as the Mur’s absorbing boundary conditions (Mur’'s AB&tructure shown in Fig. 3 is shown in Fig. 4. The discretiza-
[18]) or Bloch boundary conditions. The spatial discretizatiotion step used in the FDTD calculation is equal to 1 nm. We
step is critical in this case, keeping in mind that the penetratiobserved that the increase in the discretization step (to 3 nm)
depth of the electromagnetic field into metals can be of the ordafluenced only the Tl band: the band shifted upwards in fre-
of only tens of nanometers. This implies that large amounts gfiency at large:,. values. The splitting between the long- and
memory are required for computation unless variable cell sizgisort-range coupled SPP branches [10] of the top silver layer
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Fig. 4. Band diagram of the unpatterned (flat) metal clad microcavity. Silver i
layers are 40 and 200 nm thick and the semiconductor core thickness is 90 nm.
Absorption losses in silver were not included.

By

was not observed for the semitransparent silver layer thickness
used in FDTD calculations (40 nm) and for the used frequency
resolution of2.3 - 1073, /. Let us analyze electromagnetic
fields in the middle of the membrane, where the QW is located in — = Fhan silver
real structures. The TM, mode has a very weak parallgt..) “_l "“:"_“_“'“‘““"'
and a strong perpendicul&E,, ) electric field component there, B
as shown in Fig. 5. It follows that perpendicular dipoles posi-
tioned in the QW couple strongly to this mode. On the other
hand, the TM mode has a strong parallgt..) and a weak per-
pendICUIar(Ey) electric fleld_cor.nponen'g in the middle of theFi . 5. Intensities of electric and magnetic field components for the TM
membrane, as can be seen in Fig. 6. (Fig. 6 represents the Tr{\gde, withA, /A = 0.084 andk, = 0.0157 nm~'. The analyzed structure
mode at cutoff where it is degenerate to theyTBode and the has the same parameters as the one whose band diagram is shown in Fig.4.
» component of its electric field is equal to zero.) Furthermore,
the TE mode has only its parall¢[E ) component of.electnc dipole transitions are in plane and they can couple tg aid
field not equal to zero. Therefore, parallel dipoles in the QVA(M

o modes.
couple strongly to TN and Tk modes.

Using the 1-D finite difference method, we evaluated t - :
cutoff frequency of T and TM, modes when absorptionhé' Electromagnetic Fields and Band Diagrams of Metal Clad

| . ) . M(ijprocavities with a Patterned Semitransparent Metal Layer
osses in both metal and semiconductor were included, an
concluded that it was positioned a5/A = 0.15 instead of Perpendicular dipoles in metal clad microcavities couple
0.16, as in the lossless band diagram shown in Fig. 4. Absogtrongly to the TM.; mode [19] located below the light
tion losses also reduce the quality factors of modes. Usilige, as shown in the band diagram in Fig. 4. Therefore,
the FDTD method, we evaluateg-factors corresponding to their emission cannot be extracted outside an unpatterned
several(k,, A,/ A) points in the band diagram (including metamicrocavity. Usually, the TM; mode is considered a loss
absorption) and they were in the range between 5—7. Therefaregchanism in metallic structures. However, we can modify
for lossy bands, we cannot talk about an abrupt cutoff #te band diagram and bring parts of the TMbranch above
Ap/A = 0.15. Instead, the cutoff is gradual and extends frorthe light line by patterning of the top semitransparent metal
abouth,/A = 0.131t0 0.15. layer. The introduction of periodicity into one of metallic layers
In normalized units, the C-HH transitions peak at 986 nmiramatically changes the band diagram shown in Fig. 4. The
which corresponds ta,, /A = 0.14. From the previous discus- band diagram is folded back into its first Brillouin zone at
sion, it follows that these transitions couple mostly tq,#8d the edges of which the band gap for surface plasmon waves
TMg modes in the gradual cutoff. Their coupling to the TM appears [10]. This means that bands previously located below
mode is very weak. On the other hand, the C-LH transitions petlile light line can now be brought above it. The effect of the
at 930 nm corresponds tg,/A = 0.15 and this emission cou- periodic patterning can also be analyzed using the 2-D FDTD.
ples strongly to the TM; mode. However, one third of C-LH We introduce a 1-D grating consisting of stripes (infinite in the

- Thick silver
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layer analyzed using the FDTD method in order to study the effect of metal
patterning. Mur’s absorbing boundary conditions are applied to boundaries in
they direction and Bloch boundary conditions are applied boundaries im the
direction.a denotes the grating periodicity.

unpatterned metal clad microcavity. With the frequency resolu-
tion of2.3-1073),,/A used in our FDTD calculations, we could
not detect a band gap &t = 0 and\,,/A = 0.14 for structures
_ € amiconductor with periodicities of 650 or 480 nm. What about the TE polar-
_ Laviar ization? A band with the cutoff frequency around 0.14 appears
| .]_hm; il in TE _bar_wd dia_gra_lms_for aII_structures. As we will see from the
electric field distribution, this branch corresponds to the com-
bination of the Tk mode and the mode that resonates in the
gap between silver stripes. For the smaller grating periodicity,
gaps between silver stripes are closer to each other and behave
as coupled cavities. Therefore, this mode can propagate in the
Fig.6. Intensities of the component of the electric field and theomponent direction. On the other hand, for the larger grating periodicity
of the magnetic field for the TM mode, withA,/A = 0.16 andk, = 0. (suchas 480 nm), cavities are decoupled, this mode cannot prop-
E, = 0 for this mo_de. The_ analyzeq structure has the same parameters asdb%te, and the Corresponding TE band is flat. For the upper TE
one whose band diagram is shown in Fig. 4. . .
bands, the band gap does not appear at the edges of the Brillouin
zone, meaning that the grating has basically no effect there and
z direction) within the top metal layer. The pattern is formed bthe corresponding mode is simply the TE mode of the unpat-
periodically modulating the top metal layer thickness betweeerned structure.
40-0 nm. When the top layer is modulated between 20—0 nmFirst, we filtered the TM polarized fields with, = 0 and
the results are approximately the same. We analyze thrgg/A = 0.14 for the structure with a periodicity of 250 nm,
structures, with the same parameters as those that we fabricatiedrder to confirm that this metal layer patterning produces
and measured. Their grating periodicities are 250, 480, athe outcoupling of radiation. From the band diagram shown in
650 nm, with a 160-nm-wide gap between silver stripes. Theg. 8, we see that there are two modes in the filtered frequency
schematic diagram of these structures is shown in Fig. 7 arahge. The intensities afandy components of electric field are
the calculated band diagrams for TE and TM polarizations ashown in Fig. 11. By comparison with the fields from Fig. 5,
shown in Figs. 8-10. we see that radiation now escapes from the microcavity, even
The indicator of how strongly the grating changes the barnklough the gap between silver stripes is smaller than a wave-
diagram of an unpatterned metal clad microcavity is the sizelehgth. Moreover, the: component of the electric field is not
the band gap that opens at the edge of the Brillouin zone. Letnegligible in the middle of the membrane. This means that par-
first consider band diagrams for the TM polarization. Clearlgllel dipoles positioned there and oriented in thdirection can
in the frequency range of our interdst, /A = 0.14) only the also couple to this mode. On the other hand,Ehdield is still
grating with a periodicity of 250 nm strongly affects properstrong within the membrane, which means that perpendicular
ties of the structure. We expect that this grating will extract thdipoles still couple to this mode strongly.
emission of perpendicular dipoles, while the other two analyzedThen, we filtered the TM polarized fields with, = 0 and
structures will not show any significant improvement over ah, /A = 0.15, for the structure with a periodicity of 650 nm. The

= Thin siboe
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Fig. 8. Band diagrams of the patterned structure with a periodicity-0f250 nm: (a) TM-polarization and (b) TE-polarization. The dashed line corresponds to

the light line in air.
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Fig. 9. Band diagrams of the patterned structure with a periodicity-6f480 nm: (a) TM-polarization and (b) TE-polarization. The dashed line corresponds to
the light line in air.

electric field intensity patterns are represented in Fig. 12. Thiaythe gap between silver stripes, and is radiated out of the cavity
look exactly like the TM.; mode withk,, = 67/a of the unpat- through the spacing between stripes. Since the density of these
terned structure, except underneath gaps between silver strigpacings is larger for the structure with a periodicity of 250 nm,
The electromagnetic field intensity outside the microcavity ihe mode will extract the emission out of this cavity more effi-
small. This was expected from the band diagram for the TM poiently.
larization for this structure, shown in Fig. 10, since we could not Therefore, the patterning of the top metal layer has a strong
detect opening of the band gap in the filtered frequency rangeffect on properties of both TE and TM band diagrams. By
We also filtered the TE polarized fields with, = 0 and choosing a grating appropriately, such as in the case of the ana-
Ap/X = 0.14 for the structures with periodicities of 250 andyzed structure with a periodicity of 250 nm, both the emission
480 nm. The corresponding, field distributions are shown in of perpendicular and parallel dipoles can be extracted out of the
Fig. 13. The mode looks like the TEnode that also resonatesmicrocavity.
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Fig. 10. Band diagram of the structure with a grating periodicity of 650 nm
(TM-polarization only). The dashed line corresponds to the light line in air.

D. External Efficiency and Extraction Efficiency

Let us denote by /7. the rate at which photons are radiated
outside the cavity, antl/7,, the decay rate corresponding to all
other mechanisms (such as absorption losses or the excitation
of modes that remain trapped within the cavity). The total decay
rate is defined as

Y N

T Tr Tor

[
The external efficiencyre.x: ) can be expressed as [9]
Fig. 11. Intensities of electric field components for the structure with a
periodicity of 250 nm. The filtered frequency range was centered around

1 1 Ap/A = 0.14 andk, = 0.
Next = ™ _Tr (7) ) .
o1 " 1 1 For structures with a patterned top metal layer, external effi-
Tr  Tar T ciencies can be calculated using the 3-D FDTD method, with os-

o . cillating dipole sources modeling atomic transitions. However,
The external efficiency for planar structures without metghis computation would require large amounts of memory, as we
patterning can be evaluated using the method describednifted previously. Instead, we can easily estimate, from our 2-D
[20] and [21]. We calculated the external efficiency for thepTp simulations, the efficiency of light extraction by coupling
unpatterned metal clad microcavity with a 90-nm-thick semjgy some mode. The extraction efficiengy is the probability
conductor membrane, as a function of the top, semitranspargyt a photon radiated into some mode escapes the cavity. The
silver layer thickness, and for the collection angles of 80 ate at which the electromagnetic field energy is lost from the

90° with respect to the normal to the surface. The refractivgyity is described by the radiation quality factdy
index used for silver waa = 0.14 + 6.944. The emitter was

a parallel or a perpendicular dipole positioned in the middle 0, = wolW ®)
of the membrane and oscillating at the wavelength of 986 or ! P,

930 nm. The calculated external efficiencies correspondlr\}\?]erew represents the electromagnetic field energy stored in

to perpendicular dipoles are negligible, while the extern . . ) .
efficiencies of parallel dipoles are shown in Fig. 14. For th%1e cavity,w is the radial frequency of a mode, afil is the

. power radiated outside the cavity. On the other hand, the nonra-
unprocessed wafer, we calculate that, corresponding to 7.” . ) . .
; ” . diative quality factor),,, describes the rate at which the stored
parallel dipoles positioned 45 nm from the SemlconduCtor/aeﬁectroma netic energy decreases due to mechanisms other than
interface is 2% into the 90collection angle, or 0.5% into the 9 9y

30° collection angle, both at wavelength of 986 and 930 nr"ﬁhe radiation outside the cavity

Next fOr perpendicular dipoles in the unprocessed wafer is woW
negligible. Qe = P ©)
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Fig. 12. Intensities of electric field components for the structure with a periodicity of 650 nm. The filtered frequency range was centered Akosn@. 15
andk, = 0.

whereP,, represents the power lost through these mechanisraBown in Fig. 8, we can see that the emission in the frequency
The total quality factory is defined as range from 0.14 to 0.15 (in units of,/\) goes into the 30
escape cone, if coupled to TM modes. However, coupling to

1 = 1 ! (10) TE modes does not improve the directionality and the emission
Q @ Qu goes into the 90cone. For the structures with periodicities of
and the radiative and nonradiative photon lifetimes are defin680 or 480 nm, we estimated th@t= 7, while the extraction
as efficiencies corresponding to the folded TM branch were
Q. approximately the same as in the unpatterned cavity case.
Tpr = @ (11)  The calculated extraction efficiency corresponding to the first
Ow TE band (whose field distribution is shown in Fig. 13) in the
Towr = 05 (12)  structure with a periodicity of 480 nm s, = 20%. However,
only dipoles located directly underneath the gap between silver
7. can be expressed as stripes can couple to this mode, which implies that the external
1 efficiency is at least three times smaller than the calculated
p_ 0 The situation is even worse in the structure with a periodicity
Ne = ﬁ = 0. (13) of 650 nm. We conclude that the external efficiencies of the
— + T structures with periodicities of 480 and 650 nm are not expected
Tpr - Tpmr to be better than in the unpatterned structure.

Clearly, n, does not take into account the dependence on theTherefore, for the structure with a periodicity of 250 nm, the
position and orientation of dipole transitions, as well as all posxtraction efficiency of more than 30% can be achieved in the
sible nonradiative mechanisms. presence of a grating. The filtered modes have low quality fac-
We calculatedr, for the structure with a periodicity of tors and overlap with both C-HH and C-LH emission peaks.
250 nm. The only nonradiative loss mechanism in thes@om the field patterns for the TM mode shown in Fig. 11, we
calculations was the absorption in metal. For the folded_TM see that this mode can extract the emission of both perpendicular
mode, whose field distribution is shown in Fig. 11, we caldipoles and parallel dipoles oriented in thelirection. On the
culated@, between 30 and 537 = 6 andr, between 12% other hand, the filtered TE mode extracts the emission of parallel
and 20%. For the TE mode shown in Fig. 13, we calculatetipoles oriented in the direction. Since dipoles located in the
Q, = 15, = 5.5 andn, = 37%. From the band diagram middle of the membrane couple to these modes very strongly,
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Fig. 15. Calculated decay rate enhancement for the unpatterned metal clad
microcavity, as a function of the top, semitransparent silver layer thickness. The
emitter is a parallel or a perpendicular dipole positioned in the middle of the
90-nm-thick membrane, oscillating at the wavelength of 986 or 930 nm.

One should also note low values @fresulting from a sig-
nificant metal absorption. A reduction in the absorption and a
further increase in the extraction can be achieved by designing
a device that operates at longer wavelengths. As we will see
later, the calculated) values are in the same range as our ex-
perimental results.

E. Purcell Factor and Decay Rate Enhancement

The Purcell facto(£},) is defined as the spontaneous emis-
sion rate enhancement in a microcavity relative to a bulk semi-
conductor. On the other hand, we define the decay rate enhance-
ment (F;) as a ratio of the total decay rate in a microcavity
(1/7) and the spontaneous emission rate in a bulk semicon-
ductor(1/7o)

Iy = (14)

5‘|»—\|~1|»—\

The modulation speed of an LED is proportionalHg. When
analyzing a light-emitting device, we care about the overall ef-
ficiency, defined as a product &f; and the external efficiency

Tlext

1
Fd *Mext = TT7 (15)
o

The efficiency is a measure of how much faster is the rate of

“;l&ht emission outside the cavity than the spontaneous emission

calculatedy.. into the 30 or 9¢° collection angle. The emitter is a parallel rate in a bulk semiconductor.

dipole positioned in the middle of the 90-nm-thick membrane, oscillating at We evaluatedF,; analytically for unpatterned structures
the wavelength of 986 or 930 nm.

using the method described in [20]. The result is shown in
Fig. 15. Subscriptd and L denote parallel and perpendicular

we expect that this structure will have a better external efficiendypoles, respectively. If the excitation of surface plasmon
than the unpatterned structure.

modes is included in the spontaneous emission rate calculation
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70 T f g ' 1 v ' as well as the power transmitted into the semiconductor, by in-

' ' tegrating the Poynting’s vector along a chosen surface. Without
metal on top, the calculated transmission Was 0.7 for both
z-oriented orz-oriented dipole, as expected from Fresnel equa-
tions. However, in the presence of the metallic grating, we cal-
culated?” = 0.5 for an z-oriented dipole and” = 0.24 for a
z-oriented dipole. This means that the average transmission in
the presence of a gratingds= 0.375. By weighting transmis-
sion coefficients for the flat metal layer on top (40 nm thick) and
for the air/semiconductor interface with the filling factor of the
grating, we obtaird” = 0.47.

60+

50F-

40+

30r

Transmitted power [%}

20+

T G. Trapping of Pump Photons Within the Microcavity

o : m s " v m % 0 We can defineV as a factor that measures an increase in the
top silver layer thickness [nm] pumping intensity resulting from the trapping of pump photons
within the microcavityV is proportional to an average number
of times that a pump photon crosses the QW before being ab-
Fig. 16. Percentage of the pump beam intensity transmitted through the tg8gyrhed in it or lost through other nonradiative loss mechanisms.
unpatterned silver layer, as function of its thickness. The trapping of pump photons within the microcavity effec-

] ) tively increases the pumping intensity, since the probability that
for this structure, one obtains thég = I}, for both parallel and 5 yhoton excites an electron transition into an upper band is pro-
perpendicular dipoles located in the middle of the membraneportional to the number of times that it crosses the QW. The

For complicated geometries obtained after the top metal 'aXﬁ{processed wafer hag = 1, since there is no mode within
patterning, it is possible to use the FDTD-based 3-D analy$fs structure that pump photons can couple to and photons not
of Purcell factor proposed in [22]. Howevgr, this requires larg§ysorbed in the QW are lost when they reach the GaAs sub-
amounts of computer memory. Instead, it can be roughly agate. However, in the case of half-processed or fully processed
sumed that decay rate enhancements ano_l Purcell factors of fW!é’fers, the pump power transmitted through the top surface can
processed, patterned structures have their values between t%ﬁnﬁe to ans-polarized guided mode of the structure. For fully

of the half-processed structure and the flat (unpatterned) meﬁ?&cessed wafers, this can be easily seen from the previously

clad microcavity. calculated TE band diagrams (the pump wavelength is equal to
0.17 in units\;,/A). For the half-processed wafer, we performed
the 1-D finite-difference analysis and showed thatsgmolar-
In our experiments, we pump structures optically from toped guided mode existed at the wavelength of 830 nm.
using a semiconductor laser diode emitting at 830 nm. There4_et us denote by (in units [1/cm]) the loss coefficient for
fore, it is important to determine what percentage of 4#fg- the guided mode that pump photons couple to. The angle with
larized pump beam is transmitted into the structure. respect to they axis of this mode’s total internal reflection is
Let us denote by’ the transmission through the top surfacéefined as
at the pump wavelengthi: can be evaluated from Fresnel equa-
tions for an unpatterned top layer. The calculdi&ds a func- 9 — arcs111<ki> (16)
tion of the silver layer thickness, is shown in Fig. 16. The trans- k

mission through the air/semiconductor interface is equal to 70\{%erekx is the wavevector component in the direction of prop-

For structures with metallic grating on top, there is no increag@aﬁon(x) andk is the amplitude of the wavevector. Then, it
in the pump power transmission due to diffraction at the Pa%liows that V is proportional to

terned metal layer, and transmission coefficients can be approx-

F. Pump Power Transmission Through the Top Surface

imated by weighting previously calculated coefficients with the 1 /12 — |2
filling factor of the grating. In order to prove that this is correct, N= dtan(8) = T odk = 17)

we analyzed (using the 2-D FDTD method) the transmission

through the metallic grating sitting on top of a semiconductorhered is the membrane thicknes8! cannot be considered
The metal layer had the same parameters as the previously sitouse the exact value of the increase in the pumping intensity,
lated grating with a periodicity of 250 nm and absorption losseice we arbitrarily chose to evaluate it until the trapped beam
were included. We analyzed one unit cell of the structure aedergy drops to 10% of its initial value. However, it is the in-
applied Mur's ABC to boundaries in the direction and peri- dicator that the trapping happens and how strong it is. We an-
odic boundary conditions (i.e., Bloch boundary conditions witalyze the half-processed wafer and the flat metal clad micro-
k. = 0) to boundaries in the direction. A parallel dipole (ori- cavity using the 1-D finite difference method (absorption losses
ented in ther or z direction) was located 400 nm above thén both metal and semiconductor were included, former being
metal surface, in the air and above the middle of the gap @eminant). From the obtained valuescoéndk, for the guided
tween stripes. The frequency of dipole oscillations matched th& mode at 830 nm, we estimafé. The unpatterned metal
pump frequency. We calculated the power of the dipole sour@tad microcavity hagv = 12, even when the top silver layer
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TABLE 1l

to fiber and spectrum analyzer PHOTOLUMINESCENCEMEASURED FROM THEFABRICATED STRUCTURES a IS
THE 1-D GRATING PERIODICITY, WHILE ¢ DENOTES THEGAP BETWEEN SILVER
STRIPES E,,;,(986 Nm)AND Ey,;,(986 nm) DENOTE PHOTOLUMINESCENCE
Lens2 <= ENHANCEMENTS AT 986 NnmOF THE FULLY PROCESSEDWAFER WITH
ens, " RESPECT TO THEUNPROCESSED AND TO THEHALF-PROCESSENVAFER,
RESPECTIVELY. THE LAST Row CORRESPONDS TO ANUNPATTERNED
Top METAL LAYER. ALL TABULATED VALUES ARE AVERAGED
beamsplitter OVER SEVERAL MEASUREMENTS
laser diode sl . B
(830nm) detector a [nm] | g [nm] | E,,(986nm) | Epy(986nm)
250 160 46 2.24
480 160 5.6 -
650 160 6.4 -
Pump 0 0 5.5 -
Lensl < T Emission
50
455
tested sample d
40+ R
Fig. 17. Experimental setup used for PL measurements. 35- : E

— 80F
thickness varies between 20 and 40 nm. For the half-processeg o5L.
structure, consisting of a lifted-off membrane on top of a thickn_§ b
bottom metal layer, we also estimad = 12. Therefore, in
both structures, there is an equal increase in the pumping inter  15¢
sity resulting from the pump beam trapping in the microcavity. @
c
5-

a

(e L e

IV. M EASUREMENTS 900 950 1000 1050
A [nm]

The _eXp_enmental setup used for the PL measurementslziI . 18. The measured PL spectra: (a) unprocessed wafer; (b) half-processed
shown in Fig. 17. Samples are mounted on an X-Y-Z stage af#er; (c) pattern witht = 650 nm andy = 160 nm (the unpatterned structure
optically pumped at a 90incident angle. The pump source isand the pattern with = 480 nm andy = 160 nm give very similar signals);

a semiconductor laser diode emitting at 830 nm, pulsed witAd (@) patterm withu = 250 nm andg = 160 nm.
a period of 3us and a pulse width of 2.as. A nonpolarizing
cube beamsplitter is used to bring 50% of the pump beamftgly processed wafers, including the unpatterned metal clad mi-
the detector and to measure the external pump power. The ottwercavity, the FWHM is in the range of 60—-110 nm. Therefore,
50% of the beam is focused to a L@A spot on the sample their quality factors are between 10-15. For the half-processed
by using a 100X objective lens (labeled as Lens 1). The samafer, the FWHM is 32 nm. Because of a bulk emission tail at
objective lens is also used to collect the emitted light. THewer wavelengths, a luminescence peak at 930 nm for unpro-
collection angle is 3D with respect to normal. The collectedcessed wafers cannot be clearly resolved. The spectra for unpro-
emission is then focused in Lens 2 and detected using a fileessed, half-processed and fully processed wafers are shown in
coupled spectrum analyzer. Fig. 18. The PL peak of the unprocessed wafer at 986 nm was
We have measured the output from the unprocessed as-grawenmalized to 1. A filter was applied before the detection to cut
wafer, from the half-processed wafer, and from the fully proff wavelengths below 890 nm. A deposition of metal at one or
cessed structures, with a patterned or unpatterned thin metigboth sides of a 90-nm-thin semiconductor membrane does not
layer on top. We fabricated a series of gratings in the top metdem to induce additional strain, since for all measured struc-
layer, that was 25 nm thick (within-210% range). Each grating tures luminescence peaks are located at wavelengths of 986 and
is characterized with a periodicity:) and a gap(g) between 930 nm.
silver stripes. Between stripes, silver was completely removedin order to explain measurement results, we have to take into
by ArT ion milling. During the thin silver layer deposition, partaccount several effects: A) the increase in the pumping inten-
of the sample surface was masked, in order to also prodwgiy resulting from the trapping of pump photons within a mi-
half-processed regions. The measurement results are sumaonaeavity; B) the decay rate enhancement; and C) the change
rized in Table I, where the peak external pump power was 2ir2 the external efficiency. In our explanation, we will use the-
mW. £,,,(986 nm) andEy;, (986 nm) denote the PL enhanceoretical results presented in the previous section of this article.
ments at 986 nm of the fully processed wafer with respect to tfibe spontaneous emission reabsorption is not very efficient be-
unprocessed and half-processed wafers, respectively. Tabulai@ase of the small optical confinement factor in the QW and the
values are raw measured data and have not been rescaled. Fphalton recycling effect can also be neglected [3].
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If P, denotes the external pump power dig; denotes the 45 '
. . 986nm
power emitted from the device, then al 930nm.
Pout
ot E 18 35_
P, =7 (18)
3 -
where~ is defined as =
Te 251
pd
Y= /3 . (f||Fd,||77ext,|| + fJ_Fd,J_next,J_)- (19) :E' ol
&
For patterned structures, the first term should be separated T .l
contributions of parallel dipoles in thedirection and in the:
direction, since they have different,... f; andf, are fractions LR N
of dipole transitions that are in the QW plane or perpendicular ti |
it. Their values at the main peak of 986 nm gije= 1 andf, = ‘ .
— — ¢ L L I I P
0 and at 93Q nmarg, = 1'/3 and:ﬁ = 2_/3. Eurthermore1/2 0 : T T |
of parallel dipoles are oriented in thedirection and the other top silver layer thickness [nm]
half in thez direction. is the equivalent pumping intensity that
can be expressed as Fig. 19. Ratio ofy factors for the unpatterned metal clad microcavity and the

half-processed structure.
pB=1T-N. (20)
half-processed structure for the top silver layer thickness larger
than 25 nm, the stronger pumping of the unpatterned structure
would requirelN/Ny;,, > 10. However, according to Fig. 19 and
for the experimentally observed PL enhancement at 986 nm, this
would imply that(yNy,/m,pN) < 0.025, which is possible

Let us label the half-processed wafer by a subsdérptthe
unprocessed wafer using a subsctipt and denote the PL en-
hancement by¥. If the input pump powers are the same (i.e
P, equal), PL enhancements can be expressed as

By, = N 1) only for thicker silver layers (thicker than 35 nm). This not the
RS case in our structure and, therefore, the enhanced peak at 930 nm
B, = o (22) cannot be a result of the strong pumping. In order to prove ex-
P v perimentally that the enhancement of the peak at 930 nm is not

a result of the strong pumping, we measured the PL of the un-
ce- . ; ; .
é)lﬁ%terned microcavity at different pumping levels. The external

mp power was controlled by neutral density filters. The shape

of the increased external efficiency into the collection angle : .
30° (by a factor of 2), the decay rate enhancemerdtgf = 1.5 ?fc;ﬁiezl_ spectra did not change when the pumping level was

and the higher pumping intensity resulting from pump pho- Structures with periodicities of 480 or 650 nm have a similar

tons trapping within the structure. Therefore, the pumptrapp"ﬂ)%rformance to the unpatterned metal clad microcavity, as we
factor for the half-processed waferig,, = 7. til_qeoretically predicted ’
P .

The unpatterned metal clad microcavity has a sixfold The structure with a periodicity of 250 nm has a 46-fold PL

|nten§|ty increase at 986 nm and the prominent peak at 930 mEnsity enhancement at 986 nm relative to the unprocessed
Relative to the half-processed wafer, PL enhancements %?at

The half-processed wafer has a 21-fold PL intensity enhan
ment at 986 nm relative to the unprocessed wafer. Thisisare

986 and 930 nm are equal to 0.26 and 1.5, respectively. In or erfer' Clearly, we cannot determine exadiand.V factors for

o : e patterned structure, but we can make a rough estimate and
to expla_un_tms_ result, we CaICUIatWN“P/%PN)' The resultis onfirm that there is definitely an increase in the efficiency rel-
shown in in Fig. 19. Parameters without a subscript refer to t

unpatterned metal clad microcavity. We theoretically predict(? lve to the unprocessed wafer. Let us assume thavtector
. . of the same order as that of the half-processed wafer, and use
thatN = Ny,. For the top silver layer thickness of 27 nm, th% ’

. ) . . he theoretically estimated value of the transmission coefficient
theoretically estimated,,, values agree with the experimen- - L .
tally observed ones Folr this silver layer thickness, we hax(/g = 40%). Then, we estimate that the pumping intensity has
y o y ' Increased 4 times relative to the unprocessed wafer. This means
estimated theoretically; (986 nm) = 0.5, F;; (930 nm) =

4 that there is a 12-fold increase in the efficiency (into the detec-
2.1, Texs, (986 M) = 6% and7jer. (930 NM) = 12% (into ! ! ! iciency

the 30 collection angle). Therefore, the increase in the Pﬁl_on angle of 30) compared to the unprocessed wafer. The PL

intensity has to be a result of an increase in the efficienc,peak at 930 nm is not as large as in the unpatterned top layer
def dy I hich is six fi | than in th dase. The weaker peak at 930 nm can be explained by the fact

€lined asliy - Texe, WNICH IS SIX MES farger than n ethaEthe Purcell enhancement at 930 nm is not as strong as in the
unprocessed wafer at 986 nm. Furthermore, the enhancemerp
. u dpatterned structure.
in the 930-nm peak comes from the Purcell enhancement an
the improved extraction for parallel dipoles.

Is it possible that the enhanced peak at 930 nm is a result

of the unpatterned structure pumped stronger than the half-prowe have theoretically analyzed, fabricated, and measured the
cessed one? Since the transmission coefficleof the unpat- metal clad microcavity with a sub/2 semiconductor mem-

terned structure is at least ten times smaller than the one of brane and a patterned top metal layer. The emitting region is

V. CONCLUSION
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a single QW positioned in the middle of the membrane. At the [7]
same external pump power, we measure PL enhancements of up
to 46 times with respect to the unprocessed wafer. We estimate
that this enhancement is due to at least a 12-fold increase in thg]
efficiency (relative to an unprocessed wafer), and an increase in
the effective pumping intensity resulting from the pump pho-
tons trapping within the microcavity. Interesting modifications [9]
in the PL spectra were also experimentally observed, resulting
from the simultaneous change in the spontaneous emission rate
and the extraction efficiency. [10]

Therefore, we showed that the coupling to surface plasmons
in the patterned metal clad microcavity can be used to improvg
the light extraction and enhance the spontaneous emission rate
in light-emitting devices. One of the advantages of this design i&2]
the small surface recombination rate, since the semiconductor
is not perforated. Furthermore, metallic layers that are alread
included in the design can also be used as contacts for electri d
pumping of the device. Certainly, in order to make good
contacts, more attention has to be paid to the proper choice 4]
metal. Devices presently operate in the 980-nm wavelength
range, where metal absorption losses are significant. Thigs;
reduces quality factors of fully processed structures to values
between 10-15 and broadens their emission. This proble Te)
can be overcome by designing devices that operate at longer
wavelengths. For example, a surface plasmon laser operating[&t]
17 um has been demonstrated recently by researchers in Bell
Labs [23]. [18]

We conclude that metal clad microcavities can be used as
building blocks for highly efficient LEDs. However, in order to
make a practical device, more research and work has to be doneg)
particularly in designing their electrical properties.
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