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Weird Light & Plasmons 2
Last time, I 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.



















ENLARGE IMAGE

In living color. This three-dimensional,
true-color image of an apple was
generated using a new technique of
making holograms (inset) that allows the
image to be viewed using ordinary white
light.

Credit: Science/AAAS

Researchers have developed a new way to create true-color holograms
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
laser light, reproduced a 3D (but monochromatic) image of the object. One
well-known hologram of that era captured in red laser light a chessboard
on which pieces could be viewed from various angles as a viewer shifted
position.

The so-called rainbow holograms now common on credit cards are
generated differently, using white light reflected off a silvery backing through a plastic film that contains several
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.

Now, researchers report today in Science that they can create true-color holograms that can be viewed using only
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
contains free electrons that are easily excited when struck by radiation such as light waves.

To reproduce a 3D image, the researchers bathe the metal-sheathed material in ordinary white light, which contains
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
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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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.

Scientists 'prove' that time travel will always be impossible by building a toy version of the Big Bang | Mail Online http://www.dailymail.co.uk/sciencetech/article-1376736/Scientists-prove-time-travel-impossible-building-toy-vers...
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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 - I refuse to believe you have a PhD of any value when I 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
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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 I 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. I 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
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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

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

Metamaterial Reveals Nature of Time and the Impossibility of Time Machines - Technology Review http://www.technologyreview.com/printer_friendly_blog.aspx?id=26614
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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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PharmaDiagnostics¹ 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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The Daily Californian Online
Scientists make advancements in field of plasmonics
By Kate Randle
Daily Cal Staff Writer
Thursday, April 21, 2011
Category: News > University > Research and Ideas

Amirpasha Moghtaderi/Staff
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

Article Link: http://www.dailycal.org/article/112884
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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. 
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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 t in the x, y and z directions, 

respectively. The metal substrate is covered by a dielectric layer with thickness h 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 εm, εII, εI and ε0, 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, a = 250nm, b = 375nm, t = 500nm, h = 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, h = 250nm, and εI = εII = 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, εm is silver having a 

Drude-type permittivity (ωp = 1.37e16rad/s, γ = 8.85e13Hz), and background permittivity ε0 = 

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. 

 

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 νg = 193.9THz and νg = 236.2THz, 

respectively. Inset A and B in (a) show the magnetic field (Hy) 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 (Hy) distribution for the two 

cases. As illustrated in Fig. 2 (a), inset A and inset B are the corresponding Hy 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]: 

 
2 2

2 ( ),
c

u vλ π ε
ΙΙ

= +   (1) 

where, u, v are determined by 
0

tan( / 2) /
m

u ua ik ε ε
Ι Ι

= −  and 
0

tan( / 2)
m

v vb ik ε= − , and k0 

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

0

2 2

g

b

g g
i

χ ω
ε ω ε

ω ω γ ω
= +

− +
  (2) 

where ω is the angular frequency, εb is the background permittivity, ωg is the resonant center 

angular frequency of the gain media, γg is the collision frequency representing the dissipation, 

and χ0 is the coupling strength. For convenience, we defined the resonant frequency νg = 

ωg/2π. The gain is described by the negative imaginary part of εb , similar to Ref [4–7], and 

thus the gain coefficient can be defined as: 

 
0

Im ( )
100 c

ω
α ε ω=

×
  (3) 

Here, c0 is velocity of light in vacuum, α has units of cm
−1

, and αg is defined as the highest 

value of α and αg = α(ωg). 

In the following discussion, we set εb = 2.25. We note that εb just determines the optical 

path length of the wave in the gain media, thus for different εb we can obtain the same 

simulation results by adapting the geometry of the structure to get the same optical path 

length. Also, γg = 1.26 × 10
14

 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 νg 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 (νg = 193.9 THz), 

high reflection peaks of more than 60 dB can be obtained when the gain coefficient is about αg 

= 2100/cm, which means that there is strong feedback and the stimulated emission of the SPP 

mode takes place. For dip B (νg = 236.2 THz), to get a high enough (>60dB) reflection peak, 

the required gain coefficient is around αg = 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 (αg is about 7000/cm) than that required for dip B (αg = 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. 

 

Fig. 3. (a) and (b) are calculated reflection spectra as function of αg 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 νg = 193.9 THz for dip A and νg = 236.2 THz for dip B, and the maximum gain 

coefficient αg 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 ∞ × n, and the second has finite units in x, denoted as m × ∞. 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) 

 

Fig. 4. Calculated E-field distribution for the SPP mode of finite array samples, (a) and (b) are 

corresponding to ∞ × 5 units array with and without gain medium, (c) 23 × ∞ 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 × 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 ∞ × 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 × ∞) is shown. The 

calculation domain is 30 um × 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 × ∞ 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 � 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.

Fig. 1. (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.

2009 Optical Society of America
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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): n0=1.515 (glass), n1=0.14
+4.15i (silver), n2=0.166+3.15i (gold), n3=1.457 (di-
electric passivation, SiO2), n4=1.489 (polymer), and
n5=1.72 (ITO). The thicknesses of silver, gold, SiO2,
polymer, and ITO are 100 nm, 5 nm, 125 nm, 1 �m,
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 0 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

Fig. 2. (Color online) Schematic diagram of the grating
coupler EO modulator with a passivation layer SiO2 on Au.
The thicknesses of silver, gold, SiO2, polymer, and indium–
tin–oxide (ITO) are 100 nm, 5 nm, 125 nm, 1 �m, and
100 nm, respectively. The modulation height and the pitch
of grating structure are the same as those in Fig. 1.
that the 5-nm-thick one gives the highest coupling ef-
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
= �Ex ,Ey ,Ez� becomes [13]

� 1

no
2 + r13Ez��x2 + y2� + � 1

ne
2 + r33Ez�z2 + 2r13Eyyz

+ 2r13Exxz = 1, �1�

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.

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 no and ne are refractive indices of the poled
polymer for ordinary and extraordinary rays, respec-
tively, and r13 and r33 are the EO tensor elements. If
the optical wave propagates along the y direction and
only the z-axis electric-field Ez is applied, the index
ellipsoid in Eq. (1) can be simplified as an index el-
lipse equation as

� 1

no
2 + r13Ez�x2 + � 1

ne
2 + r33Ez�z2 = 1. �2�

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

�n =
1

2
ne

3r33

V

d
, �3�

where d is the thickness of the EO polymer and V /d
corresponds to the electric-field Ez. Assuming that a
polymer material with a high EO coefficient r33 of
200 pm/V is used and the incident angle � 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-

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.
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 Vǔcković, Marko Loňcar, and Axel Scherer

Abstract—A method for enhancing the emission properties
of light-emitting diodes, by coupling to surface plasmons, is
analyzed both theoretically and experimentally. The analyzed
structure consists of a semiconductor emitter layer thinner than

2 sandwiched between two metal films. If a periodic pattern
is defined in the top semitransparent metal layer by lithography,
it is possible to efficiently couple out the light emitted from the
semiconductor and to simultaneously enhance the spontaneous
emission rate. For the analyzed designs, we theoretically estimate
extraction efficiencies as high as 37% and Purcell factors of up to
4.5. We have experimentally measured photoluminescence inten-
sities of up to 46 times higher in fabricated structures compared
to unprocessed wafers. The increased light emission is due to an
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-
sion, surface plasmons.

I. INTRODUCTION

FOR years, a significant amount of scientific work has been
focused on ways of improving the extraction efficiency

of light-emitting diodes (LEDs). Many interesting approaches
have been proposed to accomplish this, such as the use of thin
light-emitting layers with surface texturing [1], resonant cav-
ities [2], photon recycling [3], or output coupling through sur-
face plasmons excited at corrugated metal surfaces [4]. External
quantum efficiencies of 31% were reported by employing re-
flection from a bottom metal mirror together with a textured top
semiconductor surface [5].

Apart from efforts to extract as much light as possible from
a semiconductor device, it is also possible to enhance the light
emission rate within a semiconductor. This approach is based on
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-
peratures [7], and Yablonovitch and coworkers demonstrated
[8] that Purcell factors of about 55 can be achieved when a
InGaN/GaN quantum well (QW) is positioned close to a thin
silver layer.

In order to build an ideal, highly efficient light-emitting diode
(LED), it is desirable to improve the extraction efficiency and si-
multaneously enhance the spontaneous emission rate. A 15-fold
emission intensity enhancement, with Purcell factor was
observed in 2-D periodic thin film photonic crystals [9]. On the
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TABLE I
LAYERS OF THEGROWN WAFER

other hand, Barnes [10] recently discussed a potentially highly
efficient LED consisting of a metal clad dielectric microcavity
with periodic texturing of one of metal layers. He noted that
coupling to surface plasmon modes could improve light emis-
sion properties of the device. Our work, presented in this paper,
is the first experimental demonstration of this novel method for
enhancing the light emission from LEDs.

In Section II of this article, we describe the procedure that we
developed for fabricating metal clad semiconductor microcav-
ities with periodic texturing of the top, semitransparent metal
layer. In Section III, we present the theoretical analysis of their
band structures, electromagnetic fields, external and extraction
efficiencies, Purcell factors, as well as the calculated transmis-
sion of pump power through the top surface and the increase in
the pumping intensity resulting from trapping of pump photons
within the microcavity. Finally, in Section IV, we present and
discuss results of photoluminescence (PL) measurements from
fabricated structures.

II. FABRICATION

Design of the grown wafer is shown in Table I. Wafer was
designed for fabrication of electrically pumped devices and
p- and n-doped layers were included. Layers 2–8 form the
membrane that will be lifted off and sandwiched between two
metal layers. The total membrane thickness is approximately
90 nm. The emission from the InGaAs/GaAs QW is centered
at 986 nm, which corresponds to conduction-to-heavy hole
band transitions (C-HH). There is also a peak at 930 nm, corre-
sponding to conduction-to-light hole band transitions (C-LH),
which becomes more prominent at high pumping levels. C-HH
transitions couple to electric fields polarized in the QW plane
( - plane). On the other hand, C-LH transitions couple twice
as strongly to electric fields with polarization perpendicular
to the QW plane ( direction) than to those polarized in
the QW plane [11]. In the classical spontaneous emission
model, C-HH transitions are represented with parallel dipoles,

0018–9197/00$10.00 © 2000 IEEE
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Fig. 1. Fabrication procedure: (a) thick silver layer deposition; (b) epitaxial liftoff; (c) Van der Waals bonding onto silver coated silicon substrate; (d) thin silver
layer deposition; (e) PMMA deposition and patterning using e-beam lithography; (f) pattern transfer to thin silver layer using Arion milling; and (g) PMMA
removal.

while C-LH transitions are represented with both parallel and
perpendicular dipoles, weighted by factors of and ,
respectively.

The fabrication procedure is described in Fig. 1. First,
we deposit a thick silver mirror ( m) on top of
the grown wafer [step (a)]. This metal layer is also used
as a mechanical support during the membrane liftoff. Then,
we remove the membrane from its substrate by dissolving
the sacrificial AlAs layer in 8.2% hydrofluoric acid (HF)
diluted in water [step (b)]. HF attacks AlAs very selectively
over Al Ga As for [12]. The lifted-off membrane
(layers 2–8) with the thick silver layer on top is then Van
der Waals bonded [12] onto a silver coated silicon wafer and
the silver on the lift-off film bonds to the silver coated on
the silicon support wafer [step (c)]. Another 20–40-nm-thick
silver layer is then deposited on top of the-GaAs cap [step
(d)]. A 100-nm-thick film of high molecular weight PMMA

(polymethylmethacrylate) is then spun on top of the thin metal
layer and subsequently baked on a hot plate at 150C for 20
min. A desired pattern is beamwritten on the PMMA by electron
beam lithography in a Hitachi S-4500 electron microscope
[step (e)]. The resulting patterns are approximately 50m

50 m in size, and the exposed PMMA is developed in a
3:7 solution of 2-ethoxyethanol:methanol for 30 s. Then, the
pattern is transferred into the top semitransparent metal layer
using Ar ion milling at a beam voltage of 1500 V [step (f)].
Finally, the remaining PMMA may be dissolved in acetone
[step (g)]. A corresponding SEM picture, showing the top
view of a fully processed wafer, is given in Fig. 2, where
light areas correspond to regions where silver was removed.

The structure shown in Fig. 1.1 is the unprocessed wafer and
the one in Fig. 1.4 is referred to as the half-processed wafer.
Fig. 1.5 represents the unpatterned metal clad microcavity, and
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 Arion milling process.

III. T HEORY

A. FDTD Analysis of Metallic Structures at Optical
Frequencies

The finite-difference time-domain (FDTD) method is used to
theoretically analyze electromagnetic fields within metal clad
microcavities. In order to accurately model metals at optical fre-
quencies, it is necessary to make some changes [13], [14] to the
standard Yee’s FDTD scheme [15]. Electromagnetic fields in
metals are described by adding a current termto Maxwell’s
curl equations (Drude model)

(1)

(2)

(3)

where is the plasma frequency of a metal andis the corre-
sponding damping rate. We assume that the metal is silver with
parameters eV (i.e., nm), eV,
and . In part of our FDTD calculations, we neglect
metal absorption losses by applying . Nonmetallic regions
are described with standard Maxwell curl equations

(4)

(5)

The FDTD method consists, basically, of the discretization of
(1)–(5) in space and time [16]. The reader is referred to [17]
for the detailed description of the FDTD calculation of band
diagrams and filtering of electromagnetic fields for a mode of
interest. Depending on the problem, different boundary condi-
tions are applied to boundaries of the computational domain,
such as the Mur’s absorbing boundary conditions (Mur’s ABC
[18]) or Bloch boundary conditions. The spatial discretization
step is critical in this case, keeping in mind that the penetration
depth of the electromagnetic field into metals can be of the order
of only tens of nanometers. This implies that large amounts of
memory are required for computation unless variable cell sizes

Fig. 3. A metal clad microcavity analyzed using the FDTD method. The
structure is infinite in thez direction. Mur’s absorbing boundary conditions
are applied to boundaries in they direction and Bloch boundary conditions are
applied to boundaries in thex direction.

are used. We have performed 2-D analyses to design our struc-
tures, with discretization steps of 3 nm (unless noted otherwise).

B. Electromagnetic Fields and Band Diagrams of Unpatterned
Metal Clad Microcavities

First, we analyze the band diagram of the metal clad mi-
crocavity shown in Fig. 3. Parameters of the analyzed struc-
ture are chosen so that they correspond to geometries which
we have fabricated and measured. The semiconductor mem-
brane was 90 nm thick, with a refractive index of .
The top semitransparent silver layer was 40 nm thick, and the
bottom silver layer was 200 nm thick. Absorption losses in silver
were not included in any of the band diagram calculations, since
if the bands are too lossy, it is difficult to recover them from
spectra obtained in FDTD analyses. In the wavelength range of
our interest (986 nm), the imaginary part of the silver dielec-
tric constant is still much smaller than its real part, and posi-
tions of bands can be determined approximately by assuming
that . The analyzed structure is surrounded by air on top
and bottom and the slab is infinite in the horizontal plane. We
assume that the structure is “periodic” in thedirection with
an artificial periodicity of 50 nm and analyze only one unit cell.
Mur’s ABC are applied to boundaries in thedirection, while
Bloch boundary conditions are applied to boundaries in the
direction.

-polarized (TM) light has and components of the elec-
tric field and the component of the magnetic field, while-po-
larized (TE) light has and components of the magnetic field
and the component of electric field. The band diagram for the
structure shown in Fig. 3 is shown in Fig. 4. The discretiza-
tion step used in the FDTD calculation is equal to 1 nm. We
observed that the increase in the discretization step (to 3 nm)
influenced only the TM band: the band shifted upwards in fre-
quency at large values. The splitting between the long- and
short-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
layers are 40 and 200 nm thick and the semiconductor core thickness is 90 nm.
Absorption losses in silver were not included.

was not observed for the semitransparent silver layer thickness
used in FDTD calculations (40 nm) and for the used frequency
resolution of . Let us analyze electromagnetic
fields in the middle of the membrane, where the QW is located in
real structures. The TM mode has a very weak parallel
and a strong perpendicular electric field component there,
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 parallel and a weak per-
pendicular electric field component in the middle of the
membrane, as can be seen in Fig. 6. (Fig. 6 represents the TM
mode at cutoff where it is degenerate to the TEmode and the

component of its electric field is equal to zero.) Furthermore,
the TE mode has only its parallel component of electric
field not equal to zero. Therefore, parallel dipoles in the QW
couple strongly to TM and TE modes.

Using the 1-D finite difference method, we evaluated the
cutoff frequency of TE and TM modes when absorption
losses in both metal and semiconductor were included, and
concluded that it was positioned at instead of
0.16, as in the lossless band diagram shown in Fig. 4. Absorp-
tion losses also reduce the quality factors of modes. Using
the FDTD method, we evaluated-factors corresponding to
several points in the band diagram (including metal
absorption) and they were in the range between 5–7. Therefore,
for lossy bands, we cannot talk about an abrupt cutoff at

. Instead, the cutoff is gradual and extends from
about to .

In normalized units, the C-HH transitions peak at 986 nm
which corresponds to . From the previous discus-
sion, it follows that these transitions couple mostly to TEand
TM modes in the gradual cutoff. Their coupling to the TM
mode is very weak. On the other hand, the C-LH transitions peak
at 930 nm corresponds to and this emission cou-
ples strongly to the TM mode. However, one third of C-LH

Fig. 5. Intensities of electric and magnetic field components for the TM
mode, with� =� = 0:084 andk = 0:0157 nm . The analyzed structure
has the same parameters as the one whose band diagram is shown in Fig.4.

dipole transitions are in plane and they can couple to TEand
TM modes.

C. Electromagnetic Fields and Band Diagrams of Metal Clad
Microcavities with a Patterned Semitransparent Metal Layer

Perpendicular dipoles in metal clad microcavities couple
strongly to the TM mode [19] located below the light
line, as shown in the band diagram in Fig. 4. Therefore,
their emission cannot be extracted outside an unpatterned
microcavity. Usually, the TM mode is considered a loss
mechanism in metallic structures. However, we can modify
the band diagram and bring parts of the TMbranch above
the light line by patterning of the top semitransparent metal
layer. The introduction of periodicity into one of metallic layers
dramatically changes the band diagram shown in Fig. 4. The
band diagram is folded back into its first Brillouin zone at
the edges of which the band gap for surface plasmon waves
appears [10]. This means that bands previously located below
the light line can now be brought above it. The effect of the
periodic patterning can also be analyzed using the 2-D FDTD.
We introduce a 1-D grating consisting of stripes (infinite in the



VUČKOVIĆ et al.: SURFACE PLASMON-ENHANCED LED 1135

Fig. 6. Intensities of thex component of the electric field and thez component
of the magnetic field for the TM mode, with� =� = 0:16 andk = 0.
E = 0 for this mode. The analyzed structure has the same parameters as the
one whose band diagram is shown in Fig. 4.

direction) within the top metal layer. The pattern is formed by
periodically modulating the top metal layer thickness between
40–0 nm. When the top layer is modulated between 20–0 nm,
the results are approximately the same. We analyze three
structures, with the same parameters as those that we fabricated
and measured. Their grating periodicities are 250, 480, and
650 nm, with a 160-nm-wide gap between silver stripes. The
schematic diagram of these structures is shown in Fig. 7 and
the calculated band diagrams for TE and TM polarizations are
shown in Figs. 8–10.

The indicator of how strongly the grating changes the band
diagram of an unpatterned metal clad microcavity is the size of
the band gap that opens at the edge of the Brillouin zone. Let us
first consider band diagrams for the TM polarization. Clearly,
in the frequency range of our interest only the
grating with a periodicity of 250 nm strongly affects proper-
ties of the structure. We expect that this grating will extract the
emission of perpendicular dipoles, while the other two analyzed
structures will not show any significant improvement over an

Fig. 7. The structure with a grating defined in the top semitransparent
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 in thex
direction.a denotes the grating periodicity.

unpatterned metal clad microcavity. With the frequency resolu-
tion of used in our FDTD calculations, we could
not detect a band gap at and for structures
with periodicities of 650 or 480 nm. What about the TE polar-
ization? A band with the cutoff frequency around 0.14 appears
in TE band diagrams for all structures. As we will see from the
electric field distribution, this branch corresponds to the com-
bination of the TE 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

direction. On the other hand, for the larger grating periodicity
(such as 480 nm), cavities are decoupled, this mode cannot prop-
agate, and the corresponding TE band is flat. For the upper TE
bands, the band gap does not appear at the edges of the Brillouin
zone, meaning that the grating has basically no effect there and
the corresponding mode is simply the TE mode of the unpat-
terned structure.

First, we filtered the TM polarized fields with and
for the structure with a periodicity of 250 nm,

in order to confirm that this metal layer patterning produces
the outcoupling of radiation. From the band diagram shown in
Fig. 8, we see that there are two modes in the filtered frequency
range. The intensities ofand components of electric field are
shown in Fig. 11. By comparison with the fields from Fig. 5,
we see that radiation now escapes from the microcavity, even
though the gap between silver stripes is smaller than a wave-
length. Moreover, the component of the electric field is not
negligible in the middle of the membrane. This means that par-
allel dipoles positioned there and oriented in thedirection can
also couple to this mode. On the other hand, thefield is still
strong within the membrane, which means that perpendicular
dipoles still couple to this mode strongly.

Then, we filtered the TM polarized fields with and
, for the structure with a periodicity of 650 nm. The
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(a) (b)

Fig. 8. Band diagrams of the patterned structure with a periodicity ofa = 250 nm: (a) TM-polarization and (b) TE-polarization. The dashed line corresponds to
the light line in air.

(a) (b)

Fig. 9. Band diagrams of the patterned structure with a periodicity ofa = 480 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. They
look exactly like the TM mode with of the unpat-
terned structure, except underneath gaps between silver stripes.
The electromagnetic field intensity outside the microcavity is
small. This was expected from the band diagram for the TM po-
larization for this structure, shown in Fig. 10, since we could not
detect opening of the band gap in the filtered frequency range.

We also filtered the TE polarized fields with and
for the structures with periodicities of 250 and

480 nm. The corresponding field distributions are shown in
Fig. 13. The mode looks like the TEmode that also resonates

in the gap between silver stripes, and is radiated out of the cavity
through the spacing between stripes. Since the density of these
spacings is larger for the structure with a periodicity of 250 nm,
the mode will extract the emission out of this cavity more effi-
ciently.

Therefore, the patterning of the top metal layer has a strong
effect on properties of both TE and TM band diagrams. By
choosing a grating appropriately, such as in the case of the ana-
lyzed structure with a periodicity of 250 nm, both the emission
of perpendicular and parallel dipoles can be extracted out of the
microcavity.
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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 the rate at which photons are radiated
outside the cavity, and 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

(6)

The external efficiency can be expressed as [9]

(7)

The external efficiency for planar structures without metal
patterning can be evaluated using the method described in
[20] and [21]. We calculated the external efficiency for the
unpatterned metal clad microcavity with a 90-nm-thick semi-
conductor membrane, as a function of the top, semitransparent
silver layer thickness, and for the collection angles of 30or
90 with respect to the normal to the surface. The refractive
index used for silver was . The emitter was
a parallel or a perpendicular dipole positioned in the middle
of the membrane and oscillating at the wavelength of 986 or
930 nm. The calculated external efficiencies corresponding
to perpendicular dipoles are negligible, while the external
efficiencies of parallel dipoles are shown in Fig. 14. For the
unprocessed wafer, we calculate that corresponding to
parallel dipoles positioned 45 nm from the semiconductor/air
interface is 2% into the 90collection angle, or 0.5% into the
30 collection angle, both at wavelength of 986 and 930 nm.

for perpendicular dipoles in the unprocessed wafer is
negligible.

Fig. 11. Intensities of electric field components for the structure with a
periodicity of 250 nm. The filtered frequency range was centered around
� =� = 0:14 andk = 0.

For structures with a patterned top metal layer, external effi-
ciencies can be calculated using the 3-D FDTD method, with os-
cillating dipole sources modeling atomic transitions. However,
this computation would require large amounts of memory, as we
noted previously. Instead, we can easily estimate, from our 2-D
FDTD simulations, the efficiency of light extraction by coupling
to some mode. The extraction efficiency is the probability
that a photon radiated into some mode escapes the cavity. The
rate at which the electromagnetic field energy is lost from the
cavity is described by the radiation quality factor

(8)

where represents the electromagnetic field energy stored in
the cavity, is the radial frequency of a mode, and is the
power radiated outside the cavity. On the other hand, the nonra-
diative quality factor describes the rate at which the stored
electromagnetic energy decreases due to mechanisms other than
the radiation outside the cavity

(9)
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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 around� =� = 0:15
andk = 0.

where represents the power lost through these mechanisms.
The total quality factor is defined as

(10)

and the radiative and nonradiative photon lifetimes are defined
as

(11)

(12)

can be expressed as

(13)

Clearly, does not take into account the dependence on the
position and orientation of dipole transitions, as well as all pos-
sible nonradiative mechanisms.

We calculated for the structure with a periodicity of
250 nm. The only nonradiative loss mechanism in these
calculations was the absorption in metal. For the folded TM
mode, whose field distribution is shown in Fig. 11, we cal-
culated between 30 and 50, and between 12%
and 20%. For the TE mode shown in Fig. 13, we calculated

and %. From the band diagram

shown in Fig. 8, we can see that the emission in the frequency
range from 0.14 to 0.15 (in units of ) goes into the 30
escape cone, if coupled to TM modes. However, coupling to
TE modes does not improve the directionality and the emission
goes into the 90cone. For the structures with periodicities of
650 or 480 nm, we estimated that , while the extraction
efficiencies corresponding to the folded TM branch were
approximately the same as in the unpatterned cavity case.
The calculated extraction efficiency corresponding to the first
TE band (whose field distribution is shown in Fig. 13) in the
structure with a periodicity of 480 nm is %. However,
only dipoles located directly underneath the gap between silver
stripes can couple to this mode, which implies that the external
efficiency is at least three times smaller than the calculated.
The situation is even worse in the structure with a periodicity
of 650 nm. We conclude that the external efficiencies of the
structures with periodicities of 480 and 650 nm are not expected
to be better than in the unpatterned structure.

Therefore, for the structure with a periodicity of 250 nm, the
extraction efficiency of more than 30% can be achieved in the
presence of a grating. The filtered modes have low quality fac-
tors and overlap with both C-HH and C-LH emission peaks.
From the field patterns for the TM mode shown in Fig. 11, we
see that this mode can extract the emission of both perpendicular
dipoles and parallel dipoles oriented in thedirection. On the
other hand, the filtered TE mode extracts the emission of parallel
dipoles oriented in the direction. Since dipoles located in the
middle of the membrane couple to these modes very strongly,
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Fig. 13. jE j of the TE mode withk = 0 and� =� = 0:14 for structures
with periodicities of: (a) 250 and (b) 480 nm.

Fig. 14. Calculated external efficiency for the unpatterned metal clad
microcavity, as a function of the top, semitransparent silver layer thickness. We
calculated� into the 30 or 90 collection angle. The emitter is a parallel
dipole positioned in the middle of the 90-nm-thick membrane, oscillating at
the wavelength of 986 or 930 nm.

we expect that this structure will have a better external efficiency
than the unpatterned structure.

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 of resulting 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 factor 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 as a ratio of the total decay rate in a microcavity

and the spontaneous emission rate in a bulk semicon-
ductor

(14)

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

(15)

The efficiency is a measure of how much faster is the rate of
light emission outside the cavity than the spontaneous emission
rate in a bulk semiconductor.

We evaluated analytically for unpatterned structures
using the method described in [20]. The result is shown in
Fig. 15. Subscripts and denote parallel and perpendicular
dipoles, respectively. If the excitation of surface plasmon
modes is included in the spontaneous emission rate calculation
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Fig. 16. Percentage of the pump beam intensity transmitted through the top,
unpatterned silver layer, as function of its thickness.

for this structure, one obtains that for both parallel and
perpendicular dipoles located in the middle of the membrane.

For complicated geometries obtained after the top metal layer
patterning, it is possible to use the FDTD-based 3-D analysis
of Purcell factor proposed in [22]. However, this requires large
amounts of computer memory. Instead, it can be roughly as-
sumed that decay rate enhancements and Purcell factors of fully
processed, patterned structures have their values between those
of the half-processed structure and the flat (unpatterned) metal
clad microcavity.

F. Pump Power Transmission Through the Top Surface

In our experiments, we pump structures optically from top
using a semiconductor laser diode emitting at 830 nm. There-
fore, it is important to determine what percentage of the-po-
larized pump beam is transmitted into the structure.

Let us denote by the transmission through the top surface
at the pump wavelength. can be evaluated from Fresnel equa-
tions for an unpatterned top layer. The calculated, as a func-
tion of the silver layer thickness, is shown in Fig. 16. The trans-
mission through the air/semiconductor interface is equal to 70%.
For structures with metallic grating on top, there is no increase
in the pump power transmission due to diffraction at the pat-
terned metal layer, and transmission coefficients can be approx-
imated by weighting previously calculated coefficients with the
filling factor of the grating. In order to prove that this is correct,
we analyzed (using the 2-D FDTD method) the transmission
through the metallic grating sitting on top of a semiconductor.
The metal layer had the same parameters as the previously simu-
lated grating with a periodicity of 250 nm and absorption losses
were included. We analyzed one unit cell of the structure and
applied Mur’s ABC to boundaries in thedirection and peri-
odic boundary conditions (i.e., Bloch boundary conditions with

) to boundaries in the direction. A parallel dipole (ori-
ented in the or direction) was located 400 nm above the
metal surface, in the air and above the middle of the gap be-
tween stripes. The frequency of dipole oscillations matched the
pump frequency. We calculated the power of the dipole source,

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 for both

-oriented or -oriented dipole, as expected from Fresnel equa-
tions. However, in the presence of the metallic grating, we cal-
culated for an -oriented dipole and for a
-oriented dipole. This means that the average transmission in

the presence of a grating is . 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 obtain .

G. Trapping of Pump Photons Within the Microcavity

We can define as a factor that measures an increase in the
pumping intensity resulting from the trapping of pump photons
within the microcavity. is proportional to an average number
of times that a pump photon crosses the QW before being ab-
sorbed in it or lost through other nonradiative loss mechanisms.
The trapping of pump photons within the microcavity effec-
tively increases the pumping intensity, since the probability that
a photon excites an electron transition into an upper band is pro-
portional to the number of times that it crosses the QW. The
unprocessed wafer has , since there is no mode within
the structure that pump photons can couple to and photons not
absorbed in the QW are lost when they reach the GaAs sub-
strate. However, in the case of half-processed or fully processed
wafers, the pump power transmitted through the top surface can
couple to an -polarized guided mode of the structure. For fully
processed wafers, this can be easily seen from the previously
calculated TE band diagrams (the pump wavelength is equal to
0.17 in units ). For the half-processed wafer, we performed
the 1-D finite-difference analysis and showed that an-polar-
ized guided mode existed at the wavelength of 830 nm.

Let us denote by (in units [1/cm]) the loss coefficient for
the guided mode that pump photons couple to. The angle with
respect to the axis of this mode’s total internal reflection is
defined as

(16)

where is the wavevector component in the direction of prop-
agation and is the amplitude of the wavevector. Then, it
follows that is proportional to

(17)

where is the membrane thickness. cannot be considered
to be the exact value of the increase in the pumping intensity,
since we arbitrarily chose to evaluate it until the trapped beam
energy drops to 10% of its initial value. However, it is the in-
dicator that the trapping happens and how strong it is. We an-
alyze the half-processed wafer and the flat metal clad micro-
cavity using the 1-D finite difference method (absorption losses
in both metal and semiconductor were included, former being
dominant). From the obtained values ofand for the guided
TE mode at 830 nm, we estimate. The unpatterned metal
clad microcavity has , even when the top silver layer
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Fig. 17. Experimental setup used for PL measurements.

thickness varies between 20 and 40 nm. For the half-processed
structure, consisting of a lifted-off membrane on top of a thick
bottom metal layer, we also estimate . Therefore, in
both structures, there is an equal increase in the pumping inten-
sity resulting from the pump beam trapping in the microcavity.

IV. M EASUREMENTS

The experimental setup used for the PL measurements is
shown in Fig. 17. Samples are mounted on an X-Y-Z stage and
optically pumped at a 90incident angle. The pump source is
a semiconductor laser diode emitting at 830 nm, pulsed with
a period of 3 s and a pulse width of 2.5s. A nonpolarizing
cube beamsplitter is used to bring 50% of the pump beam to
the detector and to measure the external pump power. The other
50% of the beam is focused to a 10-m spot on the sample
by using a 100X objective lens (labeled as Lens 1). The same
objective lens is also used to collect the emitted light. The
collection angle is 30 with respect to normal. The collected
emission is then focused in Lens 2 and detected using a fiber
coupled spectrum analyzer.

We have measured the output from the unprocessed as-grown
wafer, from the half-processed wafer, and from the fully pro-
cessed structures, with a patterned or unpatterned thin metal
layer on top. We fabricated a series of gratings in the top metal
layer, that was 25 nm thick (within a10% range). Each grating
is characterized with a periodicity and a gap between
silver stripes. Between stripes, silver was completely removed
by Ar ion milling. During the thin silver layer deposition, part
of the sample surface was masked, in order to also produce
half-processed regions. The measurement results are summa-
rized in Table II, where the peak external pump power was 2.2
mW. (986 nm) and (986 nm) denote the PL enhance-
ments at 986 nm of the fully processed wafer with respect to the
unprocessed and half-processed wafers, respectively. Tabulated
values are raw measured data and have not been rescaled. For all

TABLE II
PHOTOLUMINESCENCEMEASURED FROM THEFABRICATED STRUCTURES. a IS

THE 1-D GRATING PERIODICITY, WHILE g DENOTES THEGAP BETWEENSILVER

STRIPES. E (986 nm)AND E (986 nm) DENOTE PHOTOLUMINESCENCE

ENHANCEMENTS AT 986 nmOF THE FULLY PROCESSEDWAFER WITH

RESPECT TO THEUNPROCESSED AND TO THEHALF-PROCESSEDWAFER,
RESPECTIVELY. THE LAST ROW CORRESPONDS TO ANUNPATTERNED

TOP METAL LAYER. ALL TABULATED VALUES ARE AVERAGED

OVER SEVERAL MEASUREMENTS

Fig. 18. The measured PL spectra: (a) unprocessed wafer; (b) half-processed
wafer; (c) pattern witha = 650 nm andg = 160 nm (the unpatterned structure
and the pattern witha = 480 nm andg = 160 nm give very similar signals);
and (d) pattern witha = 250 nm andg = 160 nm.

fully processed wafers, including the unpatterned metal clad mi-
crocavity, the FWHM is in the range of 60–110 nm. Therefore,
their quality factors are between 10–15. For the half-processed
wafer, the FWHM is 32 nm. Because of a bulk emission tail at
lower wavelengths, a luminescence peak at 930 nm for unpro-
cessed wafers cannot be clearly resolved. The spectra for unpro-
cessed, half-processed and fully processed wafers are shown in
Fig. 18. The PL peak of the unprocessed wafer at 986 nm was
normalized to 1. A filter was applied before the detection to cut
off wavelengths below 890 nm. A deposition of metal at one or
at both sides of a 90-nm-thin semiconductor membrane does not
seem to induce additional strain, since for all measured struc-
tures luminescence peaks are located at wavelengths of 986 and
930 nm.

In order to explain measurement results, we have to take into
account several effects: A) the increase in the pumping inten-
sity resulting from the trapping of pump photons within a mi-
crocavity; B) the decay rate enhancement; and C) the change
in the external efficiency. In our explanation, we will use the-
oretical results presented in the previous section of this article.
The spontaneous emission reabsorption is not very efficient be-
cause of the small optical confinement factor in the QW and the
photon recycling effect can also be neglected [3].
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If denotes the external pump power and denotes the
power emitted from the device, then

(18)

where is defined as

(19)

For patterned structures, the first term should be separated into
contributions of parallel dipoles in thedirection and in the
direction, since they have different . and are fractions
of dipole transitions that are in the QW plane or perpendicular to
it. Their values at the main peak of 986 nm are and

and at 930 nm are and . Furthermore,
of parallel dipoles are oriented in thedirection and the other
half in the direction. is the equivalent pumping intensity that
can be expressed as

(20)

Let us label the half-processed wafer by a subscript, the
unprocessed wafer using a subscript, and denote the PL en-
hancement by . If the input pump powers are the same (i.e.,

equal), PL enhancements can be expressed as

(21)

(22)

The half-processed wafer has a 21-fold PL intensity enhance-
ment at 986 nm relative to the unprocessed wafer. This is a result
of the increased external efficiency into the collection angle of
30 (by a factor of 2), the decay rate enhancement of
and the higher pumping intensity resulting from pump pho-
tons trapping within the structure. Therefore, the pump trapping
factor for the half-processed wafer is .

The unpatterned metal clad microcavity has a sixfold PL
intensity increase at 986 nm and the prominent peak at 930 nm.
Relative to the half-processed wafer, PL enhancements at
986 and 930 nm are equal to 0.26 and 1.5, respectively. In order
to explain this result, we calculated . The result is
shown in in Fig. 19. Parameters without a subscript refer to the
unpatterned metal clad microcavity. We theoretically predicted
that . For the top silver layer thickness of 27 nm, the
theoretically estimated values agree with the experimen-
tally observed ones. For this silver layer thickness, we have
estimated theoretically nm nm

nm % and nm % (into
the 30 collection angle). Therefore, the increase in the PL
intensity has to be a result of an increase in the efficiency,
defined as , which is six times larger than in the
unprocessed wafer at 986 nm. Furthermore, the enhancement
in the 930-nm peak comes from the Purcell enhancement and
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-pro-
cessed one? Since the transmission coefficientof the unpat-
terned structure is at least ten times smaller than the one of the

Fig. 19. Ratio of factors for the unpatterned metal clad microcavity and the
half-processed structure.

half-processed structure for the top silver layer thickness larger
than 25 nm, the stronger pumping of the unpatterned structure
would require . However, according to Fig. 19 and
for the experimentally observed PL enhancement at 986 nm, this
would imply that , which is possible
only for thicker silver layers (thicker than 35 nm). This not the
case in our structure and, therefore, the enhanced peak at 930 nm
cannot be a result of the strong pumping. In order to prove ex-
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-
patterned microcavity at different pumping levels. The external
pump power was controlled by neutral density filters. The shape
of the PL spectra did not change when the pumping level was
reduced.

Structures with periodicities of 480 or 650 nm have a similar
performance to the unpatterned metal clad microcavity, as we
theoretically predicted.

The structure with a periodicity of 250 nm has a 46-fold PL
intensity enhancement at 986 nm relative to the unprocessed
wafer. Clearly, we cannot determine exactlyand factors for
the patterned structure, but we can make a rough estimate and
confirm that there is definitely an increase in the efficiency rel-
ative to the unprocessed wafer. Let us assume that thefactor
is of the same order as that of the half-processed wafer, and use
the theoretically estimated value of the transmission coefficient

% . Then, we estimate that the pumping intensity has
increased 4 times relative to the unprocessed wafer. This means
that there is a 12-fold increase in the efficiency (into the detec-
tion angle of 30) compared to the unprocessed wafer. The PL
peak at 930 nm is not as large as in the unpatterned top layer
case. The weaker peak at 930 nm can be explained by the fact
that the Purcell enhancement at 930 nm is not as strong as in the
unpatterned structure.

V. CONCLUSION

We have theoretically analyzed, fabricated, and measured the
metal clad microcavity with a sub- semiconductor mem-
brane and a patterned top metal layer. The emitting region is
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a single QW positioned in the middle of the membrane. At the
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 the
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
in the PL spectra were also experimentally observed, resulting
from the simultaneous change in the spontaneous emission rate
and the extraction efficiency.

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

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 done,
particularly in designing their electrical properties.
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