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DEVICE AND METHOD FOR TUNING AN

SPR DEVICE

CROSS-REFERENCE TO RELATED

APPLICATIONS

This application claims the benefit of an earlier filing date

under 35 USC ll9(e) to a US. Provisional Patent Applica-

tion Ser. No. 60/571,531, filed on May 17, 2004, which is

incorporated herein by reference in its entirety.

BACKGROUND OF THE INVENTION

This invention is related to tunable surface plasmon

resonance (SPR) sensors and devices and methods utilizing

the phenomenon of tunable surface plasmon resonance.

The surface plasmon waves, being oscillations of free

electrons in a metallic or semiconductor film or layer, may

be induced through interaction of photons with the free

electrons in the film or layer. A maximum transfer of energy

from the photon flux to the surface plasmon wave is

observed as a decrease in the optical reflectivity of the metal

or semiconductor film or layer, which occurs over a narrow

set of wavelengths. This phenomenon is known as the

surface plasmon resonance (SPR). The layer or film ofmetal

or semiconductor in which SPR may be established may be

referred to as SPR layer or SPR film.

The conditions required for photon-induced SPR include

the requirement that the photons’ electric field is aligned

with the electric field associated with electron oscillations;

that photon momentum is matched with that of the surface

plasmons; and that the real component of the dielectric

constant of the SPR layer is negative while the dielectric

constants of the cladding materials on both sides of the SPR

layer are positive. Thus, the photon-electron interactions are

dictated by the properties of the materials used and by the

wavelength, polarization, and angle of the incident light.

SPR may be observed, for example, by placing a thin

layer of metal between two dielectrics with different dielec-

tric constants, for example, glass and air. When the angle

between the direction orthogonal to the glass surface and the

direction of an incident p-polarized electromagnetic wave in

the glass is greater than a critical angle, a total internal

reflection takes place, i.e. the electromagnetic wave is fully

reflected back into the glass. However, for some wave-

lengths and angles of incidence, the incident photons,

instead of being reflected, are absorbed by plasmons in the

metal; in other words, the energy of the electromagnetic

wave is transferred to the plasmons. At these angles and

wavelengths, the surface plasmons induced at the metal/air

interface reinforce the surface plasmons at the glass/metal

interface. These angles and wavelengths depend on the

dielectric constant and thickness of the metal layer and on

the dielectric constants of the dielectrics on the both sides of

the metal.

The oscillating wave of electrons propagates along the

SPR interface until it either radiatively or non-radiatively

decays. Plasmon—photon interactions may be used to modu-

late light in a linear or a nonlinear manner. Small applied

electrical fields also influence the propagation of a surface

plasmon wave. Other methods of establishing surface plas-

mon resonance in a layer of material are known in the

pertinent art.

One use of this phenomenon is observing changes in the

medium on one side of the metal layer. For example, when

on the air side of the metal layer a layer of some substance

(with a dielectric constant different from the dielectric
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constant of air) begins to grow, the amount ofreflected light

in the glass changes because the dielectric constant of a

dielectric in contact with the metal has changed.

One of the techniques used to electronically tune the

surface plasmon wavelength is to apply a voltage across the

metal film to change the electron density in the film. That

technique has limitation in that the maximum frequency at

which the voltage can be adjusted is determined by the RC

time constant of the metal film. Therefore, because the area

of the metal film in most SPR sensors is large, the maximum

frequency tends to be low. Another technique of using

various electro-optical materials for tuning imposes a

restriction of the range of wavelengths that can be used in

such sensor.

SUMMARY OF THE INVENTION

The present invention is a new device structure in which

the injection of spin polarized electrons or holes is used to

modify the dielectric constant of one or more of the mate-

rials in a sensor that also utilizes the excitation of a surface

plasmon wave. The wavelength of the surface plasmon

resonance is modified by the injection of the spin polarized

electrons, allowing one to tune the SPR signal over the

desired spectral region. The ability to tune the SPR wave-

length, in turn, allows one to fabricate a number of active

plasmonic device structures, such as surface plasmon reso-

nance detection systems, with spin polarized carriers for

optical computing, biological and chemical sensing appli-

cations. The performance of such structures is electronically

altered through the injection of spin polarized electrons,

which modifies the plasmonic structure after fabrication.

Also contemplated by the present invention is the use of the

electronically tunable SPR to provide a single element SPR

sensor for multiple analyte detection with the increased

sensitivity and measuring accuracy of a single analyte SPR

sensor.

The SPR frequency for a given angle of incident photons

is a strong function of the dielectric constant of the SPR

layer (e.g., silver), therefore, modifications to the dielectric

constant of the SPR layer cause a spectral shift in the SPR

signal and a change in its amplitude.

The dielectric constant of the metal or semiconductor

(which is generally a complex number) may be changed by

altering the ratio of spin-up electrons to spin-down electrons

in the SPR layer (for example, Ag) through the injection of

spin-polarized electrons. This may be accomplished, for

example, by using a spin valve, where spin-polarized elec-

trons are injected from a ferromagnetic conductive oxide

(ZnOzMn) into the SPR layer. Another way of altering the

ratio of spin-up electrons to spin-down electrons is through

optical generation. Generally, such devices will be referred

to as generators of spin-polarized electrons.

One embodiment of this invention is a device comprising

an SPR layer capable of establishing SPR, a generator of

spin-polarized electrons coupled to the SPR layer, compris-

ing a generator control input controlling generation of

spin-polarized electrons, a source of electromagnetic waves

capable of inducing SPR in the SPR layer, and a detector of

electromagnetic waves capable of detecting electromagnetic

waves reflected by the SPR layer.

In this device, the generator may be an electronic injector

of spin-polarized electrons or an optical generator; the SPR

layer may be metal or semiconductor.

Another embodiment may further comprise a source

control input coupled to the source, the source control input

being a logic gate input, and a detector output coupled to the
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detector, the detector output input being a logic gate output,

wherein the generator control input is another logic gate

input.

In another embodiment, the source produces electromag-

netic waves with multiple wavelengths, and the generator

control input selects the wavelengths of electromagnetic

waves absorbed by the SPR layer.

The electromagnetic waves absorbed by the SPR layer

may pass through the SPR layer and exit it.

The above and other features of the invention including

various novel details of construction and combinations of

parts, and other advantages, will now be more particularly

described with reference to the accompanying drawings and

pointed out in the claims. It will be understood that the

particular method and device embodying the invention are

shown by way of illustration and not as a limitation of the

invention. The principles and features of this invention may

be employed in various and numerous embodiments without

departing from the scope of the invention.

BRIEF DESCRIPTION OF THE SEVERAL

VIEWS OF THE DRAWINGS

In the accompanying drawings, reference characters refer

to the same parts throughout the different views. The draw-

ings are not necessarily to scale; emphasis has instead been

placed upon illustrating the principles of the invention. Of

the drawings:

FIG. 1 schematic illustration of a spin polarized injected

SPR structure.

FIG. 2 is a schematic illustration of a modified spin valve

SPR structure with electron injection perpendicular to the

surface plasmon interface.

FIG. 3 shows dependence of reflectivity on wavelength

for different values of spin-polarized current.

FIG. 4 shows an embodiment where the current is injected

in parallel with surface plasmon waves.

DETAILED DESCRIPTION OF THE

INVENTION

The injection of spin polarized electrons at the dielectric/

metal interface changes the ration of the spin-up to spin-

down electrons without creating excess charge and without

affecting the total concentration of electrons. The injection,

however, alters the dielectric constant of the metal or semi-

conductor due to the change in the concentration of the

spin-up electrons in the metal/semiconductor layer. The

change of the dielectric constant, in turn, changes the

wavelength at which SPR occurs.

Described below is a representative set ofembodiments of

the present invention, which will permit the electronic

injection of spin polarized electrons. Other structures of

varying complexity can be fabricated based on the principles

of injection of spin polarized electrons, which structures can

be further integrated with other electronic or optical struc-

tures to implement devices for optical computing and sens-

ing as described below. For example, the active SPR devices

can be integrated into logic gates and memory gates in

optical computing architecture.

As shown in FIG. 1, a p-polarized electromagnetic wave

1 from the source 4 passes through a prism 3, made, for

example, of glass, at an angle (X to the surface of dielectric

15, for example, air. In this embodiment, the prism serves as

the energy conductor delivering energy into the SPR layer 6,

which, for example may be a metal film on the surface of the

prism 3.
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The photons of the electromagnetic wave 1 may be

reflected off the surface 6 and be detected by the detector 5.

These photons may also be absorbed by the layer 6 and their

energy 12 be used for establishing resonance of surface

plasmons on the metal-glass interface 7 and surface plas-

mons on the metal-air interface 8.

The amount of reflected energy is measured by the

detector 5.

The generator of spin-polarized charge carriers 11 alters

the balance between spin orientation of charge carriers

within the metal 6, which in turn changes the dielectric

constant of the metal and the wavelength at which the

electromagnetic wave 1 causes the surface plasmon reso-

nance to be established. This alteration of balance may occur

at high frequency as no net charge is moved by this process.

The device shown in FIG. 1 may function as a mixed input

AND gate, in which input 16 controls the source of elec-

tromagnetic waves 4, input 13 controls the generator 11, and

the reflected photon signal 2 is the output. The photon signal

2 is reflected only when the input 16 (which may be

electronic) shifts the wavelength of the SPR away from the

wavelength of the photonic input signal 1. Mixed input OR,

NAND, and NOR gates are contemplated through similar

electronic tuning of the SPR signal.

The surface plasmon waves can be manipulated using

plasmonic optics in a similar manner to that of light waves

using geometric optics. Mirrors, lenses, beam splitters and

other optical elements, such as Y couplers, are possible.

Extremely short lifetimes for the surface plasmon waves (or

surface plasmon polaritons) have been measured710 fs to

800 fs have been measured in Au and Ag films and Ag

nanoparticles. Thus, extremely short switching speeds for

the plasmonic devices are anticipated. Surface plasmon

waves have been observed to propagation for relatively long

distances, 100’s of microns, before they decay either radia-

tively or nonradiatively when fabricated on electrically

insulating substrates. Distances greater than 1 cm are pos-

sible through proper selection of the physical and optical

properties ofthe metal and the dielectrics cladding the metal.

As surface plasmons can easily be excited in single nano-

particles, arrays of these nanoparticles can form the active

region in a plasmon waveguide structure. When illuminated

in the near field of a fiber optic or semiconductor laser diode,

the plasmonic devices overcome the diffraction limit con-

straint usually placed on all-optical devices. In addition, the

spatial distribution of the surface plasmon wave perpendicu-

lar to the direction of its propagation is determined by the

dimensions of the metal nanoparticles and is independent of

the mode shape and wavelength of the photon that generated

the surface plasmon wave. Therefore, the interaction of the

local electromagnetic field of the photon with the plasmons

means that the plasmonic devices can have extremely small

cross-sectional areas, well under 500 nm2. Similarly, shorter

length devices are required to implement certain logical

functions for plasmonic gates than for the equivalent pho-

tonic gate. Therefore, plasmonic logic structures are physi-

cally orders of magnitude smaller than the equivalent pho-

tonic logic gates in all three dimensions.

The surface plasmon waves can be optically excited and

electrically excited. They can be modulated electrically

either directly or indirectly through electronic modification

of the optical properties of the dielectric material surround-

ing the metal. Not only will they decay nonradiatively, the

nanoparticles can emit light via a radiative decay process.

Furthermore, they can electrically couple to a neighboring

metallic structure to excite a second surface plasmon wave.

Given the modes through which the surface plasmon wave
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may be excited, modulated, and decay, there is considerably

more flexibility in the design of a plasmonic logical gate

than there is in the design of a photonic gate. Hence, the

design of plasmonic logical gates with optical inputs and

outputs is possible as are other input/output configurations

for mixed signal computing.

The device shown in FIG. 1 may also function as a notch

absorber, where the input 13 controls which wavelength are

absorbed by the metal 6. The notch absorber may be used in

random access-style optical memory circuits and readout

circuitry. For example, the memory elements composed of

similar three-layer structures absorb certain sets of wave-

lengths based upon the spectral position of the SPR. The

device absorbs certain sets of wavelengths based upon the

spectral position of the SPR, which is shifted based upon the

setting of the generator 11.

The device shown in FIG. 1 may also function as a

bandpass filter, in which the set of wave length cross-

coupled across the metal layer 6 (through the process of

radiative decay of the induced surface plasmon wave) is

electronically tuned. This arrangement may be used in

optical memory circuits and readout circuitry.

The device shown in FIG. 1 may also function as an

optoelectronic mixer based on the phenomenon that the

surface plasmon wave induced by a photon can radiatively

decay. The wavelength of the re-emitted photons 2 may be

adjusted through the electronic interactions between the

induced surface plasmon wave 7 and 8 and the injected

electrons traveling through the metal layer 6 from the

generator 11. The direction of current flow from the gen-

erator 11 modifies the velocity of the surface plasmon wave

thus changing the wavelength of the photons 2 emitted when

the wave decays. This arrangement may be used as a logic

gate, where the function table is based upon spectral shifts

rather than optical intensities. This arrangement also may be

used as a tunable second harmonic generator, which also

may be used in optical logic gates.

The device shown in FIG. 1 may function as a tunable

plasmon sensor detecting changes in the dielectric constant

of the dielectric 15. One of the applications of such elec-

tronically tunable SPR sensor is in high throughput biosen-

sor systemsisPR biosensors, in which binding of the

molecules to a specially designed layer at the metal surface

results in a shift of the resonance angle of the SPR sensor.

The electronic tuning of the sensor is made by adjusting the

ratio of spin-up and spin-down electrons in the SPR layer 6

by adjusting the settings of the generator 11. The described

tunable SPR sensor has the ability to serve as a single sensor

detecting multiple analytes, dramatically increasing the

throughput of such sensor system.

FIG. 2 shows an embodiment of this invention integrating

a modified spin valve structure with a standard SPR struc-

ture to allow tuning of the wavelength and amplitude of SPR

phenomenon through controlled injection of spin-polarized

electrons into the SPR structure. The three layer structure

deposited on a glass slide 43 is composed of a transparent

conductive ferromagnetic oxide 44 (Mn-doped ZnO), a thin

layer of silver (~100 nm) 45, and an Iridium-Tin-Oxide layer

46. The silver layer, which serves as the SPR layer is e-beam

evaporated on top of the coated substrate followed by the

deposition of Mn-doped ZnO. Al contact pads are deposited

and patterned on the oxides to facilitate the connection of the

power supply leads.

Following fabrication, the magnetic dipoles in the ferro-

magnetic oxide are aligned by placing the structure in a high

magnetic field. After the magnetic dipoles are aligned,

optical characterization of the structure may be performed
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without the presence of a magnetic field. The illumination

source 47 is a tungsten halogen source, the output 41 of

which is filtered so that only p-polarized photons illuminate

the structure at a fixed angle of incidence. Reflected light 42

is collected and directed into a spectrometer 48, which

spectrally disperses the light. The intensity of the light is

detected using a photomultiplier tube. The relationship of

reflectivity versus wavelength as functions of injected spin-

polarized current I from the source or generator 49 is shown

in FIG. 3.

The diffusion length of the spin-polarized electrons in

silver is long, about several microns, before scattering

randomizes the electrons’ spin. Given that the path length of

the electrons in silver is 100 nm, there is minimal spin

randomization as the electrons move through the thin layer

of Ag. Therefore, the current driven through the silver film

45 is proportional to the concentration of excess spin-up

electrons in the silver 45. In this embodiment, the bias

voltage used to drive the current through the silver film 45

is perpendicular to the electric field induced by the energy

transfer from the photons 41 to the surface plasmon wave 50

in the silver film 45. No component of the electric field of

the surface plasmon wave 50 is in the same plane as the

electric field associated with the applied bias.

FIG. 4 shows an arrangement of electrodes for spin-

polarized electron injection where the electron current from

the generator 51 passes through the SPR layer 54 between

the electrodes 52 and 53 in parallel with the direction of

surface plasmon waves. Because of the interaction between

the current and the surface plasmons, this arrangement

allows changing the frequency of the photons reemitted by

the SPR layer by altering the current from the generator 51.

Those devices, circuits and other embodiments of the

present invention can be used to modulate the intensity and

spectral content of the photons incident upon them. Minia-

turization of the aforementioned embodiments of this inven-

tion may be achieved through nanotechnology, for example

by the growth of core-shell nanoparticles, deposition of

multilayer nanowire structures in alumina nanopores, and by

other methods.

While this invention has been particularly shown and

described with references to preferred embodiments thereof,

it will be understood by those skilled in the art that various

changes in form and details may be made therein without

departing from the scope of the invention encompassed by

the appended claims.

The invention claimed is:

1. A device comprising:

an SPR layer capable of establishing surface plasmon

resonance,

a generator of spin-polarized electrons coupled to the SPR

layer, comprising

a generator control input controlling generation of

spin-polarized SPR electrons,

a source of electromagnetic waves capable of exciting the

surface plasmon resonance in the SPR layer, and

a detector of electromagnetic waves capable of detecting

electromagnetic waves reflected by the SPR layer.

2. The device of claim 1, wherein the SPR layer is metal.

3. The device of claim 1, wherein the SPR layer is

semiconductor.

4. The device of claim 1, wherein the generator is an

electronic injector of spin-polarized electrons.

5. The device of claim 1, wherein the generator is an

optical generator.
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6. The device of claim 1, further comprising

a source control input coupled to the source, the source

control input being a logic gate input, and

a detector output coupled to the detector, the detector

output input being a logic gate output,

wherein the generator control input is another logic gate

input.

7. The device of claim 1, wherein

the source produces electromagnetic waves with multiple

wavelengths, and

the generator control input selects the wavelengths of

electromagnetic waves absorbed by the SPR layer.

8. The device of claim 7, wherein the electromagnetic

waves absorbed by the metal layer are passing through the

metal layer and exiting it.

8

9. The device of claim 1, wherein

the generator control input selects the difference between

the wavelength of electromagnetic waves re-emitted by

the SPR layer.

10. The device of claim 1, wherein

the change in the detector output is indicative of change

in dielectric properties of a medium adjoining the SPR

layer.

11. A method of electronically tuning an SPR device by

10 altering the wavelength and/or direction of electromagnetic

waves required to excite a surface plasmon resonance wave

in an SPR layer, the method comprising altering the balance

between electrons having different spin orientations in the

SPR layer.


