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DEVICES BASED ON SURFACE PLASMON 
INTERFERENCE FILTERS 

[0001] This application is a divisional of US. patent 
application Ser. No. 09/144,519 ?led Aug. 31, 1998 Which 
is a continuation-in-part of US. patent application Ser. No. 
08/949,151, ?led October 10, 1997, now US. Pat. No. 
5,986,808, Which claims the bene?t of US. provisional 
application Ser. Nos. 60/056,050, ?led Sep. 2, 1997; 60/059, 
247, ?led Sep. 18, 1997; and 60/060,733, ?led Oct. 1, 1997. 

ORIGIN OF THE INVENTION 

[0002] The invention described herein Was made in the 
performance of Work under a NASA contract, and is subject 
to the provisions of Public LaW 96-517 (35 U.S.C. 202) in 
Which the Contractor has elected to retain title. 

[0003] 1. Field of the Invention 

[0004] present invention relates to Wavelength tunable 
optical ?lters, and more particularly, to devices based on a 
surface plasmon tunable ?lter. 

[0005] 2. Background An optical Wavelength ?lter is a 
device that re?ects or transmits light of a desired Wavelength 
or Within a certain Wavelength range. For example, an 
interference bandpass ?lter selectively transmits light Within 
a selected Wavelength transmission bandWidth While absorb 
ing light of Wavelengths outside the transmission bandWidth. 
Such optical ?ltering With respect to Wavelength provides a 
means of controlling the energy and spectral composition of 
light and is Widely used in a variety of optical signal 
processing, detection, and display applications. 

[0006] Excitation of surface plasmon Waves at a metal 
dielectric interface has been demonstrated as an ef?cient 
Way of implementing a spectral ?ltering mechanism in 
response to an electrical control signal. See, for example, 
Wang and Simon, “Electronic Re?ection With Surface Plas 
mon,” Opt. Quantum Electron.25, S925 (1993) and Wang, 
“Voltage-Induced Color-Selective Absorption With Surface 
Plasmon”, Appl. Phys. Lett. 67, pp. 2759-2761 (1995). 
Surface plasmon are oscillations of free electrons caused by 
resonant absorption of a p-polariZed incident optical Wave at 
a metal-dielectric interface When the Wavelength and inci 
dent angle of the optical Wave satisfy a plasmon resonance 
condition. More speci?cally, the plasmon resonance condi 
tion requires that the component of the optical Wave vector 
along the metal-dielectric interface matches the plasmon 
Wave vector, KP: 

[0007] Where, )L is the Wavelength of the optical wave, 61 
and 62 are the dielectric permittivity constants for the metal 
and the dielectric material, respectively. 

[0008] At surface plasmon resonance, the energy of the 
incident optical Wave is strongly absorbed and converted 
into the energy of oscillating free electrons in the metal. 
Therefore, the re?ected optical Wave is strongly attenuated 
or even vanishes. When the incident angle of the optical 
Wave is ?xed at a constant, the optical Wavelength )L 
satisfying the plasmon resonance condition may be changed 

Mar. 28, 2002 

by varying the dielectric permittivity constant 62 of the 
dielectric material. If the input optical Wave is White light, 
the color of the re?ected optical Wave Will change With 62. 
This phenomena effects a surface plasmon tunable ?lter in 
re?ection mode. 

[0009] Therefore, an electronically tunable ?lter can be 
formed by using an electro-optic material as the dielectric 
material. The voltage applied on the electro-optic material 
changes its index of refraction and thereby changes the 
Wavelength for the surface plasmon resonance. 

[0010] Wang and Simon disclose color display devices 
based on a surface plasmon ?lter using a liquid crystal 
electro-optic material. US. Pat. Nos. 5,451,980 and 5,570, 
139, Which are incorporated herein by reference. The index 
of the refraction of the liquid crystal is changed by applying 
a voltage to alter the spectral composition of the re?ected 
light. 

SUMMARY 

[0011] The devices disclosed herein use surface plasmon 
Waves at metal-dielectric interfaces to alter the spectral 
composition of light having a p-polariZed component. The 
metal material in general has a negative dielectric constant 
and the dielectric material has a positive dielectric constant. 
The electrical ?eld of the p-polariZed component at non 
normal incidence induces electric dipoles in a metallic layer 
that forms one side of a metal-dielectric interface due to the 
excitation of the free electrons in the metal. The direction of 
the induced dipoles is perpendicular to the metal-dielectric 
interface. The radiation of the dipoles generates a surface 
plasmon Wave With a Wave vector parallel to the interface. 
The strength of the surface plasmon Wave is maximal at the 
metal-dielectric interface and decays exponentially on both 
sides of the interface. 

[0012] The energy conversion from the incident light to 
the surface plasmon Wave is maximal When the incident 
angle, Wavelength of the incident light, the dielectric con 
stants of the metal and the dielectric materials satisfy a 
surface plasmon resonance condition. In general, this reso 
nance condition relates to mode matching betWeen the 
p-polariZed incident light and the surface plasmon Wave at 
a metal-dielectric interface and may vary With the speci?c 
incident coupling mechanism and the structure of the inter 
faces (e.g., a single interface or tWo closed coupled inter 

faces) 
[0013] One embodiment of a surface plasmon ?lter 
includes a dielectric layer sandWiched betWeen tWo metallic 
layers to form tWo closely spaced symmetrical metal-dielec 
tric interfaces. The optical thickness of the dielectric layer is 
con?gured to alloW for excitation of surface plasmon Waves 
on both metal-dielectric interfaces by an input optical Wave. 
The dielectric layer may be less or larger than one Wave 
length but in general on the order of a Wavelength. The 
coupling betWeen the surface plasmon Waves produces a 
re?ected Wave and a transmitted Wave that have mutually 
complimentary colors. 

[0014] The surface plasmon resonance frequency can be 
tuned by adjusting the optical thickness of the dielectric 
layer. Either the layer thickness or the index of the refraction 
of the dielectric layer may be adjusted to change the trans 
mission Wavelength. One implementation uses an adjustable 
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air gap as the dielectric layer. Another implementation uses 
a layer of an electro-optic material to vary the optical 
thickness by changing the index of refraction With a voltage 
control signal. 

[0015] One or more additional metal-dielectric interfaces 
may be added and coupled to the tWo metal-dielectric 
interfaces to form a multilayer surface plasmon ?lter. Such 
a multilayer structure can be con?gured to achieve a desired 
shape in the transmission spectrum pro?le. For example, a 
“notch” ?lter can be so formed to produce a square-like 
transition from a transmissive spectral region to a re?ective 
spectral region and to achieve a desired transmissive band 
Width. 

[0016] The surface plasmon ?lter can be used to form a 
Wide range of devices. One such device is a tunable Fabry 
Perot ?lter based on an air-gap surface plasmon ?lter. 
Various color ?lters for color display systems such as color 
LCD displays can be formed based on a surface plasmon 
?lter. 

[0017] These and other aspects and advantages of the 
present invention Will become more apparent in light of the 
accompanying draWings, the detailed description,, and the 
claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] FIG. 1A is a diagram shoWing one embodiment of 
the surface plasmon ?lter using a high-index material for 
light coupling. 
[0019] FIG. 1B is a diagram shoWing another embodi 
ment of the surface plasmon ?lter using a grating for light 
coupling. 
[0020] FIG. 2 is diagram shoWing a surface plasmon ?lter 
using a layer of electro-optic material and high-index 
prisms. 
[0021] FIG. 3A is a chart of calculated transmission 
spectrum of the surface plasmon ?lter of FIG. 2 using silver 
?lms under different changes in the index of refraction of the 
electro-optic layer. 
[0022] FIG. 3B is a chart of calculated transmission 
spectrum of the surface plasmon ?lter of FIG. 2 using 
potassium ?lms under different changes in the index of 
refraction of the electro-optic layer. 

[0023] FIG. 4 is diagram shoWing a surface plasmon ?lter 
using an adjustable air gap and high-index prisms. 

[0024] FIG. 5 is a chart of calculated transmission spec 
trum of the surface plasmon ?lter of FIG. 4 under different 
spacings of the air gap. 

[0025] FIG. 6 is diagram shoWing a surface plasmon ?lter 
formed With tWo glass plates having micro-prisms arrays. 

[0026] FIG. 7 is a chart of calculated transmission spec 
trum of the surface plasmon ?lter of FIG. 6 under different 
spacings of the air gap betWeen the glass plates. 

[0027] FIG. 8A is a block diagram shoWing a high 
resolution spectrometer based on a Fabry-Perot ?lter and a 
surface plasmon ?lter. 

[0028] FIG. 8B is a diagram illustrating integration of a 
surface plasmon ?lter and a sensor array. 
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[0029] FIG. 9 is a diagram of color LCD display based on 
a surface plasmon ?lter. 

[0030] FIG. 10 is a diagram shoWing one embodiment of 
a multi-layer surface plasmon ?lter having six coupled 
metal-dielectric interfaces. 

[0031] FIG. 11 shoWs calculated re?ection spectrum of 
the ?lter of FIG. 10 With three identical liquid crystal layers 
of 185 nm thick, tWo outer silver ?lms of 20 nm thick and 
tWo middle silver ?lms of 40 nm thick. 

[0032] FIG. 12 is a ?oWchart shoWing the design process 
of a multi-layer surface plasmon notch ?lter 

[0033] FIG. 13A are plots shoWing exemplary colors that 
can be generated by different overlapping the re?ection 
spectra of tWo tunable surface plasmon ?lters. 

[0034] FIG. 13B is a diagram shoWing one embodiment 
of a re?ective ?at panel color display based on the technique 
shoWn in FIG. 13A. 

[0035] FIG. 13C is a diagram shoWing one implementa 
tion of a re?ective ?at panel color display of FIG. 13B. 

[0036] FIG. 14A is a diagram shoWing one embodiment 
of a color ?ltering device for producing sequential colors. 

[0037] FIG. 14B F shoWs the re?ectivity spectra of three 
?lters based on a multi-layer design When illuminated by a 
White input beam. 

[0038] FIG. 14C is a CIE diagram to shoW the color purity 
of the primary colors produced by the ?lters shoWn in FIG. 
14B. 

[0039] FIG. 15 is a diagram illustrating a color display 
system based on the ?lter of FIG. 14A. 

[0040] FIG. 16A is a diagram shoWing an exemplary 
smart card image device based on surface plasmon ?lters. 

[0041] FIG. 16B illustrates the manufacturing process of 
the smart card imaging device of FIG. 16A. 

[0042] FIG. 16C is a diagram shoWing one design of 
addressing the transistors in the device of FIG. 16A. 

[0043] FIGS. 17A, 17B, and 17C shoW structure and 
operation of one color ?lter using three surface plasmon 
tunable ?lters. 

[0044] FIG. 18 shoWs an another color ?lter based on the 
device of FIGS. 17A through 17C. 

[0045] FIG. 19A shoWs an alternative construction of the 
pixel in the device of FIG. 16A, Where only three layers are 
used to form a surface plasmon ?lter: a metal layer, a liquid 
crystal layer and a thin-?lm transistor layer. 

[0046] FIG. 19B shoWs that each plate can be a simple 
high-index glass plate With one side formed With thin-?lm 
transistors and the other side coated With a metal layer. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0047] FIG. 1A shoWs one embodiment 100 of a coupled 
surface plasmon tunable ?lter. TWo symmetrical metal 
dielectric interfaces 110a and 110b are formed by sandWich 
ing a dielectric layer 110 betWeen tWo substantially identical 
metallic layers 120a and 120b. The metallic layers 120a and 
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