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(57) ABSTRACT 

Tuning of the resonant state of a structure that scatters optical 
fields is achieved by varying the effective optical properties of 
the environment of a small conductive structure. The fre
quency tunable resonant scatterer includes a medium, a con
ductive structure within that medium and a second structure 
in the vicinity of said conductive structure, wherein the plas
monresonance of said conductive structure is tuned by way of 
the proximity of said second structure to said conductive 
structure. The second structure is gradually moved away from 
and closer to the nanoparticle to change the effective dielec
tric constant for tuning a resonance frequency of the conduc
tive structure to plural excitation wavelengths. 

16 Claims, 3 Drawing Sheets 
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FREQUENCY TUNABLE RESONANT 
APPARATUS 

This application claims the benefit of priority to U.S. Pro
visional Patent Application No. 60/692,898 filed on Jun. 22, 
2005. 

FIELD OF THE INVENTION 

This invention relates to the scattering of optical fields 
using conductive structures, in particular to methods, systems 
and devices for enhancing optical emissions by tuning the 
resonant states of the conductive structures for applications 
including miniature biochemical detector arrays, high reso
lution displays, optical displacement sensors, microphone 
arrays, and tunable waveguide filters. 

BACKGROUND AND PRIOR ART 

In many applications, the sensing, manipulation, and dis
play of optical information are based on scattering of optical 
fields with specific frequencies on various scattering struc
tures. These actions are significantly more efficient when the 
scatterer is brought into a resonant regime. 

Metals, or more generally conductors, exhibit special opti
cal properties due to the existence of coherent charge density 
oscillations. On surfaces these take the form of propagating 
waves known as surface plasmons. Similarly, conductive 
structures can exhibit collective electron oscillations at fre
quencies determined by the shape, size, composition, crys
tallinity, and environment of the structure. For example, in 
metal nanoparticles these collective oscillations lead to pro
nounced resonances at optical frequencies. These resonances 
become apparent in extinction measurements due to reso
nantly enhanced scattering and absorption. A prior art 
example is shown in the graph of FIG. 1, which shows experi
mental data on the optical transmission of 41 nm diameter 
silver nanoparticles in an aqueous solution. The extinction 
peak at approximately 410 nm is caused by the plasmon 
resonance in the silver nanoparticles. 

Associated with these resonances are localized electro
magnetic fields with significantly enhanced field strength 
relative to that of the excitation source. An example is shown 

2 
Michaels et al. in Surface Enhanced Raman Spectroscopy of 
Individual Rhodamine 6G Molecules on Large Ag Nanocrys
tals, J. Am. Chem. Soc. 121, 9932 (1999). The magnitude of 
the signal enhancement makes SERS a viable technique for 
performing high sensitivity chemical detection. 

Surface Enhance Raman Scattering can occur at frequen
cies where metal nanostructures exhibit plasmon resonances. 
In experiments, an excitation wavelength as short as possible 
is chosen because the strength of the Raman signal depends to 

10 the fourth power on the frequency of the excitation source. 
However, at short excitation wavelengths, many molecules 
show bright fluorescence that can make the weak Raman 
signal difficult to detect. Consequently, for each molecule, it 
is necessary to determine the shortest possible excitation 

15 wavelength and design the corresponding metal structure to 
obtain SERS at that wavelength. 

A second example where tunability is desired is the case of 
Surface Enhanced Resonant Raman Scattering (SERRS). It 
has been observed that Raman signals can be further 

20 enhanced in specific situations where the excitation wave
length overlaps with an absorption band of the species under 
investigation. In these cases, the resonance of the metal nano
structure must be tuned to match the energy of the desired 
molecular transition, requiring a broad range of resonance 

25 frequencies to be covered. 

SERRS requires a tailored conductive nanostructure, e.g. a 
metal nanoparticle, for each species that needs to be detected. 
This approach is feasible when a single species needs to be 

30 
detected, but rapidly becomes impractical when multiple spe
cies are involved. In the latter case, it would be beneficial to be 
able to tune the resonance frequency of the metal nanostruc
ture to coincide with several different excitation wavelengths, 
enabling the detection of several species within a small detec-

35 tion volume. This would allow the design of compact bio
chemical sensors for multi-species detection. 

40 

Thus, there exists a need to be able to actively tune the 
resonant frequency of a metal nanoparticle to a broad range of 
frequencies that has not been achieved in the prior art. 

SUMMARY OF THE INVENTION 

in FIG. 2, which shows a calculated snapshot 200 of the 
energy density around a metal nanoparticle under plane-wave 45 

illumination at the surface plasmon resonance frequency. 
Field enhancements can be as large as several orders of mag
nitude. The ability to actively control these resonances could 
play an important role in applications that benefit from 
enhanced electric fields, enhanced localization of light, 50 

enhanced optical absorption, or enhanced optical scattering. 

The first objective of the present invention is to provide 
apparatus, methods, systems and devices for frequency tun
able resonant apparatus. 

A second objective of the present invention is to provide 
apparatus, methods, systems and devices to tune the reso
nance frequency of a conductive structure. 

A third objective of the present invention is to provide 
apparatus, methods, systems and devices for building fre
quency tunable resonant scatterers based on varying the 
effective optical properties of the environment of a small 
conductive particle. 

One application in which this field enhancement plays an 
important role is Surface Enhance Raman Spectroscopy 
(SERS). Raman scattering involves the excitation or annihi
lation of phonons upon laser illumination of certain materials, 55 

resulting in the appearance of photons with a slightly modi
fied energy. By measuring the energy distribution of the scat
tered laser light, information can be obtained about the struc
ture of the object, allowing for identification of the scattering 
element. 60 

A fourth objective of the present invention is to provide 
apparatus, methods, systems and devices to provide fre
quency tunable resonant scatterer with significant benefits 
including sensitivity, selectivity, and integrability with micro
scopic structures. 

A fifth objective of the present invention is to provide 
apparatus, methods, systems and devices to tune the reso
nance frequency of a conductive structure such as metal nano
particles, to a broad range of different excitation wavelengths. 

Although Raman scattering has been shown to yield iden
tifiable molecular vibration spectra, the signal strength is 
typically low, making the detection of low concentrations of 
molecules difficult. It has been found however that the 
strength of the Raman signal from a given molecule can be 
enhanced by factors in excess of 1010 near the surface of a 
resonantly excited metal nanoparticle, as discussed by 

A sixth objective of the present invention is to provide 
65 apparatus, methods, system and devices to tune the resonant 

frequency of a metal nanostructure by varying the environ
ment of the nanostructure. 
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A seventh objective of the present invention is to provide 
apparatus, methods, system and devices for continuous tun
ing over a larger range-greater than 100 nm-than was 
previously possible. 

4 
FIG. 4 is a graph showing an example of the tuning range 

available for gold or silver nanoparticles on silicon-oxide 
(Si02 ) using a silicon (Si) cantilever. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Before explaining the disclosed embodiment of the present 
invention in detail it is to be understood that the invention is 

A first embodiment of the invention provides a frequency 10 not limited in its application to the details of the particular 
tunable resonant scatterer comprising a medium with a con- arrangement shown since the invention is capable of other 

An eighth objective of the present invention is to provide 
apparatus, methods, system and devices for using a conduc
tive nanostructure with a particular engineered shape to 
improve performance according to a particular application. 

ductive structure embedded therein and a second structure in 
a vicinity of the conductive structure so that the plasmon 
resonance of the conductive structure is tuned according to 
the proximity of the second structure to the conductive struc-
ture. 

In another embodiment of the present invention, the fre
quency tunable resonant apparatus includes a medium with 
conductive nanostructures embedded in the medium and a 
cantilever in the vicinity of said conductive nanostructure, 
wherein the plasmon resonance of the conductive nano struc
ture is tuned by way of the proximity of the cantilever to the 
conductive nanostructure. In an embodiment, the conductive 
nano structure or the nanoparticle has a diameter smaller than 

embodiments. Also, the terminology used herein is for the 
purpose of description and not of limitation. 

To understand the opportunities in tuning plasmon reso-
15 nances, consider the conditions under which resonant behav

ior of metal nanoparticles occurs. The Mie theory describes 
the scattering oflight by particles. The Mie theory, also called 
the Lorenz-Mie theory, is a complete mathematical-physical 
theory of the scattering of electromagnetic radiation by 

20 spherical particles. From Mie theory it follows that the polar
izability of a nano sphere with a diameter much smaller than 
the excitation wavelength is given by: 

an excitation wavelength of the conductive structure or the 25 
nano structure, wherein the cantilever is moved within a prox
imity of said nanostructure to tune the resonance frequency to 
several different excitation wavelengths, enabling the detec
tion of several species with the nanostructure. In an embodi
ment, the medium is a top and bottom silicon oxide substrate 30 
and the cantilever is a layer of silicon material, wherein the 
layer is sufficiently thin to render the silicon layer transparent 

3 E-Em 

CY= 4nEoR E + 2Em 
(1) 

where Em is the dielectric function of the medium in which 
the particle is embedded, and E is the dielectric function of 
the particle. The polarizability diverges for E=-2 Em. For 
silver nanoparticles in water this condition occurs at a wave
length of approximately x=410 nm as shown in the graph of 
FIG. 1. Due to its dependence on Em (and thus the refractive 

to wavelengths greater than approximately 400 nanometers. 

A second embodiment provides a tunable optical sensing 
method, comprising the steps of providing a medium, the 
medium having a plurality of metal nanoparticles, providing 

35 index) the resonance frequency can be tuned over a small 
range by tuning the dielectric constant of the medium. For 
example, by changing the refractive index of the medium 
from 1.4 to 1.5, the silver nanoparticle resonance can be 
shifted from 390 nm to 400 nm. This shift in resonance 

at least one cantilever in the vicinity of said plural nanopar
ticles, exciting the medium with a light source, varying an 
effective optical property of an environment in which said 
plural nanoparticles are located for continuous tunability; and 40 

detecting light scattered from said plural nanoparticles. The 
apparatus, methods, systems and devices of the present inven
tion have applications including miniature biochemical 
detector arrays, high resolution displays, optical displace
ment sensors, microphone arrays, and tunable waveguide 45 

filter. 

frequency is insufficient to accommodate a wide range of 
molecular absorption lines, even though the change in refrac
tive index is much larger than what can be achieved in optical 
nonlinear materials or liquid crystals. 

Tuning of plasmon resonances of particles embedded in a 
continuous medium by changing the refractive index of sur
rounding material was shown by Muller et al. in Electrically 
Controlled Light Scattering with Single Metal Nanoparticles, 
Appl. Phys. Lett. 81, 171 (2002). Due to the limited range of 
accessible refractive indices, the tuning was limited to a small 

Further objects and advantages of this invention will be 
apparent from the following detailed description of the pres
ently preferred embodiments which are illustrated schemati
cally in the accompanying drawings. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1 shows extinction measurement on an aqueous solu
tion of 41 nm diameter silver (Ag) nanoparticles exhibiting a 
plasmon resonance related extinction peak at 410 nm. 

FIG. 2 shows a Finite Difference Time Domain calculation 
of the energy density around a metal nanoparticle under plane 
wave excitation. 

FIG. 3a shows a schematic of a MEMS (Micro-Electro
Mechanical Systems) structure allowing continuous tunabil
ity of a metal nanoparticle plasmon resonance in a first state. 

FIG. 3b shows a schematic of a MEMS (Micro-Electro
Mechanical Systems) structure allowing continuous tunabil
ity of a metal nanoparticle plasmon resonance in a second 
state 

50 wavelength range of 15 nm. To obtain tunability over hun
dreds of nanometers, the dielectric function of the environ
ment needs to be modulated by several tens of percents, which 
is not readily achieved with common optical materials. 

Broadband tuning of the plasmon resonance is obtained by 
55 changing the environment 330 of a metal nanoparticle 350 

from air (E-1) to silicon (E=14). FIGS. 3a and 3b show a 
MEMS structure of the frequency tunable resonant scatterer 
including a top substrate 310 with a thin cantilever layer 320 
the inner surface of the top substrate 310. A bottom substrate 

60 340 separated from the top substrate 310 by a distance suffi
cient for positioning the nanopartical 350 on the bottom sub
strate 340. FIG. 3a shows the structure in a first state having 
a high local index and a long resonant wavelength and FIG. 3b 
shows the structure during a second state having a low local 

65 index and a short resonant wavelength. 
By moving the movable structure, a silicon (Si) cantilever 

320 in this example, close to a conductive structure 350 
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positioned on a low index substrate 340 such as Si02 , as 
shown in FIG. 3, a radical change of dielectric constant is 
achieved. In this example, the effective dielectric constant can 
be modulated from an Si02-air environment with an effec
tive dielectric constant 

6 
structures, such as conductive nanoparticles, exciting the 
medium with a light source, varying an effective optical prop
erty of an environment in which said plural conductive struc
tures are located for continuous tunability and detecting light 
reflected from said plural conductive nanoparticles. The 
effective optical property is varied by gradually moving the 
cantilever away from or close to the plural conductive nano
particles to change the effective dielectric constant for tuning 
a resonance frequency of the plural conductive nanoparticles 

to an Si02-Si environment with Ee_r1h(Es,+Es;o2 )=8.6. 
The Si cantilever 320 can be made thin enough to render the 

10 to plural excitation wavelengths, wherein the frequency tun
able resonant scatterer provides high sensitivity and selectiv
ity. 

While the invention has been described, disclosed, illus
trated and shown in various terms of certain embodiments or Si transparent to wavelengths larger than 400 nm, while still 

providing the high refractive index to obtain substantial reso
nance wavelength tuning. Continuous tunability is achieved 
by gradually moving the Si cantilever away from the conduc
tive structure, changing the effective dielectric constant from 
8.6 to 1.5. This type of continuous movement of Si mem
branes can be achieved with MicroElectro-Mechanical Sys
tems (MEMS) technology. 

15 modifications which it has presumed in practice, the scope of 
the invention is not intended to be, nor should it be deemed to 
be, limited thereby and such other modifications or embodi
ments as may be suggested by the teachings herein are par
ticularly reserved especially as they fall within the breadth 

20 and scope of the claims here appended. 

The achievable tuning range in different materials systems 
is determined by comparing the frequency dependent dielec
tric functions of the metal, the substrate, and the cantilever. To 
obtain a nanoparticle resonance, it is necessary to satisfy the 25 
requirement Emetaz=-2xEeff where Emetal is the dielectric 
function of the particle, and Eeffis the device state dependent 
average E nearthe particle. In state one shown in FIG. 3a, this 
corresponds to the condition Emetaz""-Esubstrate-Ecantilever 

with Esubstrate the dielectric function of the substrate imme- 30 

diately beneath the particle, and Ecantilever the dielectric func
tion of the high refractive index layer directly above the 
particle as shown in FIG. 3. In state 2, shown in FIG. 3b, this 
leads to the requirement Emetaz""-Esubstrate-Eair· These con
ditions can be graphically depicted by plotting both sides of 35 

the equation, and locating the crossing points as shown in 
FIG. 4, for a gold particle and a silver particle. The resonance 
conditions are indicated by dots, with the long-wavelength 
solution corresponding to state 1 shown in FIG. 3a. From this 
graph it can be seen that shifts in excess of 200 nm can be 40 

obtained using existing materials. 
The present invention has a wide range of potential appli

cations including biochemical detectors, high resolution dis
plays, acoustic sensors, waveguide filters, and optical traps. 
The broad tuning range of the conductive structure reso- 45 

nances allows for the detection of a wide range of molecular 
species by a single set of conductive structure utilizing Sur
face Enhanced Raman Scattering. The molecular detector 
could have a footprint of a few square microns, making the 
fabrication of detector arrays a clear possibility. High resolu- 50 

ti on displays can be developed in which conductive nanopar
ticles act a tunable scatterers, allowing for nanoscale pixels 
covering the RGB range. The frequency of scattered light 
provides a sensitive probe of the distance between the Si 
membrane and the metal particle and thus allows for the 55 

development ofnanoscale passive acoustic sensors. 

We claim: 
1. A frequency tunable resonant apparatus comprising: 
a top substrate and a bottom substrate separated by a dis

tance; 
a nanostructure having a diameter smaller than an excita

tion wavelength of the nanostructure; and 
a movable silicon cantilever in a vicinity of said nano struc

ture between said top and said bottom substrate, wherein 
a plasmon resonance of said nanostructure is tuned to 
several different excitation wavelengths according to a 
proximity of said movable silicon cantilever to said 
nanostructure enabling the detection of several species 
with said nanostructure. 

2. The frequency tunable resonant apparatus of claim 1, 
further comprising: 

one of an enhanced electric field, enhanced localization of 
light, enhanced optical absorption and an enhanced opti
cal scattering for using the frequency tunable resonant 
apparatus. 

3. The frequency tunable resonant apparatus of claim 1, 
wherein the frequency tunable resonant apparatus comprises: 

a frequency tunable resonant scatterer. 
4. The frequency tunable resonant apparatus of claim 1, 

wherein said top and said bottom substrate comprise: 
a top silicon oxide layer having a thin silicon layer on the 

interior surface of the top silicon oxide substrate; and 
a bottom silicon oxide layer. 
5. The frequency tunable resonant apparatus of claim 1, 

wherein the movable silicon cantilever comprises: 
a layer of silicon material, wherein the layer is sufficiently 

thin to render the silicon layer transparent to wave
lengths greater than approximately 400 nanometers. 

6. The frequency tunable resonant apparatus of claim 1, 
wherein said a nanostructure comprises: 

a material selected from at least one of silver and gold. 
Scatterers on a waveguide can be turned on or off by 

moving a Si cantilever, thus providing a continuously tunable 
waveguide filter with a blocking band over a greater than 200 
nm range. The resonantly excited local fields near metal nano
particles can be used to trap polarizable objects thus becom
ing a tunable optical trap. Frequency control of the reso
nances would provide control over the molecular species that 

7. The frequency tunable resonant apparatus of claim 1, 

60 further comprising: 

is trapped. 
A second embodiment provides a tunable optical sensing 65 

method by providing a medium with a plurality of conductive 
structures, a cantilever in the vicinity of the plural conductive 

a device for moving said movable silicon cantilever within 
the proximity of said a nano structure. 

8. The frequency tunable resonant apparatus of claim 1, 
wherein said a nanostructure comprises: 

a shape selected to improve performance according to a 
particular application of the frequency tunable resonant 
apparatus. 
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9. A tunable optical sensing method, comprising the steps 
of: 

providing a medium consisting of top and bottom substrate 
separated by a distance and having a plurality of con
ductive nanostructures therebetween; 

providing at least one movable member in a vicinity of said 
plural conductive nanostructures between the top and 
bottom substrate; 

exciting the medium with a light source; 
varying an effective optical property of an environment in 10 

which said plural conductive nanostructures are located 
for continuous tenability by moving the at least one 
movable member to tune a resonance frequency to sev
eral different excitation wavelengths, enabling the 
detection of several species with a single conductive 15 

nanostructure; and 
detecting light reflected from said plural conductive nano

structures. 
10. The method of claim 9, wherein the detecting step 

comprises: 20 

detecting Raman signals. 
11. The method of claim 9, wherein varying an effective 

optical property comprises the step of: 
gradually moving the at least one movable member away 

from the plural conductive nano structures to change the 

8 
effective dielectric constant for tuning a resonance fre
quency of the plural conductive nano structures to plural 
excitation wavelengths. 

12. The method of claim 9, wherein varying an effective 
optical property comprises the step of: 

gradually moving the at least one movable member close to 
the plural conductive nanostructures to achieve a radical 
change of dielectric constant for tuning a resonance 
frequency of the plural conductive nanostructures to 
plural excitation wavelengths, wherein the frequency 
tunable resonant scatterer provides high sensitivity and 
selectivity. 

13. The method if claim 9, further comprising the step of: 
integrating an optical sensor with a microscopic structure. 
14. The method of claim 9, further comprising the step of: 
using a Micro Electro Mechanical System technology to 

continuously move the at least one movable member. 
15. The method of claim 9, further comprising the step of: 
using the tunable optical sensing device as a compact bio

chemical sensor for multi-species detection. 
16. The method of claim 9, further comprising the step of: 
selecting a shape of said conductive nanostructure to 

improve performance according to a particular applica
tion for using the optical sensing method 

* * * * * 
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