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Photonics is the study of interaction between light and matter, of using various forms of 

structured and unstructured matter to shape and control the propagation of light.  Plasmonics, 

using near field interactions of metal-dielectric interfaces to control the propagation of optical 

wavefronts, is a rich area of study with applications in fields such as  biosensing, thin film 

metrology, high-speed ultra-compact integrated modulators, and metamaterials, to name a few. 

In this work, plasmonics is used to develop devices that enhance both non-linear optical 

phenomenon and linear electro-optic processes. Non-linear optical phenomenon, such as raman 

scattering from biological media and two-photon absorption in silicon where enhanced via light 

concentrating plasmonic media, such as  millimeter-scale high-density nanoantenna arrays and 



xii 
 

and roughened noble metal thin-films, were used to realize ultra-fast optical auto-correlators on a 

silicon-chip photo-detector and to implement compositional analysis of DNA base pairs via 

surface enhanced raman spectroscopy. Likewise, the knowledge gained from these efforts in 

manipulating light in the near-field evanescent regime to enhance non-linear optical phenomena 

inspired a novel approach of space-variant modulation of free-space optical wavefronts based on 

surface plasmon resonance enhancement of the linear electro optic or pockel's effect. Current 

state of the art spatial light modulators are limited to kHz speeds. To realize higher operating 

speeds, advances in high speed free-space electro-optic transduction are necessary. In this work, 

electrically driven control of free-space optical fields at a wavelength of 1550 nm at GHz 

modulation speeds is demonstrated using a programmable plasmonic phase modulator based on 

near field interactions between surface plasmons and materials with a high linear electro-optic 

(Pockel’s) response. High χ(2) dielectric thin films are used as an active modulation layer in a 

surface plasmon resonance configuration to realize programmable space-variant control of 

optical wavefronts at GHz speeds. The programmable plasmonic phase modulator demonstrated 

here represents a proof of principle demonstration of a path towards GHz speed spatial light 

modulation. 
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Chapter 1: Introduction to Plasmonics and Near-Field Optics 

 

 The field of photonics is perhaps best described as the study of interaction between light 

and matter. This interaction depends on material characteristics such as electromagnetic 

permittivity and permeability, and it depends on the topography and form factor of the 

interacting matter in question. By controlling the environment in which light propagates, 

photonic devices are able to guide, modulate, filter, detect, and generate light for applications in 

fields such as telecommunications, biomedical detection, material characterization, and remote 

sensing. Photonic devices exist to manipulate light at the macro scale (e.g. fiber optics), the 

micro scale (e.g. digital micro-mirror spatial light modulators), and the nanoscale (e.g. 

metamaterials, integrated silicon waveguides, nanoantennas). Scaling photonic devices down to 

the nanoscale offers obvious advantages in terms of cost, form factor, and information 

bandwidth. All things held equal, why use a bulky free-space modulator, when an integrated on-

chip modulator will do the same job at a fraction of the cost and footprint? The principal 

limitation of scaling in photonic devices is the diffraction limit of light, typically given by (
𝜆

2𝑛𝑚
), 

where nm is the effective index of a photonic mode in a given medium [1]. This places a lower 

volume limit on the size and therefore scalability of photonic devices that utilize conventional 

optical modes. To overcome this limitation on scaling, devices that exploit plasmonics and near-

field phenomenon have been developed to enhance the capabilities of photonic devices on a 

deeply sub-wavelength scale. In order to describe these phenomenon, along with potential 

applications, advantages, and disadvantages thereof, it is useful to begin with a brief review of 

definitions and mathematical formalism for electromagnetic waves. 
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We begin with Maxwell’s equations: 

∇ ∙ 𝑬 =  
𝜌

𝜀0
     (𝑒𝑞. 1) 

∇ ∙ 𝑩 = 0     (𝑒𝑞. 2) 

∇ × 𝑬 = − 
𝜕𝑩

𝜕𝑡
     (𝑒𝑞. 3) 

∇ × 𝑩 = 𝜇0 (𝐽 + 𝜀0

𝜕𝑬

𝜕𝑡
)    (𝑒𝑞. 4) 

 Here, ∇ is the gradient operator, t is time, E and B are the electric and magnetic vector 

fields respectivley, ρ represents the electric charge density, J represents the current density, εo is 

the permittivity of free space, μo is the permeability of free space, and the speed of light in 

vacuum given by = 1/√𝜇0𝜀0  ≈ 3 ∗ 108 𝑚/𝑠 .[1] Equation one is Gauss’s law, stating that 

electric field flux through a surface is proportional to the charge contained within that surface. 

Equation two, Gauss’s law for magnetism, precludes the existence of magnetic monopoles. 

Equations three and four, Faraday’s law and the Ampere-Maxwell law respectively, describe the 

coupling between the Electric and Magnetic Fields as well as the relationship between magnetic 

field and current. In vacuum, i.e. a region free of charges and currents (ρ=0, J=0), Maxwell’s 

equations reduce to: 

 

∇ ∙ 𝑬 =  0    (𝑒𝑞. 5) 

∇ ∙ 𝑩 = 0     (𝑒𝑞. 6) 

∇ × 𝑬 = − 
𝜕𝑩

𝜕𝑡
     (𝑒𝑞. 7) 

∇ × 𝑩 =
1

𝑐2

𝜕𝑬

𝜕𝑡
    (𝑒𝑞. 8) 
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Using the curl of curl identity, ∇ × (∇ × 𝐴) = ∇(∇ ∙ 𝐴) − ∇2𝐴 yields the familiar wave 

equations: 

1

𝑐2

𝜕2𝑬

𝜕𝑡2
− ∇2𝑬 = 0     (𝑒𝑞. 9) 

1

𝑐2

𝜕2𝑩

𝜕𝑡2
− 𝛻2𝑩 = 0     (𝑒𝑞. 10) 

The space-variant, time dependent solution for E and B can then be written generally as: 

  

𝐸(𝑟, 𝑡) = 𝑓(𝜔𝑡 − 𝑘 ∙ 𝑟)      (𝑒𝑞. 11) 

𝐵(𝑟, 𝑡) = 𝑓(𝜔𝑡 − 𝑘 ∙ 𝑟)      (𝑒𝑞. 12) 

 

where ω is angular frequency in radians per second and k is the three dimensional wave-vector. 

Since any real electromagnetic field is necessarily bounded in time and space, i.e. is finite, then 

by Fourier decomposition the function f that satisfies eqs. 9-12 may, without loss of generality, 

be written as a superposition of sinusoids. [1] Further, in order to satisfy eq. 9-10, |k| must 

satisfy: 

|𝑘| =
𝜔

𝑐
=

2𝜋

𝜆
      (𝑒𝑞. 13) 

where λ is the wavelength of the electromagnetic oscillation in vacuum, r = (x,y,z) is the three-

dimensional position vector, and ω is the angular frequency defined as 2πf where f is the 

frequency of electromagnetic oscillation. Eq. 13 is known as the dispersion relation of light.[1] 

For the simple case of monochromatic light, that is light of a single frequency f, Eq. 11 can now 

be re-written in terms of a time dependent and a space-variant component: 

𝐸(𝑟, 𝑡) = 𝑅{𝐸(𝑟)𝑒𝑖𝜔𝑡}     (𝑒𝑞. 14) 
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 Let us now consider a plane wave traveling along some normal vector defined by n= 

k/|k|. In that case, E(r) from eq. 14 can be written as: 

𝐸(𝑟) = 𝐸0𝑒
−𝑖𝒌∙𝒓     (𝑒𝑞. 15) 

with a corresponding coupled magnetic field B(r) derived trivially from eq. 8. This represents the 

classic plane wave solution of an electromagnetic field i.e. light, derived from Maxwell’s 

equation. [1] 

 It should be noted that the electromagnetic wave vector, k, does not need to be real-

valued in order to support a valid solution of Maxwell’s equations; that is to say that components 

of k ( kx, ky, kz ) may have imaginary or complex values and still satisfy the dispersion relation 

(eq. 13) [2]. Indeed, whether an electromagnetic waves is described by a real or complex valued 

wave vectors determines whether that wave is classified as a propagating wave or an evanescent 

wave; this distinction has profound consequences for the scaling and implementation of photonic 

devices, and we will return to it later in the chapter. 

Thus far, we have considered the case of an electromagnetic wave propagating in vacuum. To 

analyze real photonic systems, we now consider the propagation of electromagnetic waves in 

media by defining the auxiliary fields:  

𝐷(𝑟, 𝑡) = 𝜀0𝐸(𝑟, 𝑡) + 𝑃(𝑟, 𝑡)     (𝑒𝑞. 16) 

𝐻(𝑟, 𝑡) =
1

𝜇0
𝐵(𝑟, 𝑡) − 𝑀(𝑟, 𝑡)     (𝑒𝑞. 17) 

Here, D is the electric displacement field, H is the eponymous H-field, P is the polarization field 

and M is the magnetization field. If we define free and bound charge and current density as 

ρ=ρb+ρf and J=Jb+Jf, then P and M can be described in terms of the bound free charge ρb and 

bound current density Jb: 

𝜌𝑏 = −∇ ∙ 𝑃     (𝑒𝑞. 18) 
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𝐽𝑏=∇ × 𝑀 +
𝜕𝑃

𝜕𝑡
     (𝑒𝑞. 19) 

 

 

 Having defined the displacement field and H-field, we can now bring in material 

parameters via the constitutive relations for electromagnetism. First we define the absolute 

electric permittivity and magnetic permeability, ε and μ, the relative permittivity and 

permeability of a material, εr and μr, of a given material, as well as the electric and magnetic 

susceptibility, χe and χm such that 𝜀/𝜀0 = 𝜀𝑟 = 𝜒𝑒 + 1 and 𝜇/𝜇0 = 𝜇𝑟 = 𝜒𝑚 + 1. [1] Then, the 

constitutive relations for electromagnetism in a linear isotropic material can be written as: 

𝐷 = 𝜀𝐸     (𝑒𝑞. 20) 

𝐻 = 𝐵/𝜇     (𝑒𝑞. 21) 

𝑃 = 𝜀0𝜒𝑒𝐸     (𝑒𝑞. 22) 

𝑀 = 𝜒𝑚𝐸     (𝑒𝑞. 23) 

Now, we can state Maxwell’s equations for electromagnetism in the presence of matter as: 

∇ ∙ 𝐷 = 𝜌𝑓     (𝑒𝑞. 24) 

∇ ∙ 𝐵 = 0     (𝑒𝑞. 25) 

𝛻 × 𝑬 = − 
𝜕𝑩

𝜕𝑡
     (𝑒𝑞. 26) 

𝛻 × 𝐻 = 𝐽𝑓 +
𝜕𝐷

𝜕𝑡
     (𝑒𝑞. 27) 

For simplicity, we limit the majority of our discussion here to isotropic linear materials (i.e. P 

varies linearly with respect to E), but several topics in later chapters will touch on non-linear 

interactions in anisotropic media between matter and electromagnetic waves where P may scale 

as En, such as Raman Scattering, two photon absortion, and electro-optic modulation. [3] Briefly 
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then, the full definition of the polarization field P is described by a Taylor expansion where χ(n) is 

is an n+1 rank tensor [4]: 

𝑷𝑖

𝜀0
= ∑𝜒𝑖𝑗

(1)
𝐸𝑗 + ∑𝜒𝑖𝑗𝑘

(2)
𝐸𝑗𝐸𝑘

𝑗𝑘𝑗

+ ∑𝜒𝑖𝑗𝑘𝑙
(3)

𝐸𝑗𝐸𝑘𝐸𝑙 …

𝑗𝑘𝑙

 (𝑒𝑞. 28) 

 Photonics necessarily deals with material interfaces; to that end we recall that the electric 

displacement field, D, must be continuous across an interface between two materials: 

(𝑫𝟏 − 𝑫𝟐) ∙ 𝒏 = 𝐷1,⊥ − 𝐷2,⊥ = 𝜎𝑓     (𝑒𝑞. 29) 

Here, D1 and D2 are the displacement fields in two different media, n is the normal vector to the 

interface and σf is the free surface charge along that interface [1]. 

 

 Having reviewed the basic principles and equations of electromagnetic field theory, we 

can now describe the aforementioned diffraction limit analytically in terms of those equations. 

Doing so will illustrate the mechanism by which diffraction limits the scaling of conventional 

devices, and, more importantly, how those limits may be overcome. Let us consider a 

conventional imaging system of an object and a lens placed along the z-axis so the rays from the 

object are traveling in the +z direction. Using Fourier decomposition, we describe the incident 

optical field as a linear superposition of plane waves [2]. This is sometimes referred to as the 

angular spectrum method: 

𝐸(𝑥, 𝑦, 𝑧, 𝑡) = ∑ 𝐴(𝑘𝑥, 𝑘𝑦)𝑒
𝑖(𝑘𝑧𝑧+𝑘𝑦𝑦+𝑘𝑥𝑥−𝜔𝑡)

𝑘𝑥,𝑘𝑦

     (𝑒𝑞. 30) 

Then, from the dispersion relation, we describe 𝑘𝑧 as a function of  𝑘𝑥 and 𝑘𝑦. 

𝑘𝑧 = √
𝜔2

𝑐2
− (𝑘𝑥

2 + 𝑘𝑦
2)     (𝑒𝑞. 31) 
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In the described imaging system, light is propagating in the +z direction, so we’re only interested 

in positive square root solutions to eq. 31. There are two cases of interest here. First, if 

 𝑘𝑥
2 + 𝑘𝑦

2 < 𝜔2 𝑐2⁄   , then 𝑘𝑧is real valued and eq. 30 non-zero for all values of z; that is to say, 

the wave can propagate in the +z direction through and beyond the hypothetical imaging system. 

If, on the other hand, 𝑘𝑥
2 + 𝑘𝑦

2 > 𝜔2 𝑐2⁄ , then 𝑘𝑧 becomes imaginary [2]. This introduces a 

decaying exponential term into eq. 30, limiting propagation in the +z direction. The field does 

not propagate in the +z direction, the net flow of energy in the +z direction of these higher 

angular frequency components becomes zero (i.e. a null pointing vector). This describes a field 

that is evanescent in the z direction. For simplicity, let us assume kx = ky. We then find a 

maximum k-vector, kmax, for which the solutions are propagating i.e. kz is real. From eq. 31, this 

occurs at 𝑘𝑚𝑎𝑥 ≈ 2𝜔𝑚𝑎𝑥 𝑐⁄  where ωmax represents the maximum supported angular frequency. 

The smallest feature that can be resolved by this system corresponding to this maximum angular 

frequency is then 𝛥𝑥 ≈   𝜆 / 2. which corresponds to the diffraction (abbe) limit for a paraxial 

system in vacuum.[4] More generally, the abbe limit in a medium of refractive index 

 𝑛 = √𝜀𝑟𝜇𝑟 at an arbitrary angle θ is given by 𝛥𝑥 = 𝜆/ 2(𝑛 ∙ 𝑠𝑖𝑛𝜃). 

 This can be used to define the two relevant domains in optics: the far field, where only 

propagating fields exist with real valued wave vectors and no angular frequency components 

above ωmax, and the near field, where there is a superposition of propagating and evanescent 

electromagnetic fields that are described by all wave vectors, real and complex, that satisfy the 

dispersion relation. It is the loss of information held by these decaying, high angular frequency 

evanescent modes localized to the near-field that is the origin of the diffraction limit. [5]  
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 We now consider the particular class of evanescent fields that can be excited by photons 

at a metal-dielectric interface: surface plasmons. Specifically, propagating surface plasmon 

polaritons (SPPs) and localized surface plasmons (SPs). An SP is a charge density oscillation 

that occurs when photon is incident on a metal-dielectric interface; the photon is a quantization 

of the oscillation of electromagnetic light at some angular frequency ω, the SP is a quasiparticle 

that quantizes charge density oscillations caused by free carriers moving in response to the 

electromagnetic oscillation of a photon incident on a metal-dielectric interface.[2,3] From 

electrostatics, we know that electrons in a metal will move to negate an applied external electric 

field such that E = 0 within a metal. The free carrier charge density at a metal dielectric interface 

behaves in a similar fashion: light below the plasma frequency of a metal is reflected because the 

free carriers are able to screen the incident electromagnetic oscillations; conversely, light above 

the plasma frequency of a material is transmitted because the free carriers are not able to respond 

quickly enough to screen the incident electromagnetic oscillations. [2,3] In most metals and 

many semiconductors, this plasma frequency is in the deep ultra violet. In order for the surface 

plasmon to exist, the |ℝ(εmetal)|<| ℝ(εdielectric)| and ℝ(εmetal)<0. 

 

Figure 1.1. Conceptual illustration of SPP excitation at a dielectric-metal interface illustrating the induced charge 

density oscillation by incident p-polarized light, and evanescent confinement of the mode in the z-direction. 

Courtesy [10]. 
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 A surface plasmon polariton (SPP) is charge density oscillation that propagates along and 

is localized near a metal-dielectric interface. [3] This localization takes two forms: exponential 

decay as distance is increased from the metal-dielectric interface, and a significantly increased 

surface plasmon wave vector when compared to free space or traditional dielectric media. To be 

more specific, when a plasmon is excited at a metal-dielectric interface by photons at some 

frequency ω, the local charge distribution at the metal-dielectric interface will also oscillate at 

that frequency ω, but the wavelength of that propagating charge density oscillation λsp will be 

much shorter than the wavelength of the incident photons, λ0; that is to say that electromagnetic 

waves coupling into surface plasmon modes are confined and localized with respect to their free-

space and photonic counterparts. [2,3] This localization and confinement is a direct consequence 

of two criteria. First, satisfying the dispersion relation with a complex wave vector and having 

𝑘𝑥
2 + 𝑘𝑦

2 > 𝜔2 𝑐2⁄  as described previously for evanescent waves generally. Second, SPPs have a 

much higher wave vector 𝑘𝑠𝑝 = 𝑘0√𝜀𝑚𝜀𝑑/(𝜀𝑚 + 𝜀𝑑)  with respect to their photonic 

counterparts. Here,  𝑘𝑠𝑝 is the surface plasmon wave vector, 𝑘0 is the free space wave vector, 𝑘𝑥 

is the plane parallel component of 𝑘0, while 𝜀𝑚 and 𝜀𝑑 are the complex permittivity’s of the thin 

noble metal and dielectric layer respectively. This increased wave vector can be derived directly 

from Maxwell’s equations. [2,3] 

 

 To investigate the useful characteristics of SPPs, which are a particular case of 

evanescent (i.e. non-radiative) wave discussed earlier, we again return to the solution for a plane 

wave derived from Maxwell’s equations. Let us consider a metal-dielectric interface at z = 0 with 

region a=1 consisting of a metal at z < 0 with ε1<0, and region a=2 consisting of dielectric at z > 

0 with ε2>0. The E and H fields across the interface can then be written as: 
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𝐸𝑥,𝑎(𝑥, 𝑦, 𝑧, 𝑡) = 𝐸0𝑒
𝑖𝑘𝑥𝑥+𝑖𝑘𝑧,𝑎|𝑧|−𝑖𝜔𝑡      (𝑒𝑞. 32) 

𝐸𝑧,𝑎(𝑥, 𝑦, 𝑧, 𝑡) = ±𝐸0

𝑘𝑥

𝑘𝑧,𝑎
𝑒𝑖𝑘𝑥𝑥+𝑖𝑘𝑧,𝑎|𝑧|−𝑖𝜔𝑡      (𝑒𝑞. 33) 

𝐻𝑦,𝑎(𝑥, 𝑦, 𝑧, 𝑡) = 𝐸0𝑒
𝑖𝑘𝑥𝑥+𝑖𝑘𝑧,𝑎|𝑧|−𝑖𝜔𝑡      (𝑒𝑞. 34) 

 

 SPPs are always TM polarized, Ex, Ez, and Hy given above are the nonzero components 

of the electromagnetic field vector for a TM polarized wave. Ez has a ± term as a consequence of 

the continuity condition of Maxwell’s equations (eq. 5, eq. 24); since the permittivity flips form 

positive to negative across the interface, and Dz (eq. 20) must be continuous across that interface, 

the polarity of Ez must flip across the interface. It then follows that:  

𝐻0

𝐸0
= −

𝜀1𝜔

𝑘𝑧,1𝑐
=

𝜀2𝜔

𝑘𝑧,2𝑐
      (𝑒𝑞. 35) 

And, correspondingly, the z component of the wave vector must follow the relation: 

𝑘𝑧1

𝜀1
+

𝑘𝑧2

𝜀2
= 0      (𝑒𝑞. 36) 

From the previously discussed dispersion relation for an electromagnetic wave (eq. 31), we see 

that the wave vectors across the interface can be written as: 

𝑘𝑥
2 + 𝑘𝑧,𝑎

2 = 𝜀𝑎(
𝜔

𝑐
)2      𝑎 = 1,2      (𝑒𝑞. 37) 

Solving eq. 36 and eq. 37 for kx yields the dispersion relation for the wave propagating along the 

metal-dielectric interface, the SPP: 

𝑘𝑥 =
𝜔

𝑐
√

𝜀1𝜀2

𝜀1 + 𝜀2
      (𝑒𝑞. 38) 

where ε1 is the permittivity of the metal layer, and via the free electron gas model can be written 

as a function of angular frequency ω and plasma frequency ωp: 
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𝜀1(𝜔) = 1 − 
𝜔𝑝

2

𝜔2
      (𝑒𝑞. 39) 

Here, the bulk plasma frequency of the metal is given by: 

𝜔𝑝 = √
𝜂𝑒2

𝜀0𝑚∗
      (𝑒𝑞. 40) 

where η is the free electron density, e is the charge of the electron and m* is the effective mass of 

the electron. As ω of the exciting photons approaches 𝜔𝑝 √1 + 𝜀2⁄ ,  𝜀1(𝜔) → −𝜀2. This in turn 

causes the surface wave vector kx, eq. 38, to increase asymptotically. This then is the surface 

plasmon frequency of the metal, ωsp with the corresponding wave vector ksp. [2,3] 

𝜔𝑠𝑝 = 𝜔𝑝 √1 + 𝜀2⁄       (𝑒𝑞. 41) 

𝑘𝑠𝑝 = 𝑘0√𝜀𝑚𝜀𝑑/(𝜀𝑚 + 𝜀𝑑)       (𝑒𝑞. 42) 

In the case where the dielectric medium in question is air, eq. 41 simplifies to 𝜔𝑠𝑝 = 𝜔𝑝 √2⁄ . 

This dispersion relation is illustrated graphically in Fig. 1.1. [3] The most obvious consequence 

of this dispersion relations is that as ω  ωsp, the plasmon wavelength decreases to λsp=2π/ksp.  

 

Figure 1.2. Dispersion Relation of a Surface Plasmon Polariton. Blue Curve: Dispersion relation of a photon. Red 

Curve: Dispersion relation of an SPP. Courtesy of [3] 
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 This surface localization and confinement leads to an enhancement of the 

electromagnetic field at the metal-dielectric interface and has significant applications for 

controlling the interaction and propagation of light in matter. [2,3] A shorter effective 

wavelength means that light can be efficiently confined to smaller and smaller nanoscale 

volumes. For a given device footprint, interaction length with non-linear materials is greatly 

enhanced. Where an integrated silicon (n=3.4) photonic modulator may see a 10μm modulator as 

having an effective interaction length of 20 λ at telecom wavelengths, a 10μm plasmonic 

modulator might have an effective interaction length of 120 λ. [6]  Significant enhancement of 

non-linear effects is readily achievable via the confinement of light to smaller volumes leads; 

confining light to a 10x smaller volume will result in a 100x enhancement of the effect of a χ(3) 

(quadratic) process (eq. 28) such as second harmonic generation, two photon absorption, and the 

dc-Kerr effect. Other processes, such as Surface Enhanced Raman Scattering (SERS) scale as 

|E|4, and are able to leverage even greater returns from plasmonic localization in the form of 

increased sensitivity [7]. 

 This localization also results in an extraordinary sensitivity of plasmons to surface 

conditions such as roughness and refractive index; this is due to two mechanisms, first the 

localization described above increases the effective interaction length with the surface condition, 

and secondly, due to the explicit dependence of the dispersion relation on 𝜀2. Changing the 

conditions above the surface of the metal layer i.e. changing 𝜀2 shifts ωsp (eq. 41) which shifts 

the location of where ksp becomes asymptotic (Fig 1.1); this has the effect of changing the 

amount by which λsp shrinks with respect to λ0. [2,3] Since ksp is asymptotic near ωsp, a small 

change in 𝜀2 leads to a large change in λsp. Not only is effective interaction length with the 

medium of permitivitty 𝜀2 increased, but the amount of increase in effective interaction length 
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itself is extremely sensitive to small changes in 𝜀2 as ω approaches ωsp. [2,3] This frequency 

dependent resonant behavior, known as Surface Plasmon Resonance (SPR), results in a plethora 

of modulation and sensing schemes,[8] some of which are used in this thesis to effect the near 

field control of optical wavefronts.  

 Likewise, the resonant behavior of surface plasmons described above combined with the 

shorter λsp wavelengths has been utilized to create sub-wavelength resonant dipole and 

quadrupole nanoantennas as well as cavity based resonators; these use the shorter surface 

plasmons to realize nanoscale realizations of classical RF resonator structures that are based on 

center-fed half-wavelength ( 𝑙 = 𝑛
𝜆

2
 ) scale dipole. [9] These resonators combine the inherent 

localization of plasmonics with a further resonant localization and efficient coupling of antennas 

and cavities. Antennas in particular realize significant gains as they are designed to couple, 

confine, and transmit electromagnetic modes from free space to a tiny volume at its RF 

terminals, or in plasmonic nanoantennas, its “hotspot.” [9] 

 Plasmonics, using near field interactions of metal-dielectric interfaces to control the 

propagation of optical wavefronts, is a rich area of study. In this work, we use the plasmonic 

processes described in this chapter to develop devices that enhance non-linear processes of two-

photon absorption in silicon to realize ultra-fast optical auto-correlators on a chip detector, 

compositional analysis of DNA base pairs via surface enhanced raman spectroscopy, and to 

enhance the liner-electro optic effect of high χ(2) dielectric thin films via surface plasmon 

resonance to develop techniques for spatial light modulation of free-space wave wavefronts at 

GHz speeds. 
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Chapter 2: Plasmonic Nanoantennas 

 As described in Chapter 1, Nanoantennas are often used to localize incident free space 

electromagnetic field into “hotspots,” in addition to other applications such as phase control and 

waveguide coupling. [1] In these structures, localized surface plasmons concentrate the incident 

electromagnetic field into very small modal volumes. 

 

Figure 2.1. Illustration of a Plasmonic Nanoantenna. Courtesy of [2]. 

 

 This localization effect is caused by resonances which are highly dependent on 

topography, wavelength, and material characteristics. [3,4] The material dependencies were 

discussed at length and derived analytically in chapter 1; the topographic and geometric aspect of 

plasmonic nanoanntenna performance and design can be qualitatively described in terms of RF 

antenna resonances, as described in chapter 1.[1,3] In practice, quantitative analysis of plasmonic 

nanoantennas is performed with numerical techniques using finite element modelling (FEM) 

suites such as COMSOL and finite difference time domain (FDTD) modelling suites. Many 

structures exist that can achieve this: bowties, crescents, monopoles, nanoparticle dimers to name 

a few. [3-5]   
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Figure 2.2. Examples and Applications of Plasmonic Nanoantennae. Courtesy of [5] 

 For light concentrators, that is to say nanoantennas whose primary function is to confine 

the incident optical field into a tiny, nanoscale modal volume typically on the order of 10 nm3 – 

100 nm3, the typical figure of merit used is Local Field Enhancement: α = |E|/|Eo| where |E| is 

the magnitude of the E field component of the confined mode and |Eo| is the magnitude of the 

exciting optical E field component. [3,5] 

 

Figure 2.3. Dipole Resonances of Au plasmonic Dimer Nanoantennas as a function of wavelength for varying gap 

sizes and corresponding dipole resonances. Courtesy of [5] 
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 Typically, these structures use a dipole or quadrupole resonance with a spectral 

bandwidth of ~100nm, as defined by the full width, half maximum of α(ω). [5] This is perfectly 

reasonable, as the length of a dipole or quadrupole resonator is the principle means by which one 

tunes the desired frequency response of the resonance. Unfortunately, this also means that 

different nanoantennas are needed for different wavelengths and true wide-band operation 

becomes problematic. The ability to deposit an analyte onto a single transducer and scan a wide 

range of wavelengths is desirable; for sensing applications both biological and non-biological 

analytes have some non-uniform dispersion ε(ω) relations, many of which can act as a 

characteristic “fingerprint” for certain forms of spectroscopy over specific regions of the 

electromagnetic spectrum. Being able to probe wide spectral regions with SERS and SPR based 

sensors on a single transducer is therefore desirable.[6-8]  

 To address this limitation, a plasmonic resonator design based on a truncated coaxial 

waveguide is presented in Chapter 3 which does realize ultra-broadband. Then, in Chapter 4, that 

coaxial resonator will be used to realize enhanced two-photon absorption in silicon 

photodetectors for realizing low cost, compact optical correlators. 
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Chapter 3: Broadband metacoaxial nanoantenna for metasurface and sensing 

applications 
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 Abstract:  We introduce a metacoaxial nanoantenna (MN) that super-localizes the 

incident electromagnetic field to “hotspots” with a top-down area of 2 nm2 , a local field 

enhancement of 00-400, and a field localization with a very large spectral range from the visible 

to the infrared range that has a spectral bandwidth  ≥900 nm. Not only is this nanoantenna 

extremely broadband with ultra-high localization, it also shows significant improvements over 

traditional nanoantenna designs, as the hotspots are re-configurable by breaking the circular 

symmetry which enables the ability to tailor the polarization response. These attributes offer 

significant improvements over traditional nanoantennas as building blocks for metasurfaces and 

enhanced biodetection that we demonstrate in this work. 
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1. Introduction  

 With applications in spectroscopy, biosensing, and metasurfaces [1], optical 

nanoantennas have experienced a surge in the field of plasmonics [2,3], with many interesting 

designs being utilized such as nanospheres [4], nanorod dimers [3,5], bowties [6], cross antennas 

[7], crescents [8] and Yagi-Uda antennas [9]. 

Nanoantennas are commonly used for local field enhancement, , defined by  = |E|/|Eo|, 

where |E| refers to the magnitude of the maximum localized electric field in the nanoantenna 

“hotspot” and |Eo| is the magnitude of incident field. The size of the hotspot is defined as the full-
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width half-maximum of the magnitude of the localized electric field. The spatial field 

localization is of great interest for numerous applications that rely on the strength of the field in 

a broad spectral range of operation including surface-enhanced Raman spectroscopy (SERS) 

[10], fluorescence enhancement[11], enhanced performance of photovoltaic solar cells[12,13], 

and single molecule fluorescence detection[14-16]. Additionally, a metasurface consisting of 

metacoaxial nanoantennas could be used to make broadband ultrathin flat lenses[1] and enhanced 

optical gradient trapping devices [17]. For these applications, an ability to manipulate the 

response to the polarization state of the incident radiation is a very desirable property in a 

metasurface [18]. 

 Regrettably, no single nanoantenna has been designed to address all of these 

considerations simultaneously.  Previously reported nanoantenna optical characteristics are 

typically highly dependent on excitation wavelength and geometric antenna dimensions (e.g. gap 

size). For example, a commonly used bowtie nanoantenna with a 10 nm gap, side length of 220 

nm, and optimized for a wavelength of 780 nm can be designed to provide a local field 

enhancement on the order of  = 150, but with a poor spectral response of , as defined by the 

full width half maximum (FWHM) bandwidth of operation, that is only ~100 nm (i.e., fractional 

bandwidth of ~1/8). [19]   

 In this manuscript, we introduce a novel design of metacoaxial nanoantenna (MN) that 

simultaneously provides high field localization (), operates in broad spectral range with 

fractional bandwidth greater than ½, enables spatial localization (i.e., confinement) in a few 

nanometer range, and depending on its symmetry, possesses either isotropic or anisotropic 

response with respect to the polarization state of the incident optical field. We use a coaxial 

design to achieve a very wide spectral bandwidth by exploiting the inherent multimode behavior 
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supported by coaxial waveguides and nanostructures. We break the circular symmetry of the 

design to achieve a high degree of control over its response to the polarization state of the 

incident radiation.  We extend the metacoaxial design to localize the excited plasmonic mode 

inward along triangular prongs introduced into the coaxial geometry to create super-localized (2 

nm2) hotspots which leads to a higher    

2. Theoretical Analysis  

 

 
Figure 3.1. Schematic diagram of metacoaxial nanoantenna: Free space optical mode incident on the antenna excites 

a transverse resonance of the coaxial waveguide. The operation at optical frequencies leads to excitation of localized 

plasmon modes and the introduced tip geometry in the inner section of the MN leads to surface plasmon localization. 

Typical dimensions of the metacoxial antenna are: radia RE =200 nm, Ro = 130 nm, Ri = 55 nm; gap, g =10 nm-20 nm; 

thickness, w = 20 nm. Inset:  Defects defined by position, θ = ± 26° and size θ=31° are added to break the circular 

symmetry of the MN. MN left-handed defect (top) and right-handed defect (bottom) allow anisotropic field 

localization for incident radiation with clockwise  and counterclockwise  polarization states, respectively.    

 Our novel MNs, illustrated schematically in Fig. 1, are studied numerically, fabricated, 

and characterized experimentally. The localized field enhancement and spectral response of a 

MN without defects are calculated via 3D finite element modeling (FEM) simulations, with 

illumination by a free space plane wave at normal incidence for gap (g) sizes of 10 nm and 20 
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nm (Fig. 2). The spatial localization of the incident electromagnetic field by the MN is shown in 

Fig. 2(b), with the electromagnetic field localized to an area of 2 nm2. From these studies, we 

find that this “hotspot” area is independent of gap size for the MN (g = 10 nm, 20 nm), which 

contrasts the results of typical dipole nanoantennas whose hotspots are directly dependent on the 

gap size. For comparison, a bowtie with a 10 nm gap might have a hotspot with an area (in the x-

y plane) of 30 nm2-40 nm2 whereas a MN with a larger 20 nm gap will still have a hotspot of 

around ~2 nm2. Such extraordinary spatial field localization combined with the unusually large 

spectral range of operation shows a fundamentally novel behavior of our MN in comparison to a 

typical gap antenna, which exploit a narrowband dipole or quadrupole resonance to achieve its 

high field enhancement. 

 Preliminary results suggest that one possible reason for the reduced dependence of 

hotspot size on gap dimensions in the MN can be found in the fundamental TEM0 coaxial mode. 

Any metal-like coaxial structure will confine the electric field between core and shell. The 

presence of this field in a confined environment may enhance the localized surface plasmon 

modes within the device and on each of the prongs in the MN. This is a topic for further 

investigation.   

 Three-dimensional numerical modeling of metacoaxial and bowtie nanoantennas is based 

on a finite element method using Comsol Multiphysics version 4.2.0.150. The model uses a 

cylindrical computational space with a radius of 450 nm and a height of 300 nm. Perfectly 

matched-layer boundary conditions are used on all surfaces. The generated mesh has a minimum 

element size of 0.05 nm. A tip radius of 3 nm was used in the simulations. The simulations 

consist of gold antennas on SiO2 substrate with excitation launched from the top of the 



24 
 

simulation domain. Refractive indices for gold and SiO2 at wavelengths of 550 nm to 2 μm are 

taken from Palik [20]. |E| is measured over the entire simulation space.  

 In order to evaluate the performance of the MN, we compared the MN to existing bowtie 

designs for a wavelength of 780 nm, both designs and field profiles are available in references 

[18,21,22]. The field enhancement and localization of the bow tie antennas used as a comparison 

in this work are dependent on opening angle, arm length, gap size, and thickness. The bowties 

used have an arm length of 100 nm, a gap size of 10 nm, and an opening (or flare) angle of 70o, 

which is optimized to support a strong dipole resonance at a wavelength of 780 nm for a 20 nm 

thick Au Bowtie on SiO2 based on prior characterization [18,21].  These dimensions are chosen 

to support the strongest possible dipole resonance; increasing a particular dimension such as arm 

length compromises performance as it shifts the peak resonant wavelength. Since the MN does 

not operate on the principle of a dipole (or quadrupole) resonance, it is not subject to these same 

constraints.  

 The local field enhancement of the MN is numerically characterized across a wide range 

of wavelengths, from 550 nm to 1850 nm (Fig. 2(c)), showing peak field enhancements 

varying from 200 to 370, for a gap size of 20 nm and 10 nm, respectively.  The numerical 

analysis also shows that the MN exhibits field localization in a very large spectral range. For 

example, a design with a 10 nm gap supports a FWHM spectral range of 900 nm from λ = 800 

nm to λ = 1700 nm (i.e., fractional bandwidth > 1/2), as shown in Fig. 2(c). Subwavelength metal 

coaxial structures have been used as waveguides [23-25] and thresholdless nanoscale lasers 

[26,27].  The large spectral range of these nanocoaxial waveguides and our MN stems from 

shared characteristics with their larger RF coaxial counterparts.  
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Figure 3.2. (a) FEM simulation results of field distribution for excited localized plasmon mode of MN showing strong 

field localization at the tip geometry of each inner prong. (b) The numerical results showing spatial field localization 

of the MN; the 3dB projection shows the FWHM crossection of the “hotspot”.  E field is localized to a spot with an 

area at FWHM of ~1 nm x 2 nm.  (c) Numerical results of local field enhancement,  vs wavelength (optical frequency) 

of the excitation field for MN and other antennas with various gap sizes.  The local field enhancement of the MN has 

a very broad spectral response. This is due to the characteristics from the coaxial geometry where numerous transverse 

modes are supported by the antenna giving rise to spectrally broad band operation. (d) Numerical results of  for MN 

with left-handed and right-handed defects (see Fig. 1), showing asymmetric responses to excitation with optical fields 

prepared with clockwise and counterclockwise circular polarization states.   

 

 To explain the unusual behavior of the introduced metacoaxial nanoantenna (MN), we 

review the general behavior of coaxial waveguides made of a perfect electric conductor (PEC) 

which possess a few interesting characteristics: first, the TEM0 mode has no cutoff wavelength, 

λc; second, the TEm1 mode has a cutoff proportional to the sum of the radii λc TEm1  π(Ro + Ri)/m 

where Ro and Ri are the outer and inner radii [23] (see Fig. 1). A similar cutoff wavelength exists 

for TM modes.  
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 These characteristics are well understood in the RF domain, and have been shown to 

carry over to the optical domain for moderately lossy metals [23]. Further, in a nanoscale coaxial 

waveguide at frequencies below the surface plasmon frequency, a nano-coaxial structure can 

support a plasmon polariton mode that resembles and qualitatively reduces to the conventional 

TEM0 like mode of a conventional coaxial transmission line [25]. At λ< λc the overall behavior 

of the coaxial transmission line will be the result of mode overlap of the TE, TM, and TEM-like 

modes, whereas at λ> λc , only the TEM0 mode will be supported [23].   

 It is therefore not difficult to explain why our metacoaxial structure supports localization 

of radiation over such a wide spectral range: since the length of the waveguide in our MN 

geometry is extremely short (i. e., w = 20 nm), the low refractive index dielectrics on both ends 

(substrate at the bottom and air on the top) act as plugs [27]. These plugs create an impedance 

mismatch on both sides in the z-direction (see Fig. 1) which allows the free space radiation to 

couple more readily into the localized surface plasmon modes in the transverse x-y plane as 

opposed to the guided modes which normally propagate in a waveguide.  These localized surface 

plasmon modes will be excited by free space modes from broad spectral bandwidth optical 

radiation ranging from frequencies with wavelengths at or below λc, as well as the wavelengths 

above λc due to the supported TEM0 mode.  Finally, the tip geometry on each of the prongs 

causes high field localization of the localized surface plasmon modes. 

 We also investigate the effect of defects in the MN (see Fig. 3 and insets in Fig. 1) on the 

response to polarization state of the incident optical field, as breaking the symmetry leads to 

polarization dependence. By varying the orientation ( and the size ( of the defect, we find 

that the antenna can be tailored to have an asymmetric field localization response to the 

excitation field prepared in a clockwise or counterclockwise circular state of polarization. 
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Specifically, a MN with a left-handed defect (< 0, 31°) will result in field localization of 

the incident clockwise circularly polarized light by 4dB more than that that of the incident 

counterclockwise polarized light (see blue curve in Fig. 2(d)). Conversely, an MN with a right-

handed defect (> 0, 31°) will enhance localization of the incident counterclockwise 

circularly polarized light by 4dB more than that of clockwise polarized light (see red curve in 

Fig. 2(d)). In contrast, a MN without a defect is nearly polarization insensitive as local field 

enhancement, , varies by less than 1dB as the state of polarization of the incident light is 

changed from circular to elliptical or linear. 

 
Figure 3.3. (a) SEM image of MN with a gap of 14 nm. (b) MN with left-handed defect. RE =202 nm, Ro = 133 nm, 

Ri = 54 nm; θ = -27°, θ =32°. (c) MN with right-handed defect. θ = 27°, θ=34°. 

 

3. Experimental Setup 

 Our samples are fabricated using electron beam lithography followed by liftoff. A silicon 

substrate is used with a 500 nm layer of SiO2 deposited using an Oxford Plasmalab 80plus 

PECVD. Lithography is done using a Vistec EBPG5200 Electron Beam Writer on 100 nm thick 

spin coated film of PMMA C2. A 3 nm layer of Cr to ensure adhesion and a 20nm layer of Au 

are deposited using a Temescal BJD 1800 Ebeam Evaporator. 

 The fabricated MNs consist of a 20 nm layer of Au on top of a 3 nm adhesion layer of Cr. 

The substrate is a silicon wafer with a 500 nm layer of SiO2. The scanning electron micrographs 

(SEMs) of the fabricated MNs are shown in Fig. 3. Characterization is performed using 
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fluorescence enhancement in a spin coated layer of Alexa Fluor 790 dye in PMMA over the 

fabricated samples. 

 The metacoaxial antenna has an external radius RE of 200 nm, an outer radius Ro of 130 

nm and an inner radius Ri of 55nm (see Fig. 1). The fabricated antennas are designed with gaps 

ranging from 10 nm to 20 nm (see Fig. 1). The bowties are designed for a resonance wavelength 

around 785 nm, with each triangle having a length of 102 nm, a base width of 120 nm and a gap 

of 10 nm.  

 Characterization is performed using fluorescence enhancement in a spin coated layer of 

Alexa Fluor 790 dye in PMMA C2 over the fabricated samples. The measured intensity of the 

Alexa Fluor 790 dye emission is proportional to field amplitude. For illumination, a CW 

Titanium Sapphire laser operating at 785 nm with linear, elliptical, or circular polarization states 

is used, and the resulting fluorescence is observed using an Olympus BX61WI microscope and 

an SBIG ST-402me camera. Alexa Fluor 790 dye has an absorption maximum at a wavelength of 

794 nm and an emission maximum at a wavelength of 814 nm. A dichroic filter which passes 

wavelengths longer than 810 nm is used to filter out scattered light at 785 nm, leaving only the 

fluorescence signal at 814 nm. To prevent photo bleaching and increase sample lifetime, the 

incident beam is attenuated to 2 mW/cm2. It should be noted that we conduct this experiment off 

peak resonance for the metacoaxial antenna due to experimental constraints, as fluorescent dyes 

have excitation in the visible to NIR range. 

 For Raman measurements, a Renishaw Raman spectrometer with a resolution of 3 cm-1 is 

used (integration time of 60s). The excitation source is a 785 nm laser diode with an input power 

of ~1 mW. The software hyperSpec is used for baseline subtraction and cosmic ray removal. The 
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density of bowties on the prepared sample is three times greater in order to have the same total 

number of hotspots per unit area for the bowties and metacoaxial antennas.  

4. Results and Discussion 

 For comparison, we fabricate side by side arrays of bowties and MNs on the same 

sample. Figure 4(a) shows a side by side fluorescence measurement of metacoaxial and bowtie 

antennas in an array; the MN has fluorescence intensity measurements approximately 5 times 

greater than that of the bowtie. Renormalizing for number of hotspots (note that the MN has 3 

whereas bowtie has 1 hotspot) provides an  that is 1.6 times greater than that of the bowtie at λ 

= 790 nm.  This result is found in good agreement with computational models at the excitation 

wavelength of 785 nm (see Fig. 2(c)).  

 
Figure 3.4. Experimental characterization of the MNs: (a) Fluorescence intensity measurement performed on sample 

with parallel arrays of bowties (BTs) and MNs. The inset image shows the fluorescence image at λ = 814 nm, with 

scattered light λ < 810 nm (including the 785 nm laser) filtered out. Further information regarding sample layout and 

experimental setup is available in the supplementary material. (b) Measured polarization dependence of MN with 

broken symmetry due to introduction of left-handed and right-handed defects. Polarization varied from left hand 

circular polarization through elliptical and linear polarizations to right hand circular polarization. Approximately 4 dB 

extinction ratio was achieved. Error bars represent one standard deviation. Renormalized numeric curves are added 

for comparison. 

 

 To test the polarization response, the symmetry of the outer ring of the MN is broken by 

adding defects (see Fig. 1 and Fig. 3(b)-3(c)). A 4 dB extinction in measured fluorescence is 
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observed (see Fig. 4(b)) when the incident field polarization state from clockwise circular to 

counterclockwise circular is varied, allowing the corresponding antennas with left-hand and 

right-hand defects (see Figs. 3(b) and 3(c)) to be switched on and off, respectively. These 

measured results are found in a good agreement with the theory (see Fig. 4(b) with numerical 

results from Fig. 2(c)). Since this effect relies on using circular polarizations, it is independent of 

sample orientation. This allows for different antennas on the same chip, and within the same 

diffraction limited area, to be selectively activated by varying the polarization state of the 

incident light from left-handed circular to right-handed circular. 

 In order to demonstrate the improved local field enhancement of the MNs over traditional 

BTs, surface-enhanced Raman spectroscopy of a benzenethiol monolayer self-assembled onto 

the antennas is performed, showing enhanced Raman sensing by the MNs over the BTs (see Fig. 

5). At an excitation wavelength of 785 nm, the MN (black line) shows superb enhancement 

compared to the bowtie antennas (blue line). The SERS intensities are normalized with respect to 

the SiO2 background (red line) with the normalized Raman intensities of the MN and bowtie 

antennas shown in Fig. 5(b). Using the 1508cm-1 Raman mode of benzenethiol, the Raman 

enhancement is calculated to be 8.03 of MNs over bowties. This corresponds to a MN over 

bowtie  of 1.68 which is in good agreement with both the fluorescence enhancement 

measurement of 1.6 and the numerical models of Fig 2(c). From the previous local field 

enhancement simulations, we expect the Raman enhancement to scale as 4, with  = 200 and 

thus a Raman enhancement of 1.6×109 at λ = 785 nm.  
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Figure 3.5. SERS measurements of metacoaxial and bowtie antennas with benzenthiol monolayer. (a) Raw 

measurement (b) Measurement normalized to SiO2 background. Even while significantly off of the metacoaxial’s 

peak resonance, and with three times fewer actual antennas per unit area then the bowties, the metacoaxial surface 

was clearly superior to that of the bowties for SERS. 

 

5. Conclusion 

 In this work, we have introduced and demonstrated numerically and experimentally a 

novel metacoaxial nanoantenna with several useful qualities. The introduced novel metacoaxial 

geometry nanoantenna has one of the largest optical spectral ranges (~1 μm) of any currently 

used high field enhancement nanoantenna, showing high potential for broadband metamaterial 

applications, such as optical gradient trapping and perfect absorbing solar cells. The MN is 

spatially super-localizing to ~2 nm2, which offers great advantage in single molecule detection 

due to the inherently small detection volume and large interaction cross-section. The 

demonstrated tailorable polarization dependence (with 4dB extinction) allows for specific 

antennas on a chip to be selectively activated by control of the circular polarization state of the 

incident free space mode, paving the way for a highly tailorable metamaterial surface. 

Significant fluorescence enhancement and Raman enhancement with MNs are also demonstrated 

experimentally. The fluorescence measurement shows an  (renormalized for number of 

hotspots) that was 1.6x higher than that of a bowtie at 785 nm and is in good agreement with the 



32 
 

Raman measurements showing an  that is 1.68x higher than that of a bowtie. The MN presented 

in this paper combines super localization, tailorable polarization response, and broad spectral 

response into a single design. 
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 Abstract: A high density array of plasmonic coaxial nanoantennas is used to enhance the 

two photon absorption process in a conventional silicon photodetector from a mode locked 76-

MHz Ti:sapphire laser over a spectral range from 1340 nm to 1550 nm. This enhanced two photon 

absorption was used to generate an interferometric autocorrelation trace of a 150 fs laser pulse. 

Unlike second harmonic generation, this technique doesn’t require phase matching, a bulky crystal, 

and can be used on a low-cost integrated silicon platform over a wide range of near-IR wavelengths 

compatible with modern commercial tunable femtosecond sources. 

 Measuring optical correlation via non-linear process is the primary method by which 

optical events on the femtosecond and picosecond scale are characterized. Typically, this 

correlation is achieved by second harmonic generation in a crystal with a strong χ(2) nonlinearity. 

[1][2] There are several notable disadvantages of this approach; it requires phase matching 

within the non-linear crystal, and even when phase matching is achieved, it is highly susceptible 

to temperature deviation – a shift in ambient temperature by a few degrees can reduce conversion 

efficiency by 10db or more. [2] Then too, the crystals themselves are both bulky and costly. To 

overcome such limitations, correlators based on two-photon-induced photocurrent in a 

photodiode have been developed. Like second harmonic generation, two-photon absorption is a 

non-linear process and can be used for optical correlation. In a semiconductor photocurrent is 

generated primarily by exciting charge carriers with photons of energy greater than that of the 

bandgap in a process of direct absorption.   In Silicon, for example, the bandgap is 1.14 eV, 
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meaning that single photon absorption can only occur for photons of wavelengths at or below 

approximately 1050nm. Beyond this wavelength range, the detector operates in a non-linear two-

photon absorption regime. 

 One of the earliest demonstrations of two-photon induced optical correlation used metal-

semiconductor-metal structures on ZnSe and CdS0.5Se0.5. [3][4] These, however, are limited to a 

spectral window between 480 nm and 950 nm wavelengths due to the 2.6 eV room temperature 

bandgap of ZnSe. Other two photon photodetector schemes have been demonstrated in the near 

infrared with GaAs,  InGaAsP, and Si; these however are limited by low responsivity, on the 

order of 10-7 A/W, which limits their practical use for optical correlation.[5][6][7][8]  Modern 

tunable femtosecond laser sources can generate ultra-fast pulses from the visible, through the 

near infrared and telecom wavelengths, and up through 2.2 µm. [9] The applications of ultrafast 

optics at telecom wavelengths, for both interconnects and integrated photonics, are oft-cited and 

readily apparent. For these reasons, a low cost correlator on an integrable platform, such as 

silicon, operating in the longer near-infrared wavelengths, is imminently useful. In this 

manuscript we use large high density arrays of broadband plasmonic nanoantennas  fabricated 

directly on bulk silicon photodetectors to localize the incident electromagnetic field in bulk 

silicon in order to enhance the generation of carriers by two-photon absorption (TPA). This 

allows for the realization of compact and low cost optical correlators for femtosecond pulses in 

the near infrared spectral range.  While the results presented here will be primarily at telecom 

frequencies for silicon photodetectors, the techniques themselves are applicable for operation 

with two photons of radiation from any spectral range with appropriate bandgap of the  

semiconductor detector. 
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Enhancement of two photon processes using plasmonic nanoantennas has had numerous leading 

edge applications: entangled two-photon absorption [10], high performance silicon nanowire 

phototransistors [11], in vitro two-photon luminescence imaging of cancer cells [12], and the 

broadband enhancement of two photon emission from semiconductors [13]. In ultrafast optics, 

plasmonic nanoantennas have been used for a variety of applications including ultrafast hotspot 

switching and pulse shaping [14], as well as multi-photon photoluminescence [15].  Two photon 

absorption (TPA) is a non-linear process, for degenerate TPA the rate of two photon absorption 

depends approximately on the square of the intensity of incident light, or alternatively as |E|4 

[16][17] where E is the amplitude of the optical field. When operating beyond the single photon 

absorption regime of a photodetector, as defined by it’s bandgap, measured photocurrent will be 

a result of a two photon absorption process in the semiconductor. In the case of two delayed 

optical pulses that have spatial and temporal overlap, the two-photon induced photocurrent in the 

semiconductor becomes a measure of the autocorrelation signal of a pulse with itself given by:  

S(τ) = 2∫ 𝐼 (𝑡) 𝐼 (𝑡 +  𝜏 ) d𝑡
∞

−∞
 + 4Re[F1(τ )e

−iωτ] + Re[F2(τ )e
−2iωτ ] 

where 𝐼 (𝑡) represents the intensity of the original pulse, 𝐼 (𝑡 +  𝜏 )  represents the temporally 

delayed pulse, and F1 , F2 are interference terms that can be filtered or avoided in a non-co-linear 

geometry [5]. A typical plasmonic nanoantenna may localize the incident electromagnetic field 

described by an amplitude enhancement factor on the order of 102. The corresponding increase in 

TPA rate would then be on the order of 108. Of course, we do not expect this enhancement to 

permeate through the full 2 µm absorption layer of a typical silicon photodiode [6], rather we 

expect this extremely strong effect to be present near the surface within 50 nm of the coaxial 

nanoantenna array, with no enhanced two photon absorption beyond 100 nm depth. By etching 

the nanoantennas into the detector itself, either in a CMOS process or in post-process fabrication, 



36 
 

one could conceivably permeate the entire absorption layer of a photodiode.  In this paper, 

however, we will use a low cost liftoff fabrication technique to construct the nanoantenna array 

directly on the surface of the silicon photodetector.  Furthermore, the measured results of 

enhancement in TPA and autocorrelation are used to demonstrate the feasibility of this approach. 

 

Figure 4.1. (a) Scanning electron micrograph of an individual coaxial nanoantennas of diameter 400 nm with 10 nm gap between 

the internal prongs and core of the antenna. The nanoantennas are 33 nm in height – consisting of a 3 nm adhesion layer of Cr and 

a 30 nm layer of gold. (b) Scanning electron micrograph of nanoantenna array with a lattice period of 800 nm. Antenna gaps in the 

array varied from 10 nm to 40 nm, owing to limitations of the nanpfabrication process over an area of 1 mm2.  (c) Simulated spectral 

dependence of amplitude enhancement factor for nanoantennas with gaps ranging from 10 nm to 40 nm. Further information on 

the characteristics of these antennas is available in [18]. 

 In order to realize two photon enhancements, an array of gold coaxial nanoantennas [18] 

with spectrally broadband resonances centered within the telecommunication spectrum bands 

were fabricated on top of a silicon photodetector. The antennas themselves (see Fig. 1a) are 400 
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nm in diameter fabricated in a two dimensional array with a lattice constant of 800 nm (see Fig. 

1b). Lithography was performed on a 100nm layer of PMMA deposited on a photoconductive 

silicon photodetector (Edmund optics 84-997) using a Vistec EBPG5200 Electron Beam Writer 

at a dosage of 800 µC/cm2. The full nanoantenna array has dimensions of 1 mm x 1 mm. The 

nanoantennas material stack consists of a 30 nm layer of Au on top of a 3 nm adhesion layer of 

Cr. While the coaxial geometry of the nanoantennas provides some localization within the ring, 

most of the localization occurs in the gap between the internal prongs and core of the antenna; in 

effect this gap size represents a critical dimension for a plasmonic nanoantenna. It is in this gap 

that we measure the amplitude enhancement, defined as the magnitude of the optical field 

amplitude in the gap over that of the incident optical field; i.e. |E|/|Eo|. A detailed analysis of this 

coaxial nanostructure including it’s spectral and polarization response is available in reference 

[18].  Approximately 1.56 million nanoantennas were fabricated on the surface of the 

commercially available photodetector over a 1 mm2 area. Owing to the large write area, 

variations in the beam current, surface defects, and variations in the resist profile, the 

nanoantennas experienced variation in critical dimensions across the entire array. Most notably, 

the gap size of 367 nanoantennas sampled from different parts of the array varied from 10 nm to 

approximately 40 nm. The spectral dependence of amplitude enhancement factor for coaxial 

nanoantennas with gaps ranging from 10 nm to 40 nm were simulated using the finite element 

method and is shown in Fig. 1c. It is evident that the localization from this particular coaxial 

geometry has demonstrated resilience toward such large fluctuations in gap size with an 

amplitude enhancement factor well above 102 on the tip of the prongs even with gaps as large as 

40 nm [18].  
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 The responsivity of the photodetector was characterized, with photocurrent as a function 

of incident mean power from a Ti:sapphire laser focused down to a spot of 1 mm diameter at λ = 

1340 nm, λ = 1400 nm, and λ = 1550 nm as  shown in Fig. 3a, b and c respectively. For 

comparison, these measurements were performed on a 1 mm2 area of bare surface on the Si 

photodiode and on a 1 mm2 area of the Si photodiode covered by the nanoantenna array.  

 

 
Figure 4.2. (a) Diagram of the interferometric autocorrelation setup with inset photograph of the 1 mm2 nanoantenna array on 

photodetector.  The pictured array contains 1.56 million nanoantennas. M1, M2 : mirrors, BS: Beam Splitter, Pulses: 76-Mhz pulse 

train from a tunable Ti:sapphire laser, PD: photodetector, RL: load resistor. (b) Diagram of interferometric autocorrelation setup 

using second harmonic generation in a Beta Barium Borate (BBO) crystal and Thorlabs PDA55 photodetector. 
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 The photocurrent increase, ∆I, in the nanoantennas array with respect to the bare surface 

is shown in Fig. 3d. ∆I is greatest across all levels of incident optical power for λ = 1340 nm, 

which is consistent with a slightly higher localization in the spectral response of the 

nanoantennas in that spectral region as shown in Fig. 1c. From Fig. 3 it is clear that the 

nanoantennas array increases the TPA responsivity of the photodetector significantly. From Fig. 

3 we observe that the nanoantenna array on the surface of the Si photodetector increased the TPA 

induced peak photocurrent generation by factors of 2. 77, 2. 97, and 3. 07 at the wavelengths of 

1340 nm, 1400 nm, and 1550 nm, respectively.   

 

  
Figure 4.3. Photocurrent as a function of average incident optical power from a Ti:Sapphire laser for both the 

nanoantennas array and bare Si detector for wavelengths of (a) 1340 nm, (b) 1550 nm, and (c) 1400nm. (d) 

Increased photocurrent I of nanoantennas array versus bare detector as a function of incident power. 
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Figure 4.4. Measured autocorrelations of a 150 fs pulse at 1320 nm using an interferometric Michelson 

configuration and a second harmonic generation in a BBO crystal (blue) and Two Photon interferometric 

autocorrelation signal in silicon photodetector with nanoantennas array (black).  

 

 We also performed interferometric autocorrelation measurement at a wavelength of λ = 

1320 nm for sech2 pulses generated from a mode locked Ti:sapphire laser. For comparison, the 

autocorrelation was measured using a Michelson interferometer for both second harmonic 

generation in a Beta Barium Borate (BBO) crystal and two photon absorption in a nanoantennas 

enhanced silicon photodetector. The BBO output signal was measured with a PDA55 

photodetector. Both measurements were completed using similar optical setups. The principal 

differences being that the second harmonic generation measurement required additional optics 

for focusing and phase matching in the BBO crystal as well as the PDA55 detector for measuring 

the output signal with two additional two short pass filter (Thorlabs FESH0850) in front of the 

detector to reject the residual pump as shown in Fig. 2b; the nanoantenna enhanced TPA 

autocorrelation measurement did not require these additional components. The intensity of both 



41 
 

the second harmonic generation signal and the TPA signal, as a function of delay line position, 

are shown in Fig. 4. The experimental configuration for the TPA autocorrelation measurement is 

shown in Fig. 2. Both results were consistent with a 150 fs sech2 pulse and consistent with each 

other (Fig. 4). 

These enhancements were achieved with 30 nm thick nanoantennas on the surface of a detector; 

if metal structures were fabricated within the detector itself, e.g. using Aluminum in the 

metallization step of a CMOS process in-foundry, it is probable that significantly greater 

enhancement could be achieved due to a greater overlap in the interaction cross-section of the 

nanoantenna’s localization and the carriers within the doped silicon. 

 In conclusion, we demonstrated enhanced two photon absorption in a silicon photo-

detector using a large array of coaxial nanoantennas on the chip surface. This enhanced two 

photon absorption was used as the basis for realizing a compact, low cost autocorrelator. This 

approach to optical correlation can be generalized to apply to the two photon absorption band of 

any semiconductor detector. While the results presented here consisted only of enhanced two-

photon absorption near the surface of the detector, in the future this approach may be further 

refined by integrating it with the metallization process of a CMOS foundry allowing you to 

extend the antennas through the entire 2 µm absorption layer of a semiconductor photodetector. 

Such a process could potentially be used to develop a fully integrated optical correlator on a 

chip. 
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Chapter 5: Simulated Raman Correlation Spectroscopy 

5.1. Surface Enhanced Raman Scattering 

 Surface-enhanced Raman spectroscopy or surface-enhanced Raman scattering (SERS) is 

a sensing technique technique that enhances Raman scattering via plasmonic interaction between 

adsorbed molecules and rough metal surfaces or plasmonic nanoantennas. [s1]  Raman scattering 

is an inelastic process in which scattered photon have a different wavelength from incident 

photons. This process occurs when light is scattered from a virtual energy state within the 

molecule corresponding to a vibrational mode of that molecule.  

 

Figure 5.S1. Energy Diagram of Raman transition and Illustration of Raman Scattering from a nanoparticle coated substrate. 

Courtesy [s2] and [s3] . 

 In Surface Enhanced Raman Scattering (SERS), scattered light is localized due to 

plasmonic effects, either in roughened metal surfaces or patterned metal-dielectric 

nanostructures. One unique aspect of SERS is that Field enhancement occurs twice. First, the 

field enhancement magnifies the intensity of incident light, which will excite the Raman modes 

of the molecule being studied. Excited Raman signal emitted into free space is then further 

magnified by the surface due to the same mechanism. At each stage the Raman signal is 
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enhanced as E2, for a total enhancement of E4. [s4]  Due to this double enhancement, reported 

raman signal enhancement is typically reported in the 1010-1012 range. [s5] Clearly, SERS is an 

extremely sensitive technique. In section 5.2, a quantified compositional analysis technique for 

SERS is presented, whereby the SERS signal is used to determine the relative composition of 

nucleic acids of a given samples. This has applications for rapid mutation detection in genomes 

as an alternative to slower DNA sequencing techniques; by having targeted enzymes isolate a 

particular DNA sequence of interest consisting of ~100 bases, and then determining whether the 

sample composition is different from the target composition, and if so, to what degree. 
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 ABSTRACT: Silver nanoparticles functionalized with nucleic acids are unique platforms 

that offer beneficial optical properties that can be exploited for bioimaging and sensing 

applications, including fluorescence generation1–9 and Raman signal enhancement10–13. The 

electron transfer between silver and nucleic acids generates electronic transitions that induce a 

chemical resonance enhancement for surface-enhanced Raman spectroscopy (SERS)12,14, a 

valuable tool for molecular analysis that detects vibrational fingerprints15–22. The specific atoms 

of the nucleic acids (e.g. nitrogen atom N1 or N3 of adenine) that bind to the silver nanoparticles 

significantly affect the generated chemical resonance enhancement as the charge-transfer 

between the nucleic acids and silver modulates the electronic transitions and the molecular 

configuration induces a change in the polarizability. Therefore, determining the preferential 

binding of atoms and molecular orientation of nucleic acids interacting with the silver surface 

assists with characterizing the optical system properties and enables a better understanding of the 

physical phenomena of enhanced fluorescence and Raman signals via DNA coated silver 

particles. Previously, researchers have attempted to identify the atomic binding sites via x-ray 

absorption23, surface-enhanced Infrared spectroscopy (SEIRS)24, scanning tunneling microscopy 

(STM)25, and SERS26,27. However, these methods primarily rely on qualitative analysis rather 

than quantitative correlation calculations and also assume that only one binding atom is 
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responsible for the chemical bonding. Here, we quantitatively determine the preferential binding 

sites of each nucleic acid to silver by developing a simulated Raman correlation spectroscopy 

(SRCS) method, demonstrating experimentally that multiple atoms are responsible for molecular 

bonding and calculating the composition of the binding sites to quantify these effects. The 

unique Raman signatures of the various potential binding sites are calculated using a time-

dependent density functional theory (TD-DFT) method28 and the simulated results are 

statistically analyzed and compared to experimental measurements in order to deduce the 

probabilities of the binding sites. The correlation coefficient between simulated and experimental 

Raman spectra is optimized to be greater than 0.8 by varying the composition of binding atoms 

to the silver surface until a maximum is found, revealing that nucleic acids have a mixture of 

preferential binding atoms to silver. The SRCS process for binding site determination can be 

applied to other research areas of interest, including quantitative analysis of tip-enhanced Raman 

scattering (TERS) to distinguish the orientation of molecules with respect to a surface29 and 

SERS detection of protein conformation to metal films30. 

INTRODUCTION 

 By attaching nucleic acids to silver nanoparticles or other plasmonic structures, the 

optical properties of such systems can be tuned in order to modify the function of these systems. 

Thus, certain characteristics can be either attenuated or amplified by understanding and 

controlling the way in which nucleic acids bind to the surface, as experienced when detecting the 

chirality of DNA strands grown on silver nanocrystals9 and controlling the plasmonic properties 

of silver nanoparticles incubated with nucleic acids13. While there have been reports of finding 

the preferred binding sites of nucleic acids to silver, such as adenine binding to silver via the 
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amine group31, N126, N332, or N733 atoms, the reports are often inconclusive, contradictory, and 

limited in qualitative analysis. There exists a need to quantitatively analyze the multiple potential 

binding sites of nucleic acids to silver, while also exploring the favorable optical properties that 

such systems provide. The Raman signal, which is determined by the molecular structure of the 

nucleic acid and by slight changes to bond lengths and angles, can yield information regarding 

the stress and strain the system undergoes when certain atoms bind to the metal. When nucleic 

acids bind to silver, the orientation of the molecule with respect to the metal surface determines 

the polarizability of the system, leading to either enhanced or reduced Raman signal frequency 

modes depending on the molecular orientation with respect to the silver surface34. Therefore, by 

analyzing the calculated Raman signals of various atoms of nucleic acids binding to silver and 

comparing to experimental measurements, the preferred binding composition can be found and 

the nucleic acid silver system can be characterized quantitatively.  

 To determine the molecular orientation and polarizability, we use TD-DFT to 

geometrically optimize the structures and calculate the electronic transitions and vibrational 

frequencies. The geometry optimization repositions the atomic structure of the system to reach 

an energy minimum, the electronic transition calculations apply an external potential and 

compute the change in charge density, and the vibrational frequency calculations vary the 

induced energy of the system and output the coordinates of the atomic vibrations for each 

frequency mode (Supplementary Section 1). As an example, depending on the adenine atom (N3, 

N7, or N9) that binds to the surface of a 20 atom silver tetrahedral surface (Fig. 1a), the 

simulated Raman signal (Fig. 1b), ultraviolet-visible absorption (Fig. 1c) and circular dichroism 

(Fig. 1d) spectra demonstrate differing results due to the change in the polarizability, density of 

states and molecular orbitals of the systems. Although the UV-VIS absorption spectra are fairly 
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similar, there are small changes in the intensity of the oscillator strength and bandwidth of each 

system. Circular dichroism spectroscopy simulations, used to study the chirality of molecules 

with polarized light, indicate significant changes in the optical properties caused by the change in 

geometrical structure and electron density of the systems. Accordingly, nucleic acids 

functionalized to silver induce distinct and notable transformations to the optical characteristics 

compared to isolated nucleic acids or silver nanoparticles. 

 

Figure 5.1. Variation of optical signals dependent on binding sites of adenine (A). (a) Optimized geometrical 

structures for 3 systems: A-N3 (green), A-N7 (blue), and A-N9 (orange) using TD-DFT calculations. The red arrows 

demonstrate the force displacement vectors for the ring-breathing-mode. (b) Simulated Raman spectra of the three 

systems for the ring-breathing-mode. The geometrical strain on the systems cause slight shifts in the location of Raman 

modes. (c,d) UV-VIS absorption (c) and circular dichroism (d) simulated spectra for the 3 systems, demonstrating 

modulation of absorption dependent on binding site. 

 To harness the remarkable optical properties of the nucleic acid-silver systems, the 

accurate binding site compositions must be found and the systems appropriately characterized. 
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Raman spectroscopy provides unique and rich information about the system under study, as the 

Raman signature, dependent on the vibrational energy levels of the system, differs based on the 

polarizability and thus assists in determining the binding atoms and orientation. However, 

previous Raman spectroscopy has failed to be implemented as an effective tool for the 

determination of binding sites and characterization of optical properties, as developments have 

been limited to qualitative analysis and simplistic conclusions. Thus, we introduce the simulated 

Raman correlation spectroscopy (SRCS) method to discover and quantify the composition of 

binding atoms to silver for each nucleic acid, in which the simulated Raman spectra of multiple 

binding configurations are superimposed with optimized weighted coefficients to compute 

excellent correlation with the experimental Raman measurements. 

 To acquire data for the SRCS process and determine the preferential binding sites, we 

experimentally measure the Raman signatures of the four nucleic acids functionalized to silver, 

as described in Supplementary Section 1, and calculate simulated Raman spectra for 18 systems 

of nucleic acids bound to silver via potential binding atoms (Fig. 2). By considering every 

possible tautomer of each nucleic acid found in water35–38, there are 18 potential nucleic acid 

silver configurations that undergo TD-DFT geometrical optimization and Raman signal 

frequency simulations (5 for A-Ag, 4 for C-Ag, 5 for G-Ag, and 4 for T-Ag; Supplementary 

Section 2). To directly compare with the simulated 18 nucleic acid silver configurations, nucleic 

acids are dissolved in water for experimental Raman studies of samples in order to permit 

multiple tautomers to potentially bind to the silver surface.  
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Figure 5.2. Experimental and simulated Raman spectrum for the 18 nucleic acid systems under study. 
Experimental Raman spectrum measurements (black) of the 4 nucleic acids (A - adenine, C - cytosine, G - guanine, T 

- thymine) attached to silver and simulated Raman spectra of binding atoms (red, green, blue, orange, magenta) of the 

18 systems under study. 

 When comparing the simulated spectra to the experimental spectrum for each nucleic 

acid (NA), we conclude that single binding site simulations have deviations with respect to the 

experimental measurement, as determined by linear regression analysis, and thus the 

experimental measurement cannot be deduced to a single binding site. Thus, SRCS is employed 

to determine the weighted composition of binding sites by optimizing the calculated correlation. 

The SRCS process for each nucleic acid consists of 1) assigning the continuous Raman 

frequency spectral modes to discrete values for the experimental spectrum and all simulated 

binding site spectra; 2) normalizing the Raman intensity of each frequency mode with respect to 

the sum of the Raman modal intensities of the selected Raman modes for each spectrum, and 3) 

calculating the weighted coefficients for each binding site that yield the optimal coefficient of 
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determination in terms of  all binding sites, r2
, when comparing the cumulative weighted 

simulated Raman spectra to the experimentally detected Raman spectrum. 

 We consider the case of a nucleic acid that has an experimental Raman spectrum, 𝑒 
𝑁𝐴, 

and multiple corresponding simulated Raman spectra, 𝑠𝑏
𝑁𝐴, in which the potential binding sites 

are described as b=1,2,...,B and the discrete frequency modes as m=1,2,...,M. The discrete 

frequency modes are extracted from the continuous Raman spectra �̂�𝑁𝐴 and �̂�𝑏
𝑁𝐴, in which the 

GaussView program is used to visualize and assign the frequency modes to discrete values 

(Supplementary Section 3). We denote the modal intensities of the experimental measured 

spectra 𝑒 
𝑁𝐴 = [𝑒1

𝑁𝐴, … 𝑒𝑖
𝑁𝐴, … 𝑒𝑀

𝑁𝐴] and the modal intensities of the simulated spectra 𝑠𝑏
𝑁𝐴 =

[𝑠1,𝑏
𝑁𝐴, … 𝑠𝑖,𝑏

𝑁𝐴, … 𝑠𝑀,𝑏
𝑁𝐴 ], in which b designates the binding site (e.g., N1, N3). Then, the 

experimental Raman intensity of the frequency mode i is normalized to 𝐸𝑖
𝑁𝐴 with the following 

equation:  

𝐸𝑖
𝑁𝐴 =

𝑒𝑖
𝑁𝐴

∑ 𝑒𝑚
𝑁𝐴𝑀

𝑚=1
          (1) 

in which 𝑒𝑖
𝑁𝐴 is the experimental Raman intensity at a specific frequency mode i, ∑ 𝑒𝑚

𝑁𝐴𝑀
𝑚=1  is 

the sum of the experimental Raman intensities of frequency modes from 1 through M, and 𝐸𝑖
𝑁𝐴 

is the normalized experimental Raman intensity for mode i. The normalized modal intensities for 

the experimental Raman measurement can be designated as: 

𝐸𝑁𝐴 = [𝐸1
𝑁𝐴, … 𝐸𝑖

𝑁𝐴, … , 𝐸𝑀
𝑁𝐴]          (2) 
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 For the case of the simulated Raman intensities, assuming the simulated spectrum is for a 

nucleic acid bound to silver via the binding site b, the normalized Raman intensity for mode i is 

represented by the following equation: 

𝑆𝑖,𝑏
𝑁𝐴 =

𝑠𝑖,𝑏
𝑁𝐴

∑ 𝑠𝑚,𝑏
𝑁𝐴𝑀

𝑚=1
          (3) 

in which 𝑠𝑖,𝑏
𝑁𝐴 is the simulated Raman intensity of a nucleic acid bound via binding site b at a 

specific frequency mode i, ∑ 𝑠𝑚,𝑏
𝑁𝐴𝑀

𝑚=1  is the sum of the simulated Raman intensities of a nucleic 

acid bound via binding site b from modes 1 to M, and 𝑆𝑖,𝑏
𝑁𝐴 is the normalized simulated Raman 

intensity mode of a nucleic acid bound via binding site b for mode i. Thus, the normalized modal 

intensities for a simulated Raman measurement can be designated as: 

𝑆𝑏
𝑁𝐴 = [𝑆1,𝑏

𝑁𝐴, … , 𝑆𝑖,𝑏
𝑁𝐴, … , 𝑆𝑀,𝑏

𝑁𝐴 ]          (4) 

 Now, given the experimental discrete Raman mode intensities 𝐸𝑁𝐴, we assume that there 

is a set of corresponding weighted constants that maximize the correlation of 𝐸𝑁𝐴 with respect to 

a linear superposition of a set of weighted spectra 𝑆𝑏
𝑁𝐴, where b=1,2,...B. We define the weighted 

superimposed simulated spectra 𝑆𝑡𝑜𝑡
𝑁𝐴 as: 

𝑆𝑡𝑜𝑡
𝑁𝐴 = ∑ 𝑘𝑏

𝑁𝐴𝑆𝑏
𝑁𝐴𝐵

𝑏=1           (5) 

where each value of 𝑘𝑏
𝑁𝐴 represents the weighted constants for the corresponding simulated 

spectrum based on binding site b. The weighted constants are normalized as: 

∑ 𝑘𝑏
𝑁𝐴𝐵

𝑏=1 = 1          (6) 
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Then, we vary the values of 𝑘𝑏
𝑁𝐴 in equation 5 in order to optimize the correlation between the 

weighted spectral modes of the simulated data 𝑆𝑡𝑜𝑡
𝑁𝐴 and the measured spectral modes of the 

experimental data 𝐸𝑁𝐴 by using the following equation for the coefficient of determination: 

𝑟2 = (
∑ 𝐸𝑚

𝑁𝐴𝑆𝑚,𝑡𝑜𝑡
𝑁𝐴 −∑ 𝐸𝑚

𝑁𝐴 ∑ 𝑆𝑚,𝑡𝑜𝑡
𝑁𝐴𝑀

𝑚=1
𝑀
𝑚=1

𝑀
𝑚=1

 √{∑ (𝐸𝑚
𝑁𝐴)2𝑀

𝑚=1 −(∑ 𝐸𝑚
𝑁𝐴)2𝑀

𝑚=1 }{∑ (𝑆𝑚,𝑡𝑜𝑡
𝑁𝐴 )𝑀

𝑚=1
2
−(∑ 𝑆𝑚,𝑡𝑜𝑡

𝑁𝐴 )𝑀
𝑚=1

2
} 

)

2

          (7) 

 The first two steps of the SRCS method are shown in Fig. 3a, in which the continuous 

Raman spectrum �̂�𝑏
𝑁𝐴 is assigned discrete modes 𝑠𝑏

𝑁𝐴 = [𝑠1,𝑏
𝑁𝐴, … 𝑠𝑖,𝑏

𝑁𝐴, … 𝑠𝑀,𝑏
𝑁𝐴 ] and then 

normalized to generate 𝑆𝑏
𝑁𝐴. The value of 𝑟2 is optimized for the case of adenine by varying the 

weighted constants of 𝑘𝑏
𝑁𝐴 in equation 5 and calculating the value of 𝑆𝑡𝑜𝑡

𝑁𝐴 (Figure 3b). The 

coefficient of determination given by 𝑟2 measures the linear correlation between an experimental 

spectrum 𝐸𝑁𝐴 and weighted calculated spectrum 𝑆𝑡𝑜𝑡
𝑁𝐴, with 𝑟2 = 1 corresponding to perfect 

correlation. By applying signal processing techniques39, the weighted constants 𝑘𝑏
𝑁𝐴 which 

produce an 𝑆𝑡𝑜𝑡
𝑁𝐴 that maximizes 𝑟2 are calculated and represent the best possible compositional 

analysis of experimental binding sites within the limits and numerical accuracy of the simulated 

binding sites and determine how well the chosen weighted spectra works as a least squares 

estimator for the experimental spectrum.  
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Figure 5.3. Discrete mode analysis and schematic diagram of SRCS. (a) The normalization procedure for each 

spectrum, in which the continuous spectrum �̂�𝑏
𝑁𝐴 (top) is assigned discrete modal values m=[1,2,…,M] and aligned 

with the corresponding experimental discrete modes 𝑒 
𝑁𝐴, described as a vector 𝑠𝑏

𝑁𝐴 (middle). The Raman intensity of 

each mode is then normalized using equation 3 to generate 𝑆𝑏
𝑁𝐴 (bottom). (b) Flow diagram describing the SRCS 

process, in which the values of 𝑘𝑏
𝑁𝐴 are varied while calculating 𝑟2 using 𝐸𝑚

𝑁𝐴 and 𝑆𝑚,𝑡𝑜𝑡
𝑁𝐴  given by equation 2 and 

equation 5, respectively. 

 The SRCS process is applied to all four nucleic acids, in which approximately 175,000 

iterations of varying 𝑘𝑏
𝑁𝐴 to calculate 𝑆𝑡𝑜𝑡

𝑁𝐴 and optimize 𝑟2 is conducted per nucleic acid (Fig. 

4a), determining the optimized binding site compositions for each nucleic acid (Fig. 4b, Table 1). 

To qualitatively compare the effectiveness of the SRCS process, the individual weighted binding 

site Raman spectra 𝑘𝑏
𝑁𝐴𝑆𝑏

𝑁𝐴, the superimposed cumulative simulated Raman spectrum  𝑆𝑡𝑜𝑡
𝑁𝐴, and 

the experimental Raman spectrum 𝐸𝑁𝐴 are plotted (Fig. 4c). When comparing the superimposed 

simulated Raman correlation spectrum to the experimental measurement, qualitative analysis 

clearly shows that the weighted composition calculated spectrum (gray) for each nucleic acid is 
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in good agreement with the experimental Raman signature (black). 

 

Figure 5.4: Optimizing the coefficient of determinations with weighted correlation method, (a) The increase in 

the coefficient of determination (r2) as the number of iterations increases, resulting in r2 near 1, for the nucleic acids 

adenine (black), cytosine (red), guanine (green), and thymine (blue). (b) The optimized percent composition of each 

binding site to silver at the maximum coefficient of determination for each nucleic acid. Adenine shows the majority 

of binding comes from N3, N7, and N9. Cytosine is primarily bound to silver via the N3 atom. Guanine’s strongest 

binding atoms are N1 and N3. Thymine is strongly bound via the N1 and O4 atoms. (c) The weighted simulated 

Raman spectra 𝑘𝑏
𝑁𝐴𝑆𝑏

𝑁𝐴 for each binding site (top in A, C, G and T; multicolored), the superimposed simulated Raman 

spectra 𝑆𝑡𝑜𝑡
𝑁𝐴 for all the binding sites (middle in A, C, G and T; gray), and the experimental measured Raman spectra 

𝐸𝑁𝐴 for each nucleic acid (bottom in A, C, G and T; black).  
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Table 5.1. Coefficients of determination for 18 single atom binding systems and the 4 optimized weighted composition 

binding site systems. The coefficient of determinations for single binding sites can be found in Supplementary Section 

4. The coefficient of determination increases when accounting for a mixture binding sites for each nucleic acid, such 

as thymine which went from a r2 value of 0.52 (T-N1) to a value of 0.84 (48% T-N1, 14% T-N3, 9% T-O2, 29% T-

O4). 

Binding Site r2 of Adenine r2 of Cytosine r2 of Guanine r2 of Thymine 

N1 0.20 0.06 0.21 0.52 

N3 0.73 0.71 0.78 0.44 

N7 0.14  0.57  

N9 0.62  0.55  

NH2 0.02 0.16   

O2  0.11 0.28 0.45 

O4    0.41 

Weighted 

Mixture 
0.85 0.81 0.91 0.84 

Optimized 

Compositions 

37% N3 

31% N7 

30% N9 

2% NH2 

9% N1 

63% N3 

26% NH2 

2% O 

32% N1 

40% N3 

12% N7 

16% N9 

49% N1 

13% N3 

9% O2 

29% O4 

 

 The high coefficients of determination and corresponding superimposed spectra 

demonstrate the efficiency of the SRCS process as a method to discover the preferential binding 

sites of each nucleic acid to silver. The preferential binding sites of adenine to silver are N3, N7, 

and N9, with limited to no binding from NH2 and N1. For cytosine, the preferred binding site is 

N3 with moderate binding from NH2 and limited binding from N1 and O. The results of guanine 

demonstrate that there is no binding via the O atom, with moderate bonding from N1 and N3 and 

limited binding from N7 and N9. Finally, the N1 atom of thymine demonstrates the strongest 

binding to silver with roughly half of the molecules binding via the N1 site, with moderate 

bonding from O4 and limited to no bonding from N3 and O2. To explain the preference of 

specific binding sites to nucleic acids, we examine the physical existence of nucleic acid 

tautomers in water. Because nucleic acids exist as several tautomers upon interaction with water, 

there are a significant number of potential binding atoms available to bind to silver depending on 



58 
 

the location of the hydrogen atom for each tautomer. The tautomers determine the available 

binding sites, such as when the N9H adenine tautomer enables the doubly bonded ring nitrogens 

to act as the preferential binding sites and electron donors, while prohibiting the N9 atom from 

binding to the silver surface. Thus, the composition of the preferential binding atoms is 

dependent on the prevalence of specific tautomers of the nucleic acids in water. For example, in 

the case of cytosine, it can be deduced that the N3H tautomer is present in a limited form in 

water because of the dominance of the N3 and NH2 as binding sites. This agrees well with a 

previous study, which determined that upon cytosine hydration, the N1H tautomer formed much 

more frequently than the N3H tautomer, enabling the doubly bonded ring nitrogen group on N3 

to bind, while prohibiting the N1H site to bind to silver36. Therefore, in addition to determining 

the composition of binding sites of nucleic acids to silver, the SRCS method can yield insight 

into the population of specific tautomers in water. Additional factors that can determine 

preferential binding sites are the electron densities of the molecules and the geometrical 

constraints caused by steric effects and will be addressed in future work. 

 In this paper, we have developed and applied an SRCS statistical analysis method for 

determining the composition of binding atoms of nucleic acids to silver using a quantitative 

statistical analysis process that compares calculated Raman spectra to experimental 

measurements. We have demonstrated that the SRCS method can deduce the relative 

composition of binding sites and quantitatively determine that certain sites (e.g. N1 in adenine, O 

in cytosine) do not play a significant role in binding to silver, while others (e.g. N3 in adenine, 

N3 in cytosine), are the primary binding sites with additional, less active binding sites (e.g. N7 

and N9 in adenine, N1 in cytosine). Using a weighted simulated Raman correlation spectroscopy 

method, we have developed a process to optimize the coefficient of determination for comparing 
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simulated Raman data to experimental measurements by adjusting the composition of binding 

sites. By optimizing the composition of the potential binding sites, we show that a mixture of 

orientations and configurations occur during experimental measurements and provide a method 

to use for binding analysis. Additionally, we demonstrate the efficiency of our method by 

comparing the experimental measurements to the superimposed simulated Raman spectra, 

showing excellent agreement and a high coefficient of determination. Finally, we compare the 

composition of binding atoms to previously published results, justifying that this method can be 

used to estimate the molecular dynamics of nucleic acids. This method lays the foundation for 

using computational simulations to study the assembly and surface chemistry of molecules on 

the nanoscale level and can be applied to many fields of study, including near-field 

characterization of molecule alignment and configuration of molecules with respect to metal 

surfaces. 
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Chapter 6: SPR-Based Space-Variant Phase Modulation at GHz speeds. 

 

6.1 Active Modulation of SPR in the Kretschmann Configuration 

 

 

Figure 6.S1. Simplified illustration of the operating principle of the PPPM 

 Let us consider the traditional Kretschmann configuration (Fig S1): a three layer system 

consisting of  a dielectric prism,  a noble metal thin film, and another dielectric - the sensing 

layer - with light incident on the metal thin film at or near the surface plasmon angle 𝜃𝑠𝑝 given 

by the phase matching condition: 𝑘𝑠𝑝 = 𝑘0√𝜀𝑚𝜀𝑑/(𝜀𝑚 + 𝜀𝑑)  and  𝑘𝑠𝑝 = 𝑘𝑥 =

𝑘0√𝜀𝑝𝑟𝑖𝑠𝑚𝑠𝑖𝑛𝜃𝑠𝑝. Here,  𝑘𝑠𝑝 is the surface plasmon wave vector, 𝑘0 is the free space wave 

vector, 𝑘𝑥 is the plane parallel component of 𝑘0, while 𝜀𝑚, 𝜀𝑑, and 𝜀𝑝𝑟𝑖𝑠𝑚 are the complex 

permittivity’s of the thin noble metal. dielectric layer, and prism respectively [29-31]. The 

Fresnel reflection coefficients for this three-layer system are given by: 

 

𝑟 =
𝑟01 + 𝑟12𝑒𝑥𝑝(2𝑖𝑘1𝑧𝑑)

1 + 𝑟01𝑟12𝑒𝑥𝑝(2𝑖𝑘1𝑧𝑑)
         (𝑒𝑞. 2) 
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Where, 𝑟𝑖𝑗 =
𝑍𝑖−𝑍𝑗

𝑍𝑖+𝑍𝑗
, 𝑍𝑖 =

𝜀𝑖

𝑘𝑖𝑧
 for p polarization and 𝑍𝑖 = 𝑘𝑖𝑧 for s polarization, 𝑘𝑖𝑧 = 𝑘0(𝜀𝑖 −

𝜀0𝑠𝑖𝑛
2𝜃)1/2.  Here θ is the angle of incidence, d is the thin metal thickness, and the indices i, j 

correspond to the prism (i, j = 0), the metal layer (i, j = 1), or the sensing layer (i, j = 2) [29-31]. 

The intensity reflectance due to spr is then given by R = |r|2 and the phase shift on reflection 𝜙 is 

given by solving 𝑟 = |𝑟|𝑒𝑥𝑝(𝑗𝜙) for 𝜙 = 𝐴𝑟𝑔(𝑟)[31].    It should be noted that only p polarized 

light, not s polarized light is subject to SPR. This is expressed here analytically in the Fresnel 

reflection coefficients via the discrepancy in 𝑍𝑖 terms for p and s polarizations. Under SPR 

conditions 𝑟𝑝 ≠ 𝑟𝑠 and 𝜙𝑝 ≠ 𝜙𝑠; this effect allows for SPR-based polarimetry, ellipsometry, and 

phase-contrast imaging [14, 19-22, 32]. Rp and 𝜙𝑝are extremely sensitive to any changes in 

refractive index (𝛥𝑛 ≈  √𝛥𝜀𝑖), film thickness (d), or the angle of incidence (𝜃). In the PPPM 

(Fig S1) described in this paper, the sensing layer is replaced with a modulation layer consisting 

of a dielectric whose refractive index is modulated via the linear electro-optic (EO) or pockel’s 

effect to exploit this sensitivity.  
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Figure 6.S2. Reflectivity and phase shifts due to SPR as a function of incident angle for a SI prism with an Ag SPR 

film and AlN modulation layer for varying thickness of Ag films and refractive index modulation (Δn). The black 

curves represent the unmodulated phase and intensity response of the system with an AlN refractive index of 

n=2.1176 as a function of angle of incidence. The blue curves represent the phase and intensity of the reflected light 

as a function of incident angle with the refractive index of the AlN layer shifted to n+Δn. Insertion loss at the bias 

point for modulation is indicated in red on the reflectivity curves. The bias point is (a) Overview of the SPR 

reflectivity and phase shift over a wide angular range (b) SPR characteristics near θsp of 48 nm Ag film with 

Δn=0.0006. (c) SPR characteristics near θsp of 42 nm Ag film with Δn=0.002. (d) SPR characteristics near θsp of 42 

nm Ag film with Δn=0.004.  

 Several example characteristic curves of SPR induced reflectivity and phase shift 

calculated from the above Fresnel equations and SPR phase matching condition are shown in Fig 

S2. The angular bandwidth of the PPPM is determined by the desired modulation purity, in our 

case p = 0.8. Purity in this reflective phase-dominant modulator can be defined as p = Δϕp/ΔRp. 

Angular bandwidth, then, is the range of angles of incidence θ about a given bias point θb that 

satisfy our purity requirements. The bias point occurs near θsp and is specified as the intersection 

of two Rsp curves separated by some Δn that modifies the refractive index in the permittivity 𝜀2 

term (𝜀2 = 𝑛2
2 − 𝑘2

2) in the modulation layer of the three-layer Fresnel equations given above. 

The bias point likewise sets the theoretical insertion loss for the PPPM. The material of the 

selection prism is also important; in order to satisfy the SPR phase matching condition, the 

refractive index of the prism must be greater than that of the sensing layer. [29-31]. 

Consequently, if one wishes to use higher index dielectrics as a modulation layer in the 
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Kretschmann configuration, one must use higher index prisms as well. The dielectrics used in 

this work (AlN and SRN) have n≈2.1. This, combined with transparency at telecom wavelengths, 

made Si the obvious choice for the prism material. The optical path necessary for SPR excitation 

at the calculated 𝜃𝑠𝑝 (Fig S2) is illustrated in Fig S3.  
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6.2 Programmable Plasmonic Phase Modulation of Free-Space Wavefronts at 

GHz Rates 
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Abstract: Space-variant control of optical wavefronts is achieved with spatial light modulators, 

which are currently limited to kHz operating speeds. To realize higher operating speeds, 

advances in high speed free-space electro-optic transduction are necessary. Here we demonstrate 

2D control of free-space optical fields at a wavelength of 1550 nm at a 1 GHz modulation speed 

using a Programmable Plasmonic Phase Modulator (PPPM) based on near field interactions 

between surface plasmons and materials with a linear electro-optic (Pockel’s) response. High 

𝜒(2) dielectric thin films are used as an active modulation layer in a surface plasmon resonance 

configuration to realize programmable space-variant control of optical wavefronts at GHz 

speeds. 

 Spatial Light Modulators (SLMs) are a class of devices which impose a space-variant 

amplitude and/or phase modulation on a light beam propagating in free space. In effect, SLMs 

can be thought of as a two-dimensional array of individually addressed free-space optical 

modulators. Phase Shifting SLMs enable numerous applications in various fields including 

displays, biomedical in vivo imaging through scattering media, compact beam steering for 

LiDAR, wavefront encoding for holographic data storage, and fast programmable optical 

tweezers. 
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 Commercial SLM technologies using a variety of electro-optic transducers including 

Digital Micromirror Devices (DMD) [1] and ferroelectric liquid crystals [2] have reported 

operating speeds up to 10 kHz [3]. State-of-the-art research systems using interferometric 

MEMS tuned sub-wavelength grating resonators have demonstrated modulation speeds as high 

as 500 kHz [4]. Recently, there has been a concerted effort to increase the operating speed of 

electronically driven SLMs [5, 6] to enable novel applications such as real time, high spatial 

resolution, three dimensional LiDAR sampling [7] and holographic video [8].  

 There are two characteristics that limit the potential modulation bandwidth of an SLM: 

the speed of the electro-optic transducer material and the response time of the electronics 

addressing the transducer. To date SLMs are limited primarily by the speed of the transducer 

material, but not by the high speed driving electronics. Current optical modulation technology 

operates at GHz bandwidths [9]. For example, guided wave integrated plasmonic modulators 

have demonstrated amplitude and phase modulation at speeds exceeding 100 GHz utilizing a 

combination of plasmonic localization and the linear electro-optic (Pockel’s) effect [10]. Such 

devices typically consist of integrated photonic waveguides coupled to a plasmonic waveguide in 

a Mach Zehnder Interferometer (MZI) configuration embedded in a high 𝜒(2) organic polymer 

[9, 10]. This approach, combining surface plasmon interaction with the linear electro-optic 

effect, can be extended to free-space systems.  

 A surface plasmon polariton is a charge density oscillation propagating at the interface 

between a metal and a dielectric [11-13]. In the Kretschmann configuration [14-25], a TM 

polarized wave, coming from a high index prism, is incident on a thin metal film beyond which 

is a lower index sensing layer. When the longitudinal component of the photonic wave vector kx 

is matched to the surface plasmon wave vector ksp, a sharp resonance in both reflected phase and 
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amplitude as a function of incident angle and wavelength is observed. This Surface Plasmon 

Resonance (SPR) is extremely sensitive to small changes in the refractive index (Δn) at both 

metal-dielectric interfaces [11] and has been used for biomedical sensing [14]. A space-

multiplexed variation of this technique, surface plasmon resonance imaging (SPRI), utilizes a 

CCD detector to image the SPR signal from a 2-D array of thin-metal patch transducers 

simultaneously [15-20]. Moreover, phase sensitive SPRI extends this parallelism to 

interferometric and polarimetric configurations to achieve higher sensitivity in multiplexed SPR 

systems [18-22]. The extreme sensitivity of SPR to perturbations in refractive index has likewise 

seen numerous applications in thin-film metrology [23]. However, the refractive index of the 

sensing layer need not be fixed; it can be tuned slowly via thermal effects or, as we propose in 

this manuscript, quickly via the linear electro-optic effect. Indeed, SPR based SLMs have been 

realized using a liquid crystal active layer in the Kretschmann configuration, but they share the 

same speed limitations as commercial liquid crystal SLMs [24, 25].  To realize truly high speed 

space-variant light modulation, one needs to develop a high speed electro-optic transducing 

mechanism. 

 In this manuscript, we use a high 𝜒(2) dielectric thin-film as the active layer in a 

Programmable Plasmonic Phase Modulator (PPPM) array based on the SPRI Kretschmann 

configuration to achieve phase-dominant, space-variant light modulation of free space optical 

modes. The PPPM exploits the linear electro optic effect to achieve fast, space variant refractive 

index modulation of a thin film active layer. Using this approach, we realize phase-dominant 4x4 

spatial light modulation with individual pixel modulation speeds of 1 GHz. Gigahertz 

modulation is evaluated by placing the PPPM in a free-space MZI and measuring optical 
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extinction ratios. A proof-of-concept demonstration of space-variant light modulation is 

performed via polarization contrast imaging to spell out the letters of “UCSD”.  

 

 

Figure 6.1. PPPM Overview a, Illustration of PPPM operation. b, Detailed breakdown of PPPM: (1) Si prism. (2) 

Noble Metal Thin Film for SPR (i.e., 48nm of Ag). (3) Electro-Optic dielectric modulation layer of either Silicon 

Rich Silicon Nitride (SRN) or Aluminum Nitride (AlN). (4) Sapphire wafer that hosts the electrode matrix and 

electro-optic thin film. (5)  4x4 Electrode matrix used to apply a field to the modulation layer. c, Patterned sapphire 

wafer is mechanically clamped to the Si prism, thereby achieving optical contact between the modulation layer and 

SPR metal layer of Ag. This forms a 4x4 array of parallel plate capacitors between the electrode matrix, dielectric 

thin film, and SPR metal layer. A voltage is applied to one or more of the lead wires while the SPR thin metal film is 

kept grounded. This results in an electric field dropping across the modulation layer which causes a shift in the local 

refractive index d, an expanded view of the multilayer structure of the PPPM. The optical beam is incident at an 

almost normal angle to the input interface, totally internally reflected off the output face of the Si prism, incident on 

the Ag metal thin film at the surface plasmon angle θsp , and then reflected out. More detailed schematics of all 

interfaces available in the supplementary material S1. 

 

 The PPPM, illustrated in Fig 1, consists of two components.  First, a Brewster angle 

silicon prism with a 48 nm silver thin film deposited via RF sputtering. A silicon prism is 

selected to satisfy the phase matching condition where the refractive index of the prism must be 

greater than the refractive index of the active layer (see Sup. Material S1). Second, a sapphire 

wafer with a 4x4 matrix of 45μm x 30μm gold electrodes and 8 μm wide lead wires above which 

an active layer consisting of an inorganic high 𝜒(2) dielectric thin film is deposited. For the 

dielectric layer, both RF sputtered aluminum nitride (AlN) and PECVD deposited silicon-rich 

silicon nitride (SRN) of varying thicknesses were investigated. The dielectric film fully covers 

the 4x4 matrix of gold electrodes but does not cover the lead wires near the top of the wafer 

allowing for electric contact with the electrode matrix. Optical contact is achieved by 
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mechanically clamping the patterned sapphire wafer to the Si prism, in effect forming a 4x4 

array of parallel plate capacitors between the electrode matrix, dielectric thin film, and SPR 

metal layer. Further illustrations of the device as well as the optical path within the assembled 

PPPM are provided in the supplementary material S1. A voltage is applied to one or more of the 

lead wires and the SPR thin film is kept grounded. The individual gold electrodes of the 

electrode matrix over the SPR thin film act as a parallel plate capacitor.  A quasi-uniform electric 

field is created between the electrodes and the SPR layer, thereby inducing a refractive index 

variation 𝛥𝑛 in the 𝜒(2) dielectric beneath a particular electrode.  When considering Pockel’s 

effect, of principal interest to us is the 𝛥𝑛 induced due to the 𝑟33 component of the refractive 

index ellipsoid oriented along the direction of the appliedelectric field and normal to the SPR 

thin metal film. We can therefore reduce the full refractive index ellipsoid to a scalar value 𝛥𝑛 =

𝑛3

2
𝑟33𝐸 (eq. 1) where 𝑟33 relates the second order electric susceptibility 𝜒(2) by 𝑟33 =

2𝜒(2)

𝜀𝑟
2 [26].   

For the purposes of this manuscript, we consider 𝛥𝑛 to be the result of the second order 

nonlinearity 𝜒(2) in AlN (𝑟33  ≈ 1.0 𝑝𝑚/𝑉)[27] or SRN (𝑟33  ≈ 0.1 𝑝𝑚/𝑉) . While there is good 

agreement in literature as to the values of 𝜒(2) and  𝑟33 for AlN at 1550 nm, at the time of writing 

of this manuscript the magnitude and precise mechanism of the effective 𝜒(2) as well as 𝜒(3) 

contributions in SRN are still a topic of active research [28].  This electrically induced Δn creates 

a phase shift upon reflection due to coupling into the SPR modes at the metal dielectric interface. 

The phase shift in a reflected beam due to SPR can be calculated analytically from the Fresnel 

equations [29-31] (see Supp. Mat. S1). Critically, when biased at the correct angle of incidence, 

high-purity phase modulation of incident p-polarized light can be achieved using this method 

(Supp. Mat. S1). Conversely, incident s-polarized light undergoes no SPR-induced phase shift. 
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This discrepancy forms the basis of SPR-based polarimetry, ellipsometry, and phase-contrast 

imaging [14, 19-20, 32] 

 To investigate the dynamic behavior of our device, we characterized the high-frequency 

electro-optic modulation of the PPPM using a free-space Mach Zehnder interferometer 

illustrated in Fig. 2a. Space variant light modulation was then demonstrated under DC conditions 

using a well-established polarization contrast imaging technique based on SPR ellipsometry. For 

all measurements, a 48 nm Ag film deposited on the Si prism via e-beam evaporation was used 

as the SPR layer.  

 Interferometric measurements using setup of Fig. 2a produce fringes. Conceptually, 

applying a phase shift to one arm of the interferometer with respect to the other shifts these 

fringes. If the aperture of the light collecting optics at the output of the interferometer is less than 

half the period of these fringes, then the measured optical signal will vary with the induced phase 

shift as the fringes are shifted across the collecting optic. In this manner, interference in the MZI 

translates the induced phase modulation of the PPPM into an amplitude modulation at the MZI 

output. For the MZI measurement, a fiber coupled 1550 nm source is p-polarized and collimated 

to a 0.2 mm spot size. The light is then split along a modulated arm and a reference arm using a 

90-10 non-polarizing beam splitter.  A consequence of using SPR is a relatively high insertion 

loss (see Supp. mat S1.); therefore, the MZI achieves a coarse balancing by sending 90% of the 

light to the modulator arm. Fine balancing of the modulator arm of the MZI with respect to the 

reference arm is achieved by imparting a slight rotational offset to the PPPM thereby exploiting 

the strong angular dependence of reflectivity under SPR conditions (see Supplementary Material 

Fig. S2).  In the modulated arm, a single pixel (45μm x 30μm) of the electrode matrix is fed with 

a sinusoidal waveform from an electrical synthesizer at a frequency of 1 GHz with an RF power 
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of 21 dBm. To operate the modulator, the 48nm Ag Film on the Si prism is kept grounded while 

electrical contact is made to an Au contact pad on the sapphire wafer connected to an electrode 

of the electrode matrix via an 8 μm wide, 50 nm thick, ~2 mm long patterned wire. This wire, 

combined with a ground plane provided by the SPR film, forms a short micro-patch transmission 

line. The driving field drops off across the dielectric between the electrode and the 48nm Ag 

film. Light from the two arms is recombined using a 50-50 NPBS and then fiber coupled out and 

fed to an electro optic converter. Using precision stages, the lengths of the reference arm was 

adjusted to bias the output of the interferometer at a null (dark fringe) when no signal is applied 

from the synthesizer. Likewise, during the measurements, the incident angle on the PPPM was 

adjusted with a precision rotation stage to maximize extinction ratio. The resulting electronic 

signal is then fed to an oscilloscope. 

 

Figure 6.2. Experimental Setup. a, Mach Zehnder Interferometric Experimental Setup for quantifying single-pixel 

performance. FC in, input fiber coupler; PBS, polarizing beam splitter; NPBS, non-polarizing beam splitter (1550 

nm); M, mirror; and FC out, output fiber coupler. b, SPR Polarization Contrast Imaging Setup. Light is polarized at 

P+45o. The light is incident on the described PPPM where SPR adds a further phase delay between P and S 

components of the light. The light then passes through a quarter wave plate and an analyzer at P-32.1o. The resulting 

intensity profile is expanded using a lens doublet (f1) and projected onto a FLIR sc2600 CCD camera. More detailed 

schematics available in the supplementary materials S2  

 The GHz modulated optical signal of modulators with three different electro-optic thin 

films were evaluated: a 100 nm film of AlN, a 200 nm AlN film, and a 93 nm film of SRN. The 

most obvious effect of film thickness on the modulator is the applied field strength, which scales 

inversely with film thickness. AlN films with d=100 nm and d=200 nm were modulated with a 1 
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GHz, 18V peak-to-peak signal. This voltage was necessary to achieve a ~π phase shift in the AlN 

matrix and exceeds the calculated Vπ (see Supp. mat S1) by 4V; this was most probably caused 

by an air gap between the electrode matrix and the SPR thin film that occurred when making 

optical contact. SRN, which can tolerate significantly higher field strength relative to AlN [33] 

before reaching breakdown [34-35, Supp. Mat. S1], was modulated with a 1 GHz, 25V signal for 

SRN film thickness of 93 nm. The capacitance of the individual 45μm x 30μm electrodes was 

approximated via 𝐶 = 𝜀0𝜀𝑟
𝐴

𝑑
. For AlN at d = 100 nm and 200 nm, capacitance of an individual 

pixel was calculated as 0.5 pF and 0.25 pF respectively. For a pixel with 93 nm of SRN, 

capacitance was 1.1 pF.  Plasmonic modulators are typically capacitance limited; assuming a 

driving signal resistive load of 50 Ω, the calculated RF bandwidth of the 93 nm SRN matrix is 

2.9 GHz and 12.7 GHz for the 100 nm AlN matrix. 

 Figure 3a presents the electronic sinusoidal driving signal at 1 GHz from the electronic 

synthesizer and the corresponding, quasi-sinusoidal measured time variant optical intensity taken 

at the output of the MZI. The presented curves indicate two 1 ns samples of both signals taken at 

a ~3π phase offset (1.5 periods). Figure 3b illustrates the theoretical phase shift ϕspr as a 

function of refractive index calculated from the Fresnel equations for a Si prism-Ag film-AlN 

system (see Supp. Mat. S1). Applied voltage and corresponding optical intensity curves from the 

100nm AlN sample are appended to the ϕspr curve to illustrate the electro optic transfer 

mechanism; as the applied voltage modulates the refractive index by Δn = 0.0006, ϕspr, 

undergoes a π phase-shift which translates to an intensity modulation in the MZI of 12 dB. 

Figure 3c presents the modulated optical power at the output of the MZI as a function of time 

with a 1GHz sinusoid as the driving signal. Extinction ratios of up to 12 dB were achieved in the 

case of the 100nm AlN film. Unlike the driving signal (Fig 3a), the observed intensity signals 
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were not homogenously symmetric sinusoids; there are several possible explanations for this 

behavior. First, the electro optic transfer of the modulator was not biased fully in the linear 

regime, i.e. ϕspr did not vary linearly with respect to the modulated refractive index (Fig 3c). 

 
Figure 6.3. Dynamic Characterization. a, Temporal characteristics of the electronic driving signal from the 

synthesizer and measured optical intensity of the MZI using an AlN matrix. Two 1 ns samples of each signal are 

presented with a ~3π phase offset b, Phase shift as a function of 𝛥𝑛 for 48 Ag thin film on silicon prism and 100 nm 

of AlN with 18 V peak to peak modulated applied voltage overlay.  Inset curves illustrating applied voltage and 

measured MZI intensity output as a function of time illustrate the electro optic transfer mechanism of the PPPM. An 

applied potential of 18V shifts the refractive index by 0.0006 refractive index units in the modulation layer 

producing a relative π phase shift in the reflected beam which modulates the intensity of the MZI with an extinction 

ratio of 12 dB. c, Measured optical intensity in mW at the output of the MZI using three different active layer 

materials. Red: 100 nm thick AlN film with an 18V sinusoidal driving signal. Green = 93 nm SRN film at 25 V. 

Blue: 200 nm AlN film at 18 V. Extinction ratios are indicated on the right. 
 

Second, surface roughness in the electro-optic film as well as the process of making optical 

contact between the sapphire wafer hosting the electrode matrix and EO thin film with the Si 

prism may lead to air gaps between the electrode matrix and prism which would affect the 
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applied field strength as well as the magnitude of the SPR shift. Other possible explanations for 

this quasi-sinusoidal behavior include amplitude modulation due to angular offset from the 

optimal angular bias point (Supp. Fig S2) and possible non-linear 𝜒(3) contribution to the 

observed electro-optic modulation. 

 Having demonstrated phase-dominant electro-optic modulation for a single pixel of the 

PPPM at 1 GHz, we next demonstrate the feasibility of space variant modulation using 

polarization contrast imaging. The imaging setup was based on reported SPR polarization 

contrast imaging configurations in literature, which are based on ellipsometric SPR 

measurements (see Supp. Mat. S2). A detailed theory of polarimetry and ellipsometry under SPR 

conditions can be found in numerous references [14,21,32], and the polarization contrast imaging 

configuration used here is directly based on [17-20]. Briefly, incident light with some known 

polarization is incident on the Kretschmann configuration and undergoes SPR excitation and 

reflection (see Fig. 2b). The phase and amplitude of the p-polarized component of light 

undergoes dramatic changes while the s-polarized component of light is unaltered. The light then 

passes through an analyzer and the optical intensity is measured as a function of analyzer angle. 

Phase retarding plates may be used to further adjust delay between p and s polarizations. 

 The individual pixels of the PPPM are depicted in Fig 4a. Fig 4b-f show the polarization 

contrast image of the output of the PPPM with varying inputs using the setup illustrated in Fig 

2b. Fig 4b shows all of the pixels in the ‘on’ state with 18V applied to each. Figures 4c-d have 

pixels modulated to spell out the letters of “UCSD”. Some visible non-uniformity can be 

attributed to surface roughness and minor impedance mismatches in the micro patch lines 

feeding the individual electrodes of the PPPM.   
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Figure 6.4. Space Variant Modulation. a, Microscope image of the 4x4 PPPM, imaged through 100 nm AlN. 

Electrodes consist of 50 nm of Au on sapphire substrate. b, Polarization contrast image taken at 1550nm using a 

FLIR SC2600 with a DC potential of 18V applied to all pixels. c, Polarization contrast image with 18V applied to 

only 8 electrodes in the shape of a 'U'. d, Voltage applied to 6 electrodes in the shape of a 'C'. e, Voltage applied to 6 

electrodes in the shape of an 'S'. f, Voltage applied to 8 electrodes in the shape of a 'D'. 

 

 The primary limitations of the PPPM as a high-speed, space-variant light-modulator are 

insertion loss and drive voltage or power. The devices presented here serve as a demonstration 

experiment. We used readily available PECVD deposited SRN and RF sputtered AlN that have 

relatively low 𝑟33 values. To compensate for this, a material platform was selected to maximize 

the SPR induced phase shift at the cost of increased loss. Supplementary Fig S2b indicates a 

theoretical insertion loss of 10 dB for the system presented. The dielectric thin films used here 

have an 𝑟33  of at most 1pm/V. Currently, integrated plasmonic modulators operating at GHz 

frequencies have been demonstrated using nonlinear chromophores with 𝑟33 values in excess of 

100 pm/V [9-10]; using such high 𝑟33 dielectrics would achieve greater shifts in refractive index 

at lower driving voltages allowing this spatial light modulation scheme to be biased at operating 

points with reduced loss on the order of ~4 dB (Supp. Fig S2d). Likewise, a higher 𝑟33 would 
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proportionately reduce the required driving signal and power necessary to achieve a π phaseshift.  

The primary advantage of this space-variant light modulation scheme is modulation speed. When 

compared with the electro-optic transduction mechanisms used in state-of-the-art SLM schemes, 

such as MEMS, liquid crystal, and thermo-optic modulation, the linear electro-optic modulation 

of surface plasmon resonance in the Kretschmann configuration presented here realizes operating 

speeds over three orders of magnitude greater than the state-of-the-art (see Supp. Mat. S3). The 

PPPM presented here was kept to a small 4x4 matrix in order to simplify the addressing 

electronics; this size is not indicative of a limiting case. In terms of electronics, integrated silicon 

photonic phased arrays with >300 elements have been demonstrated with pitches below 10 μm 

using through-silicon vias for high density integration [36]; the same vias could be used to 

address the electrodes of an SPR-based spatial light modulator based on the transducing 

mechanism demonstrated in the PPPM.  

 In the presented work a 1 GHz programmable plasmonic phase modulator was realized at 

a wavelength of 1550 nm using linear electro-optic modulation of SPR in the Kretschmann 

configuration as the transduction mechanism. The novel space variant light modulation scheme 

in this manuscript allows for the realization of programmable light modulation far beyond the 

kHz regime that is the current state-of-the-art and potentially offers a path to true ultra-high 

speed spatial light modulation. 
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Methods: 

 

PPPM Fabrication and Operation 

 Patterning of the electrode matrix on the sapphire substrate is performed using electron 

beam lithography followed by liftoff. Lithography was performed using a Raith 50 Electron Beam 

Writer on a 200 nm thick spin coated film of PMMA. A 50nm layer of Au was deposited using a 

Temescal BJD 1800 Ebeam Evaporator followed by liftoff. Once the electrodes were patterned, 

one of three different dielectrics thin films were deposited to serve as a modulation layer: a 100 

nm film of Al-N, a 200 nm Al-N film, or a 93 nm film of SRN. AlN was deposited through RF 

sputtering using a Denton Discovery 18. Silicon-Rich Silicon Nitride (SRN) was deposited using 

an Oxford Plasmalab 80plus PECVD with an SiH4 flow rate of 500 sccm. For the Kretschmann 

configuration prism, a 25 mm x 28 mm 74o Brewster Angle Si prism was used with a 48 nm Ag 

film deposited with a Temescal BJD 1800 Ebeam Evaporator. Optical contact was achieved by 

mechanically clamping the sapphire wafer hosting the electrode matrix to the Si prism, as 

illustrated in Fig 1. Electrical contact from the synthesizer (Agilent MXG N5181A) is achieved 

via a custom probe contacting both the patterned 50 nm thick Au contacts on the Sapphire host 

wafer and the SPR layer during mechanical clamping of the host wafer and prism.  

 

MZI GHz Electro-Optic Modulation Characterization 

 SPR induced phase modulation was detected using a Mach Zehnder Interferometer show 

in Fig 2a. A fiber coupled 1550 nm Laser (Agilent 81571A) amplified with an Erbium Doped 

Fiber Amplifier (Optilab EDFA-GB-23) was used as the light source. The light is focused using 

an adjustable focus fiber coupler to a 0.2 mm spot size and is then p-polarized using a polarizing 
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beam splitter. The p-polarized light is then incident on a 90-10 non-polarizing beam splitter. 90% 

of the p-polarized light is directed along the PPPM arm, 10% along the reference arm. Since 

there is approximately 10 dB of insertion loss for the 48 nm Ag based PPPM, this 90-10 splitting 

is useful for achieving a coarse balance between the two arms of the interferometer. Light along 

the modulation arm is then incident on the described PPPM where a phase shift is imparted via 

coupling into the SPR modes supported by the modulator. A single pixel (45μm x 30μm) of the 

electrode matrix is fed with a sinusoidal waveform from an electrical synthesizer (Agilent MXG 

N5181A) at a frequency of 1 GHz with an RF power of 21 dBm (120 mW). To operate the 

modulator, the 48nm Ag Film on the Si prism is kept grounded while electrical contact is made 

to an Au contact pad on the sapphire wafer connected to an electrode of the electrode matrix via 

an 8 μm wide, 50 nm thick, ~2 mm long patterned wire.  As shown in Supplementary Fig S2, 

SPR reflectivity has a strong angular dependence. Thus, by rotating the PPPM fractions of a 

degree using a precision rotation stage, it is possible to achieve a fine balance of the intensity of 

the output light from both the reference arm and the modulated arm. The light is then reflected 

and recombined with the reference arm at a second non-polarizing beam splitter and then 

coupled back into a fiber by an adjustable focus fiber coupler. The fiber coupled light is then fed 

to an electro-optic converter (Agilent 11982A Lightwave Converter) and the resulting waveform 

is measured by an oscilloscope (Agilent DSA91304A Digital Signal Analyzer).  

 

Polarization Contrast Imaging 

 A diagram of the polarization contrast imaging setup is shown in Fig 2b and described in 

further detail in supplementary S2. The imaging setup was based on reported SPR polarization 

contrast imaging systems [17-20]. A fiber coupled 1550 nm Laser (Agilent 81571A) coupled to 
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polarization maintaining fiber was used as the light source. The light is collimated using a 

thorlabs PAF2S-5C fiber coupler to an 870 µm spot size and is then linearly polarized +45o form 

the p-axis using a Newport 10WLP08 polarizer. The light is then incident on the described 

PPPM where a space-variant SPR induced phase shift is imparted on the p component of the 

reflected light, adding a phase delay between the co-linear p and s components of the reflected 

light. The light passes through a λ/4 retarding plate then passes through another wire grid 

polarizer (Thorlabs WP25M-UB), serving as the analyzer. The analyzer is rotated such that the 

unmodulated transmitted light is located at a transmission minimum, this process of light 

extinction is described at length in [17]. The intensity contrast between the two modulation 

states, 'on' and 'off', is maximized at 𝛩 =  ψ + 
𝜋

2
+ √arctan (1 − 𝑒2) [19], where ψ is the angle 

of the major axis of the polarization ellipse of the superposition of  𝐸𝑝
⃑⃑⃑⃑ + 𝐸𝑠

⃑⃑⃑⃑  and e is the 

eccentricity of that polarization ellipse (see Supp. Mat. S2) . For our experimental system, this 

occurred at 𝛩 ≈ −32.1𝑜. When an electrode of the PPPM induces a refractive index shift in the 

dielectric modulation layer, the incident light experiences an additional phase shift on reflection. 

Light that was incident on the SPR thin film immediately beneath that electrode will experience 

an SPR induced phase shift (moving away from the transmission minima) that is different from 

the SPR phase shift in unmodulated areas of the PPPM. The phase modulated light then passes 

through an imaging lens doublet and is projected onto a CCD IR camera (FLIR SC2600). This 

SPR polarization contrast imaging setup is illustrated in Fig 2b. Fig 4 shows the polarization 

contrast images taken by the CCD. The dark areas correspond to areas with an unmodulated SPR 

phase shift, which is predominantly filtered via the analyzer. The bright areas correspond to areas 

with an electro-optically modified SPR shift. 
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Supplementary Materials 

 

Figure 6.S3. Illustration of the optical path taken in the modulator. 

 

 For applications of high speed spatial light modulation using an SPR-based approach, 

four coupled design characteristics matter: extinction ratio, purity, angular bandwidth, and 

insertion loss. To illustrate these design constraints, three sets of Rp and ϕp curves of particular Si 

Prism-Ag-AlN systems are shown as a function of angle of incidence and electrically induced Δn 

in Fig S2 b-d. Given an electro-optic Δn, potential phase modulation due to SPR can be 

determined analytically by taking the intersection of the SPR reflectivity curves as the angular 

bias point for phase modulation and evaluating the corresponding phase shift (Fig S2). The 

ability for a single pixel of the modulator to achieve at least a π phase shift is desirable for a 

PPPM. Extinction ratio can increase by either increasing Δn or narrowing the SPR resonance via 

adjusting metal film thickness and thereby increasing the slope of the ϕp curves via a kramers-

kronig relation at the cost of increased insertion loss and reduced angular bandwidth. When 

possible, increasing Δn is obviously preferable. For a given material, increasing Δn requires 

increasing the electric field and therefore voltage applied to the χ(2) material; such an approach is 
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limited by the breakdown characteristics of the material in question. As an example, for a Si 

Prism and a 48 nm Ag SPR film with a 100 nm AlN modulation layer, one needs a 𝛥𝑛 = 0.0006 

applied to the modulation layer to realize a ~π phase shift in the reflected p-polarized light (Fig 

S2 b). From eq. 1, we see that AlN (𝑟33 = 1pm/V, n=2.1176), requires an applied field of 143 

MV/m which is below the reported breakdown field for AlN of 210 MV/m [33]. To apply the 

required 143 MV/m field (E=V/d), a potential (V-π) of 14V is applied to the gold electrodes that 

form the space variant modulation matrix of the PPPM. Invariably, imperfections in the 

fabrication process will affect these characteristics. Surface roughness of the electro optic thin 

film on the sapphire wafer hosting the electrode matrix will degrade modulation performance by 

potentially increasing the distance between the electrodes and the SPR thin film thereby 

decreasing the applied electric field and by introducing air gaps which may increase the distance 

between the SPR thin film and the modulation layer. 

 

 

Figure 6.S4. Schematic of the MZI Measurement System 
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Figure 6.S5. Schematic of the Polarization Contrast Imaging Setup. 

 Analytically, the intensity of the reflected light can be written in terms of the two 

orthogonally polarized waves 

 𝐼 =  𝐸𝑝
2cos 2(𝛩) + 𝐸𝑠

2sin2 (𝛩) + 𝐸𝑝𝐸𝑠 sin(2𝛩) cos (𝜙𝑝) where Ep and Es are the amplitudes of 

the reflected p and s polarized waves respectively, Θ is the angle of the analyzer relative to the 

polarizer(Fig S5), and 𝜙𝑝 is the phase shift induced in the p-polarized wave during reflection 

under SPR conditions [21]. Using this self-referencing technique, the SPR induced phase shift in 

the reflected beam can be experimentally characterized by studying the intensity of light as a 

function of analyzer angle. We are interested in detecting a space-variant phase shift of 𝜙𝑝, so 

instead we perform a polarization contrast imaging measurement at a single 𝛩 that produces 

maximum intensity contrast between PPPM pixels in the 'on' and 'off' state. An electro-optically 
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induced shift in Rp will adjust the relative phase of the co-linear fields 𝐸𝑝
⃑⃑⃑⃑  and 𝐸𝑠

⃑⃑⃑⃑  thereby varying 

the polarization state of the reflected field. This change in polarization state can be detected 

through the intensity of the light after it passes through an analyzer. The intensity contrast 

between the two modulation states, 'on' and 'off', is maximized at 𝛩 =  ψ + 
𝜋

2
+

 √arctan (1 − 𝑒2) [19]. Where ψ is the angle of the major axis of the polarization ellipse of the 

superposition of  𝐸𝑝
⃑⃑⃑⃑ + 𝐸𝑠

⃑⃑⃑⃑  and e is the eccentricity of that polarization ellipse. For our 

experimental system, this occurred at 𝛩 ≈ −32.1𝑜. 
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Section S3 

Table 6.S1. Per pixel characteristics of state of the art spatial light Modulation schemes. 

 Maximum Operational 

Frequency (kHz) 

Insertion 

Loss (dB) 

Driving power (mW 

per pixel) 

V-π; Driving 

Voltage to achieve π 

phase shift per pixel 

(V per pixel) 

Commercial DMD [1] 40 kHz 0.5 dB 0.0002 mW N/A 

Ferroelectric Liquid 

Crystal [2] 

10 kHz 2.2 dB Unspecified 0.005 V 

High Voltage MEMS 

DMD [3] 

500 kHz 0.2 dB Unspecified  50 V 

PPPM (this work) 1,000,000 kHz  (1 

GHz) 

10 dB 120 mW 18 V 

 

 Table S1 provides a brief overview of some state of the art works spatial light 

modulation. The Programmable Plasmonic Phase Modulator (PPPM) in this work is intended as 

a first demonstration of ultra-high speed 2D control of free-space optical fields. Works [1]-[3] 

consist of arrays on the order of ~800 x ~1200. The presented PPPM is only a 4x4 demonstration 

of the plasmonic-linear electro-optic transduction mechanism for space variant modulation. As 

discussed in the manuscript, the active layer of the PPPM had an 𝑟33 of at most 1 pm/V. 

Currently, integrated plasmonic modulators operating at GHz frequencies have been 

demonstrated using nonlinear chromophores with 𝑟33 values in excess of 100 pm/V [9-10]. Using 

such polymers could reduce power consumption to the order of ~1 mW per pixel while retaining 

GHz modulation speeds. When combined with through-silicon vias for high density integration 

[36], this presents a path for the realization of ultra-high speed plasmonic SLMs. 
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 Chapter 6, in part, has been submitted for publication of the material as it may appear in 

Nature Photonics, 2018, “Smolyaninov, A., Amili, A.E., Vallini, F., Pappert, S. and Fainman, Y., 

2018. Programmable Plasmonic Phase Modulation of Free-Space Wavefronts at GHz Rates. In 

Submission.” The dissertation/thesis author was the primary investigator and author of this 

paper. 
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Chapter 7: Concluding Remarks 

 In concluding this dissertation, I have shown a novel application of plasmonics by 

realizing an electrically addressed, space variant light modulator that can operate with driving 

frequencies in the GHz range. As discussed in chapter 6, plasmonic modulators, both the 

integrated variety reported in literature, and the free space variety presented here, are 

capacitively limited. That is to say that neither the speed of the linear electro optic effect, which 

has been demonstrated to function at electrical driving bandwidths of over a hundred GHz, nor 

the response time of the plasma, as discussed in chapter 1, are limiting factors for practical 

modulation devices - only the response time of the driving electronics is a limiting factor. 

Electronically driving a true GHz spatial light modulator of dimensions comparable to 

commercial SLMs with the driving specifications presented here would be a daunting task, from 

an electronics point of view. It is likely that, for the immediate future, such devices will remain 

merely a proof of principle. Nonetheless, the programmable plasmonic phase modulator 

presented here, as well as the enhanced Raman scattering devices and techniques as well as the 

two-photon silicion auto correlator provide further of proof the plethora of possibilities and 

potential in the study of  controlling the interaction of light and matter via near-field phenomena.  

 




