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Conversion of photons to electrical energy has a wide variety of applications 

including imaging, solar energy harvesting, and infrared detection. The coupling of 

electromagnetic radiation to free electron oscillations at a metal interface results in 

interesting properties including enhanced electric fields tightly confined to the surface. 

Taking advantage of this nonlinear light-matter interaction, this work presents a 

variety of resonant surfaces optimized for combining electrical and photonic 
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Chapter 1 

Introduction 

The coupling of electromagnetic radiation to free electron oscillations at a 

metal interface and its consequent properties including enhanced optical near-field 

have drawn significant interest to the field of plasmonics and its applications. Some of 

the most widespread demonstrated applications of this nano-scale light-matter 

interaction include surface-enhanced Raman spectroscopy (SERS) [1,2], plasmonic 

color pixels for CMOS compatible imaging and bio-sensing [3,4,5], hot electron 

photo-electrochemical and photovoltaic devices and photodetectors [6,7,8,9], optical 

antennas [10,11], plasmonic integrated circuits [12,13], and metamaterials [14,15]. By 

taking advantage of the plasmonic surface field enhancement in simple periodic 

structures, we have significantly moderated conditions required for electron liberation 

in vacuum channel devices using a combination of DC and optical excitations. We 

exploited this idea in a variety of applications requiring efficient generation of charge 

carriers including optical rectification and IR photodetection by modifying the 

geometry of the scalable periodic surface. 

1.1. Vacuum and Semiconductors 

The discovery of the first solid-state diode goes back to 1874 by Ferdinand 

Braun where he demonstrated the unidirectional flow of charge at the contact point
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between a metal and galena crystal [16]. The phenomenon behind thermionic emission 

was later discovered independently by Frederick Guthrie and Thomas Edison [17] and 

the first practical vacuum tube device, the thermionic diode, was patented by John 

Ambrose Fleming in 1904 [18]. The idea of solid-state rectifiers made a comeback due 

to a number of reasons [19]. First, vacuum tubes did not satisfy the desired frequency 

requirements. Furthermore, the theory of quantum mechanics was significantly 

advanced in 1920s, leading to an insightful understanding of solids, band structures, 

and Schottky barriers. Also, solid-state devices provided superior lifetime, higher 

efficiency, lower cost, smaller size, and were easily integrated.  

Vacuum tubes and MOSFETs resemble each other in some respects and differ 

in other. They are both essentially 3 terminal devices. The current flow from cathode 

to anode is controlled by the voltage on the grid in the former and gate voltage 

modulates the drain to source current in the latter. The current in semiconductor 

transistors comes from the drift and diffusion of electrons whereas in vacuum tubes it 

is due to thermionic emission. The most important difference between vacuum and 

solid-state devices is the charge transport in the medium. Carriers are transported in a 

ballistic flow in vacuum rather than collisional in semiconductors. This theoretically 

enables electron speeds up to 3 orders of magnitude higher in vacuum than e.g. GaAs 

and provides a solution to address the Terahertz gap [20]. Vacuum devices are also 

intrinsically less susceptible to over-radiation and heating damage. 

Today, semiconductor fabrication techniques have advanced considerably and 

they can now be used to produce vacuum devices with reduced gap size of a fraction 
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of mean free path length of electrons. The smaller gap moderates the need for high 

vacuum since there is smaller chance of collision with gas molecules. This also 

relieves cathode degradation caused by bombardment of positive ions. In addition, 

reduced gap size corresponds to shorter carrier travel distances and consequently 

higher switching speeds. The short distance between anode and cathode electrodes 

also provides higher electric fields for the same applied voltage and enhances 

efficiency of the device. However, liberating electrons from the metal surface 

efficiently remains a challenging task. 

1.2. Electron Emission Mechanisms 

In order to liberate the cold, bound electrons from a metal surface into vacuum 

it is required to overcome the work function of the metal. Work function is a surface 

property of the material and it is defined as the minimum energy needed to remove an 

electron from the solid to a state at rest in the nearby vacuum. Applying thermal or 

electrical energy can enable electron emission by modifying the electron distribution 

inside the metal and the probability of transmission for electrons with the same initial 

energy level. 

The procedure to calculate the emitted current density from metals is similar 

regardless of the emission mechanism. Current density is given as a function of 

applied electric field, temperature of electron gas in the bulk material, and Fermi level. 

Fermi function is the probability that a given electron energy state is occupied at a 

certain temperature. In other words, the energy distribution of occupied states in metal 

is given by the Fermi-Dirac function: 
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f!"(E) =
!

!!!(!!!!) !!!
                       Equation 1.2.1 

Where KB is the Boltzmann constant, T is the temperature, and EF is the Fermi 

energy. The Fermi energy is the level of the lowest available electron state at absolute 

zero temperature and no electron will have sufficient energy to go above this level. It 

can be considered as a hypothetical energy level of an electron, such that at 

thermodynamic equilibrium this energy level would have a 50% probability of being 

occupied at any given time. 

The first step for calculating the electron flow is to evaluate the supply 

function. The supply function is defined as the number of electrons per second per unit 

area with total energy within w and w+dw whose normal energy on barrier lies within 

ε and ε+dε. Next, the transmission probability or the probability of an electron with 

normal energy ε to escape the barrier needs to be found. Total emitted current density 

is obtained by integrating the product of the supply function, N, and the transmission 

probability, D, over all energy states and it is given by: 

J(E,E!,T) = q D(E, ε)N(T,E!, ε,w)dεdw          Equation 1.2.2 

Here, E, EF, T, q, w, and ε are the electric field at the surface, Fermi level, 

temperature, charge of electron, total energy of incident electron, and the energy of 

charge carrier in the normal direction to the metal-vacuum interface, respectively. 

Depending on the dominant emission mechanism, increase in the supply function, 

transmission probability, or both contribute to the current density. 
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1.2.1. Thermionic Emission 

If kinetic energy of charge carriers is increased by heating such that it becomes 

sufficient to overcome the work function of the barrier, the dominant emission 

mechanism is called thermionic emission. The form of the Fermi-Dirac distribution 

function imposes that at ordinary temperatures, most of the filled states lie below the 

Fermi level and relatively fewer electrons have energies above it. Increasing the 

temperature extends the high-energy tail of the energy distribution as shown in 

Figure 1.2.1 and the part of it falling beyond E! + ϕ promotes electron liberation, 

where ϕ is the work function of metals.  

 

Figure 1.2.1. Thermionic emission in a metal with work function ϕ and Fermi level EF. 

Assuming the potential barrier is not deformed the transmission probability of 

electrons has the form: 

D E, ε = 0 for !!!!

!
< qϕ     

D E, ε = 1 for !!!!

!
> qϕ     

Equation 1.2.3 

Here, vx is the velocity of electrons in direction normal to the barrier interface. 

The supply function in this case can be obtained using the Fermi-Dirac distribution 
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function. For energy levels in the high-energy tail of the Fermi-Dirac density of states, 

the distribution is identical to the classical Maxwell-Boltzman distribution allowing its 

replacement. Substituting these values in equation 1.2.2 and integrating over all 

energy states gives the Richardson-Dushman equation for current density in 

thermionic emission [21]: 

J!"#$%&'(&) = AT!e!! !!!             

A =
4πqmK!!

h! = 1.2×10! Am!!K!!  
Equation 1.2.4 

Where m is the electron rest mass and h is Planck’s constant. 

1.2.2. Field Emission 

The barrier at electric field strengths above 1 !
!"

 becomes thin enough for the 

electrons to tunnel through from states close to Fermi level. This process, shown in 

Figure 1.2.2, is referred to as field emission and was analytically characterized by 

Fowler and Nordheim [22] by solving the 1D time-independent Schrödinger equation 

for a rounded triangular barrier. The barrier is rounded due to the image charge effect 

and has a lower effective work function. The electric potential energy as a function of 

distance from metal-vacuum interface is given by: 

qΦ(x) = q(E! + ϕ)−
!!

!"#!!!
− qE!x          Equation 1.2.5 

Where ϕ  is the work function, E!  is applied electric field,  ε!  is vacuum 

permittivity, and x is distance from surface. The potential at the surface is then a sum 

of the work function reduced by the image charge potential and the applied field. 
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Figure 1.2.2. Field emission. Work function is effectively reduced due to image charge 
effects. 

Fowler and Nordheim showed that the current density based on supply 

function given by the Sommerfeld electron distribution has a form of: 

J!" =
A
ϕ F

!e!!!! ! ! 

A =
q!

8πh = 1.543×10!! A eV V!!  

B =
8π 2m
3hq = 6.83 [eV!! ! V nm!!] 

Equation 1.2.6 

A and B are referred to as the first and second Fowler-Nordheim constants, 

respectively, F is the total field at the surface, and work function ϕ is in eV. It can 

therefore be concluded that for the strong-field tunneling mechanism, ln ( !
!!
) versus !

!
 

curves should be linear with a negative slope depending on the work function and the 

surface field enhancement. These curves are referred to as the Fowler-Nordheim type 

curves. The slope of the curve is equal to !!
! !

!
 where β is field enhancement factor at 
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the surface. Knowing the slope of Fowler-Nordheim curves, it is possible to extract the 

work function and field enhancement. 

1.2.3. Photo-assisted Field Emission and Photoemission 

The addition of optical excitation can interact with the system by both 

modulating the barrier and increasing the initial energy of electrons due to photon 

absorption [23,24,25]. The dominant mechanism for weak optical fields is either 

photo-assisted field emission [Figure 1.2.3] or photoemission [Figure 1.2.4]. In the 

photo-assisted field emission process, electron energy is enhanced to a non-

equilibrium distribution by absorption of one/two photons of frequency 𝑤 and tunnels 

through thereafter.  

 

(a) 

 

(b) 

Figure 1.2.3. Photo-assisted field emission by absorption of (a) one or (b) two photons. 

In the photoemission process, the electron absorbs a sufficient number of 

photons to travel above the barrier as shown in Figure 1.2.4. If the multiphoton 

emission process happens by absorption of a greater number of photons than required 

(n > ϕ ℏw) the process is called above-threshold photoemission [26]. It has been 

shown than in the multiphoton regime photo-emitted current is proportional to the nth 
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power of laser intensity, where n is the total number of photons absorbed, that is 

I ∝ |F|!", where F is the incident peak field. [26,27]. 

 

(a) 

 

(b) 

Figure 1.2.4. (a) Photoemission and (b) above-threshold photoemission processes. 

1.2.4. Optical Field Emission 

If the laser intensity is sufficiently large, the potential barrier becomes narrow 

enough during part of the optical cycle for the electrons to tunnel through directly 

from the Fermi level.  

 

Figure 1.2.5. Optical field emission. 

This process is called optical field emission and it is shown in Figure 1.2.5. 

The average kinetic energy of the electron in the optical field exceeds the ionization 

energy of metal in optical field emission process. Fowler-Nordheim type equations 
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can be used in this strong-field regime by substituting the total field with the sum of 

DC and AC fields. 

1.2.5. Transition Between Emission Mechanisms 

The transition between the photon-driven and field-driven regimes is 

characterized by Keldysh parameter which is defined as the ratio of the incident 

optical frequency to the characteristic tunneling frequency of metal [28]. The Keldysh 

parameter can be written as: 

γ = !!
!!!

= !
!!

              Equation 1.2.7 

Where IP is the ionization energy of the metal, U! =
!!!!

!"!!  is the average 

ponderomotive energy in the oscillating laser field E with frequency w, and 

w! =
!"
!"!

 is the characteristic tunneling frequency [29]. For relatively weak fields 

where γ > 1, the maximum oscillation amplitude of electrons in the applied field, 

referred to as the quiver amplitude, is smaller than the decay length of the near field; 

therefore, electrons are back accelerated before they are liberated and the dominant 

process is multiphoton induced emission [23,30]. For stronger fields where γ < 1 the 

average kinetic energy of electrons in the oscillating fields is larger than the ionization 

energy of metal. The local slope of the photocurrent as a function of laser intensity 

drops as the dominant mechanism changes from multi-photon induced emission to 

optical field emission and therefore it is an appropriate characterizing property 

[26,30].  
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1.3. Plasmon-induced Field Enhancement 

We can consider the DC and laser induced electron emission essentially as a 

two-step process. First, electrons are photoemitted due to either of the mechanisms. 

Next they are accelerated by combination of the external and plasmon-induced fields. 

Any charged particle, regardless of polarity, is subject to a nonlinear net force called 

the ponderomotive force towards the weak field region when located in a non-

homogeneous field. The larger the field gradient, the stronger the ponderomotive force 

and therefore acceleration. Ponderomotive force can be written as: 

F! = − !!

!"!! ∇ E!  [N]             Equation 1.3.1 

The acceleration is due to the fact that the charged particle travels a longer 

distance in the strong field region than it does when it is back-accelerated in the weak-

field region. Nanostructures supporting surface plasmon resonances provide both 

electric field enhancement and spatial sub-wavelength confinement. The induced local 

field enhancement can be used to facilitate the electron emission by providing access 

to high-field intensity regions and introducing a large field gradient causing enhanced 

ponderomotive acceleration. It also enables operation in intensities below the damage 

threshold of the metal [26,27,30,31,32,33,34,35]. 

Due to the finite effective mass of electrons, the phase lag between oscillating 

electrons and the incident electromagnetic field increases with frequency. The 

coulomb interaction with metal ions acts as the restoring force. The amplitude of the 

charge oscillation is maximized when the phase lag is increased to 90 degrees [36]. 
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The degree of field enhancement correlates directly to the plasmon oscillation 

amplitude. Therefore, this frequency corresponds to the localized surface plasmon 

resonance frequency in metals and results in enhanced electric field near the surface. 

The resonant field enhancement is due to the collective oscillation of conduction band 

electrons in a confined region and it depends on the geometrical shape; therefore, it 

provides an additional control parameter to liberate electrons [33,37,38]. 

We have taken advantage of the plasmonic field enhancement in resonant 

metallic arrays of unit-cells in order to address the electron emission challenge in a 

variety of vacuum microelectronic devices for applications including enhanced 

photoemission, optical rectification, and photodetection. The geometrical dependence 

of the resonant frequency and its consequent localized field enhancement offers an 

important degree of freedom for optimizing the device for a spectrum of frequencies 

and a variety of applications. In addition, it enables the unit-cells to emit electrons at 

DC and optical power levels significantly below expected.  

Chapter 1, in part, has been submitted for publication of the material as it may 

appear in: S. Piltan, D. Sievenpiper, “Field Enhancement in Plasmonic 

Nanostructures”. The dissertation author was the primary author of this material. 
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Chapter 2 

Field Enhancement in an Array of Gold Nanostructures 

As discussed in Chapter 1, in order to generate electron emission from metals, 

it is needed to either provide sufficient energy to electrons to promote to high energy 

level states and overcome the potential barrier, or to modify the barrier using DC or 

AC external fields. The input power levels required to create desired combination of 

carrier state and barrier shape can be significantly moderated using the nonlinear light-

matter interaction between metals and an incoming optical radiation in plasmonic 

frequencies. This field-controlled interaction can demonstrate applicability in fields 

such as attosecond science, nano-scale antennas, medical imaging, chemical sensors, 

and photovoltaics. Here, we discuss design, fabrication, and characterization of a 

geometrically tailored gold nano-array demonstrating enhanced photoemission in 

exceptionally low DC and AC powers. 

2.1. Design and Optimization 

2.1.1. Design Background 

The idea behind the design was initially inspired by Surface Enhanced Raman 

Scattering (SERS). This phenomenon is used for high-sensitivity detection of bio-

molecular interactions such as single-molecule absorption on a rough metallic surface 



 

 

14 

and it is shown in Figure 2.1.1. Excitation of the substrate at the particular plasmon 

resonance frequency increases the intensity of the Raman signal detected for 

adsorbates on various substrates and the surface field enhancement pronounces this 

effect significantly. It is common to use visible and near-infrared radiation to excite 

Raman signals. The plasmon resonance frequencies of some metals such as gold and 

silver lie within these spectral ranges; therefore, they are typically used for 

intensifying the Raman modes. The mechanism behind this effect works based on the 

high quality factor optical cavities on the rough surface. We exploited an identical idea 

optimizing certain periodic structures for high quality factor resonance and enhanced 

photon absorption.  

 

Figure 2.1.1. Surface Enhanced Raman Scattering through nano-cavities on a rough surface 
upon excitation with optical radiation.  

2.1.2. Modeling and Simulations 

Figure 2.1.2 shows the schematic of the periodic surface supporting local 

surface plasmon resonances in near-infrared range. It consists of multiple rows of unit-

cells. There are two terminals serving as the feed for the DC excitation and every other 
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row of the array is connected to one terminal. Therefore, a vacuum channel is formed 

between the plates of each unit-cell on two adjacent rows. 

 

Figure 2.1.2. Plasmon-induced photoemission vacuum-channel device. Resonant array emits 
electrons under a CW laser illumination and a DC bias.  

The geometry is tailored such that high electric field spots are achieved in the 

100 nm gap between the resonant unit-cells as shown in Figure 2.1.3; consequently, 

the electron emission mainly occurs there. There are two parameters used to 

manipulate the electric field intensity in the channel, the static bias voltage providing 

the electrical control and the laser radiation providing the optical control.  

 

Figure 2.1.3. Plasmon-induced photoemission vacuum-channel device. Resonant array emits 
electrons under a CW laser illumination and a DC bias.  
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The dimensions of the geometry, including the gap between the plates G, the 

period of unit-cells T, the width and length of the fingers W and L, and the thickness 

of gold layer H have been optimized to provide the maximum electric field 

enhancement at the center point between the plates of unit-cells on two adjacent rows 

upon excitation with a plane wave at 785 nm, polarized in the direction normal to the 

plates (y direction as shown in Figure 2.1.4). Schematic of the DC biased array under 

laser illumination and the top view of multiple cells are shown in Figure 2.1.3 (a) and 

(b), respectively. 

 

(a) 

 

(b) 

Figure 2.1.4. Schematic of the resonant vacuum-channel device. (a) DC biased array under 
laser illumination. (b) Top- view of multiple cells, W= 450 nm, L= 120 nm, T= 770 nm, 

S= 400 nm, H= 140 nm, and G= 100 nm.  

The design simulations were done using HFSS electromagnetics tool based on 

the finite-element method. We used the values from Johnson-Christy model for the 

complex dielectric constant properties of gold [39]. The real and imaginary parts of 

the wavelength-dependent complex refractive index of gold based on this model are 

shown in Figure 2.1.5. 
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Figure 2.1.5. Real and imaginary parts of the complex refractive index of gold as a function of 
wavelength.  

Simulations were done on a single unit-cell as shown in Figure 2.1.6. The gold 

unit-cell was designed on a 200 nm layer of silicon dioxide on silicon substrate. The 

isolation SiO2 layer prevents leakage current through the substrate. The vertical 

boundaries of the simulation volume are either perfect electric or perfect magnetic 

conductors. This combination of boundary conditions presents a “hall of mirrors” 

effect and allows for simulations in an effectively infinite lattice of identical unit-cells. 

Radiation boundary condition was used for horizontal boundaries.  

 

Figure 2.1.6. Simulation unit-cell, 140 nm of e-beam evaporated gold on top of 200 nm 
isolating SiO2 on Si wafer.  
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Field enhancement was defined as the ratio of the electric field in the middle 

point in the gap between adjacent unit-cells to the incident field. The incident field 

was a plane wave at 785 nm with magnitude of 1 v/m and polarization along the gap 

axis (y direction). The vacuum gap width between adjacent cells G, is inversely related 

to the intensity of field enhancement. Also, shorter gaps provide faster switching 

speeds by decreasing electron transit time. Therefore, we kept the gap parameter 

G= 100 nm which is a value enabling both easy fabrication and sufficiently high field 

enhancement. The final values of geometrical parameters optimized for maximum gap 

field enhancement are T= 770 nm, W= 450 nm, L= 120 nm, H= 140 nm, and 

S= 400 nm. 

Figure 2.1.7 demonstrates the simulated field enhancement as a function of 

wavelength. It is shown that the electric field in the gap is enhanced approximately by 

a factor of 10 at the resonant mode in 785nm.  

 

Figure 2.1.7. Electric field enhancement in the gap as a function of incident wavelength.  

Field profile in the gap shows maximum enhancement at the top and bottom 

edges of the gold unit-cell. This means the majority of electrons are emitted from the 
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area around the edges. Figure 2.1.8 shows simulated field profile in half unit-cell at 

785 nm, with maximum field confined in the air gap. 

 

Figure 2.1.7. Simulated field profile in half unit-cell at 785 nm. 

2.2. Fabrication 

The designed 40x30 element array was fabricated on silicon wafers with a 

200 nm thermally oxide SiO2 layer for isolation. The 200nm SiO2 layer provides 

sufficient isolation so that silicon absorption would not have a significant effect as it is 

theoretically and experimentally demonstrated [40]. After cleaning the wafer, 300 nm 

of polymethyl methacrylate (MicroChem 950PMMA A4) was spin coated for 

45 seconds with 2000 rpm. The wafer was then baked on a 180 °C hot plate for 

60 seconds. The 40x30 element layout was later exposed using electron beam 

lithography technique and Vistec EBPG5200 50/100 KV high performance 

nanolithography system. Next, the exposed samples were developed and etched using 

O2 plasma for 5 seconds to insure clean layout. A 10nm chromium adhesion layer and 

130nm of gold were electron beam evaporated subsequently using Temescal’s 

BJD 1800 e-beam evaporator. Finally, lift-off was done using Remover PG over-night 
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and subsequently using acetone in an ultrasonic bath. The fabricated samples were 

later diced and imaged using FEI XL30-SFEG high-resolution scanning electron 

microscope (SEM). Figure 2.2.1 shows SEM images of final samples. 

 

 

 

 

Figure 2.2.1. Scanning Electron Microscope images of samples after fabrication. 
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Fabricated samples were then wire-bonded in standard dual in-line packages 

and were ready for measurements.  

2.3. Characterization and Measurement 

The average field enhancement factor in fabricated samples was first 

confirmed using Raman spectroscopy to be approximately 10. The current-voltage 

characteristics were evaluated using Keithley 2410 source-meter. The measurement 

setup consists of a tunable Ti:Sapphire continuous-wave laser pumped with a 10 watt 

green semiconductor laser. The laser beam beam is first sampled for power and 

wavelength measurements to be done using a silicon photo-detector and spectrometer. 

The beam is then focused on the sample inside a vacuum chamber pumped down to 

0.1 mTorr. The measured I-V characteristics curves are shown in Figure 2.3.1. 

 

Figure 2.3.1. Measured current as a function of DC voltage, for fixed laser power intensities 
(0, 60, 95, and 120 !

!"! shown). 

The laser intensity was changed from 0 to 140 !
!"! keeping the wavelength at 

785 nm. For each fixed laser power the DC voltage was swept from -12 to 12 v 
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resulting in an electric field in the gap ranging from 0 to 0.12 !
!"

. For low laser power 

the DC electric field is not sufficient for the electrons to overcome the potential barrier 

as expected; however, it is shown that the emitted current increases significantly as the 

optical illumination intensifies to levels as low as 10s of !
!"!. This is due to the highly 

nonlinear light-matter interaction at the surface allowing for a combination of DC and 

AC field excitations.  

Figure 2.3.2 shows the experimental current-voltage characteristics in the 

Fowler-Nordheim coordinates as discussed in Equation 1.2.6. As the DC voltage 

increases, slope of the curves corresponding to log( !
!!
) as a function of !

!
 changes sign 

and becomes approximately linear. The inset of Figure 2.3.2 shows the linear part for 

voltages above 8 volts. This behavior is observed to a greater degree as the optical 

radiation intensifies and it confirms the fact that emitted electrons are mainly traveling 

through the free space. 

 

Figure 2.3.2. log !
!!

− !
!

 Fowler-Nordheim curves for optical intensity of 60, 95, and 

120 !
!"!, inset for DC voltage above 8 volts.  
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The slope of the photocurrent curve as a function of optical intensity is an 

indication whether the dominant emission mechanism is multi-photon induced or 

optical field emission, as discussed earlier. If the electrons are mainly liberated due to 

n-photon absorption mechanism, I ∝ P! where I is the photocurrent and P is laser 

power; therefore, I-P curves in logarithmic scale are linear with a slope showing the 

number of photons being absorbed. We have shown the I-P curves in linear 

(Figure 2.3.3) and logarithmic (Figure 2.3.4) scales for different measurements. The 

slope of I-P curves in log scale is between 1 and 2 in our measurements, indicating the 

dominance of one/two photon absorption mechanism.  

 

Figure 2.3.3. Current versus optical power density for fixed DC electric field (0.11 !
!"

).  

 

Figure 2.3.4. Current versus optical power density for fixed DC electric field (0.11 !
!"

) in log 
scale and their linear regression, the slope is an indication of the number of photons absorbed. 
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2.4. Modeling and Discussion 

2.4.1. Discussion of Measured Characteristics 

As discussed in the first chapter, optical illumination can interact with the 

electron emission process by both modulating the potential barrier and increasing 

initial energy of electrons due to photon absorption. The confined electric field 

enhancement induced by resonant plasmons facilitates liberation of electrons in two 

ways, it provides access to high-field regions and the intense field gradient due to the 

nanoscale confinement enhances the ponderomotive acceleration. The plasmon-

induced enhancement in this nonlinear optical process has been shown experimentally 

and analytically of substantial significance. Kim et al. showed that the intensity at the 

tip of the apex of a resonant gold bow-tie element can be enhanced up to 4 orders of 

magnitude by numerically solving the Maxwell’s equations using FDTD calculations 

[35]. Ward et al. demonstrated field enhancements exceeding 1000 in nanogaps 

between plasmonically active gold nanostructures [41]. They extracted the enhanced 

electric field and tunneling conduction of nanogaps ranging from 0.03 to 0.23 nm 

using a continuous-wave laser at 785 nm and peak intensity of 22.6 !"
!"!. Dombi et al. 

demonstrated the role of plasmonic field enhancement in electron emission from 

resonant metallic nanoparticles and showed maximized photoemission and kinetic 

energies at the resonance frequency [33]. It has also been shown that the work 

function of a resonant nanostructures supporting plasmon coupling is effectively 

decreased upon interaction with incoming photons by a value corresponding to the 

energy of the photon at the laser wavelength [26,29,32,42,43]. Thermally enhanced 
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field emission process is not of significant contribution for static fields below on the 

order of 1 !"
!

 as discussed by Kealhofer et al. for hafnium carbide tips [24]. The 

maximum static field in our measurements is an order of magnitude lower than that 

limit and the optical field does not exceed 22.4 !"
!

. In other words, despite the fact that 

the optical electric field is too small to modulate the static electric field, the 

nonlinearity of plasmon resonance effectively enhances the emission current. 

2.4.2. Modeling the Device 

There are three most widely used approaches to theoretically understand the 

phenomena concerned with nonlinear interaction of laser and matter, the strong-field 

approximation [44], the semi-classical approach [45], and the direct solution to the 

time-dependent Schrödinger equation. The semi-classical approach includes the two-

step models dividing the process into distinct electron liberation and propagation 

steps. In order to model the device we have utilized the exact solution of the time-

dependent Schrödinger equation at a modulated triangular potential barrier discussed 

by Zhang and Lau [46]. The model solves the Schrödinger equation for the complex 

electron wave function assuming zero potential inside the metal. Each particle can be 

represented by a wave function Ψ(x, t) such that ΨΨ∗ gives the probability of finding 

the particle at that position at that time. The potential outside metal is taken as a 

constant DC-field induced triangular barrier modulated by a continuous AC laser field. 

The time-dependent Schrödinger equation is given by: 

iℏ !!(!,!)
!!

= − ℏ!

!"
!!! !,!
!!!

+Φ(x, t)Ψ(x, t)           Equation 2.4.1 



 

 

26 

Where Ψ(x, t) is the complex electron wave function, m is electron mass, and 

Φ(x, t) is the potential given by: 

Φ x, t = 0,                                                  x < 0
V! − qF!x− qF!x cos(wt), x ≥ 0          Equation 2.4.2 

Where V! is the sum of metal Fermi level and its work function. 

It is shown that reflected and transmitted electron wave functions from the 

barrier consist of a series of ladder eigenstates with eigen-energies of ε+ nℏw 

corresponding to sub-bands available by n-photon absorption (n>0) or emission (n<0) 

where ε  is the surface normal energy of incident electron. These eigen-energies 

include both the drift kinetic energy and the ponderomotive energy of electron quiver 

motion. Solution of the wave function outside the metal is the superposition of plane 

waves corresponding to each sub-band and weighed by its transmission amplitude. 

Using the boundary conditions of continuity of both Ψ and !!
!"

 at the metal-

vacuum interface it is possible to obtain the transmission and reflectance amplitude of 

each eigen-state, Tn and Rn, respectively and thus the solution of the time-dependent 

wave function inside and outside metal. The probability current density is then given 

using: 

J x, t = !ℏ
!"

Ψ∇Ψ∗ −Ψ∗∇Ψ = !ℏ
!"

(Ψ!∇Ψ!∗ −Ψ!∗∇Ψ!)!
!!!!

!
!!!!   

      Equation 2.4.3 

The normalized emission current density defined as the ratio of the transmitted 

current density over the incident current density is then calculated using: 
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w ε, x, t ≡ !!(!,!,!)
!!(!)

              Equation 2.4.3 

In our model, we used optical field enhancement 𝛽 and effective work function 

ϕ!"" as the control parameters to fit the measured data to analytical solution, assuming 

optical illumination at 785 nm and electrons being initially at the Fermi level 

[22,29,31,43,46]. The model does not include the reduction of barrier height due to 

image charge effects and solves the Schrödinger equation assuming a sharp triangular 

barrier; however, as shown by Zhang and Lau [46] it can be used for realistic 

potentials including the image charge effects by replacing the work function with 

reduced ϕ!"".  

2.4.3. Comparison Between Analytical Solution and Measurements 

In order to fit both constant DC field and constant AC field curves to the 

analytical solution, the effective work function of gold had to be reduced to 3.3 eV. 

This reduction is slightly higher than the energy of a photon at 785 nm (1.58 eV), 

suggesting a combination of one and two photon absorption at the surface. The optical 

field at the surface had to be enhanced by 3 orders of magnitude in order to reach 

measured current levels. Figure 2.4.1 and 2.4.2 show that the analytical I-V 

characteristic of the device falls within the range of measured data for each optical 

intensity.  
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Figure 2.4.1. Comparison between analytical model and measurement results. I-V curves at 
radiation intensity= 115 !

!"!, analytical solution (solid, red), measured data (blue). 

 

Figure 2.4.2. Comparison between analytical model and measurement results. I-P curves at 
DC field= 0.11 !

!"
, analytical solution (solid, red), measured data (blue). 

Figure 2.4.3 shows the effect of combination of DC and AC excitation in 

electron emission. The maximum laser intensity even after applying the enhancement 

factor in the model is below 0.04 !
!"

 which is considerably smaller than the DC field 

to have a significant effect on the current; however, due to the nonlinear properties of 

the laser-matter interaction, the consequent photocurrent is increased substantially.  
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Figure 2.4.3. Total time averaged current as a function of DC field and enhanced laser power 
density based on analytical solution.  

The analytical model does not include the induced field inside the metal and 

assumes a zero potential inside gold. The extracted surface field enhancement is also 

compatible with values obtained by Ward et al. [41] at 785 nm and optical peak 

intensity of 22.6 !"
!"! . The surface enhancement mechanism has been previously 

utilized in ultrafast free electron generation [29,30,47]. It has also been discussed that 

photo-assisted field emission process can be favored over multi-photon over-the-

barrier photoemission due to the increase in tunneling probability of electrons through 

an optically modified barrier [26]. Therefore, it appears from our experiments that the 

optical excitation at the resonance wavelength of the surface reduces the gold work 

function at least by one photon energy. Additionally, the enhanced optical field 

induces sufficient modulation of the barrier to make it narrow enough at parts of the 

optical cycle for the electrons to tunnel through after absorption of one or two photon 

energies. The obtained photocurrent based on the analytical model strongly agrees 

with the measured values in terms of both DC voltage and optical power levels as 

depicted in Figure 2.4.1 and 2.4.2, respectively. 
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2.5. Summary 

In summary, we have designed, fabricated, and modeled a plasmon-induced 

photoemission based vacuum-channel device enabling efficient combination of DC 

and AC field induced emission of electrons. Meanwhile neither solely optical nor DC 

excitation per se provides sufficient energy for the electrons to overcome the barrier, 

their highly nonlinear interaction at the interface results in significant photocurrent 

which has been characterized in our measurements. The laser and DC power levels 

required for electron emission are substantially reduced ( !
!"! optical intensity and less 

than 10 v DC bias) in a simple planar metallic surface due to the plasmon-induced 

sub-wavelength field concentration and manipulation. The effective work function of 

gold and the optical electric field enhancement factor at the surface have been 

quantified using the exact solution of the time-dependent Schrödinger equation in a 

field- modulated triangular barrier. It is shown that the experimental results fit well in 

the analytical model having an effective work function of 3.3 ev and a field 

enhancement of 1800. Utilization of the resonant field enhancement in this periodic 

structure addresses the challenges of efficient generation of carriers in vacuum-

channel devices and can be taken advantage of in a variety of applications including 

nano-scale photonic circuits, photovoltaics, and photochemistry.  

Chapter 2, in part, has been submitted for publication of the material as it may 

appear in: S. Piltan, D. Sievenpiper, “Field Enhancement in Plasmonic 

Nanostructures”. The dissertation author was the primary author of this material. 
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Chapter 3 

Variations of the Resonant Surface and Their Properties 

In chapter 2, we showed the idea behind design process of the periodic surface 

used as a tool for efficient combination of static fields and optical radiation taking 

advantage of the plasmonic field enhancement. Since the spectral and field intensity 

properties of the resonance depend highly on the geometry, a number of various 

layouts and applications can be proposed using similar background notion. In this 

chapter, we first discuss the design and fabrication of a variation of the resonant 

periodic surface. Then, we demonstrate scaling properties of the current with the area. 

Finally, we characterize the field enhancement using a direct application of Fowler-

Nordheim equations. 

3.1. Geometrical Control over Field Enhancement 

The geometry of the metallic resonance array is very flexible and it can be 

modified into various configurations. These variations include asymmetric 

configurations for rectification purposes (discussed in Chapter 4) and scaled 

dimensions for addressing infrared frequencies (discussed in Chapter 5). It is also 

possible to add extra ports for modulation of current in one port using the voltage on 

the other one [40]. This transistor-like behavior was shown using suspended 

mushroom-like structures for electrical and optical manipulation of electric field 

intensity in hot spots. 
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In this chapter, we used this degree of freedom to introduce higher 

enhancement factors in a periodic surface. The measured results confirm operation in 

high-field region and clearly have Fowler-Nordheim behavior. The geometry here 

consists of an array of sharp triangular unit-cells as shown in Figure 3.1.1. The 

vacuum gap is formed between the tips of unit-cells on two adjacent rows. Every other 

row is connected to a different terminal on two sides of the array and the bias voltage 

is applied through these terminals. While under normal conditions the vacuum gap 

prevents conductance between the two sharp terminals until the DC bias voltage 

reaches levels up to 100s of volts, this surface supports localized surface plasmon 

resonances in near-infrared and enables combination of photonic and electric 

excitations. Due to the sharp tip geometry of unit-cells the sensitivity of the surface to 

optical excitation is enhanced and electron emission and acceleration occurs at lower 

power intensities. 

 

Figure 3.1.1. Modified flat structure for enhanced field intensity. 
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3.2. Design and Optimization 

The geometrical parameters need to be optimized for hot-spots to occur at the 

surface of the triangular tips. Figure 3.2.1 shows a simulation unit-cell. The structure 

is simulated using HFSS electromagnetics tool based on the finite-element method and 

Johnson-Christy model for the complex dielectric constant properties of gold [39]. The 

unit-cell in Figure 3.2.1 is designed over a 280 nm silicon dioxide layer of isolation on 

top of silicon substrate. The exact thickness of the silicon dioxide layer is obtained 

experimentally using Filmetrics F20 general-purpose film thickness measurement 

instrument. 

While the top and bottom boundaries are set as radiation boundary, the vertical 

boundaries were set as perfect electric and perfect magnetic conductors to enable 

simulation of an infinite array. Due to periodicity in both directions, it is possible to 

simulate only a quarter of unit-cell. 

 

Figure 3.2.1. Simulation unit-cell. Symmetry of the design and periodicity of the boundary 
conditions allow simulation of only quarter of unit-cell. 
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The excitation in our simulations is set as a plane wave with magnitude of 

1 v/m polarized in direction of axis of the sharp tip and vertically incident on it. The 

optimizations are done for maximizing the electric field at the tip of the triangular cell 

at 785 nm wavelength. The geometric parameters to be simulated are shown in 

Figure 3.2.2. The vacuum gap between the tips G, is set to be 50 nm wide which was 

close to the fabrication limit achievable in the nanofabrication facilities used. The 

wider this gap the less intense the electric field enhancement at the tip. The rest of the 

dimensions to be optimized include length of the triangular tip L, the sharpness 

angle θ, the separation distance between triangular elements on the same row T, the 

width of each row connecting unit-cells W, and the thickness of the gold layer H. 

 

Figure 3.2.2. Multiple unit-cells of the triangular array and the simulated geometric 
parameters. 
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Field enhancement is defined as the ratio of the electric field at any point to the 

incident field and it is maximized for the point at the tip of the triangular element at a 

vertical distance from silicon dioxide substrate equal to half the total gold thickness. 

The optimized dimensions for excitation at 785 nm are T= 400 nm, L= 200 nm, 

W= 150 nm, θ= 40 degrees, and H= 130 nm. Figure 3.2.3 demonstrates the field 

enhancement value as a function of frequency for two points, on the substrate and 

65 nm above silicon dioxide substrate, both on the tip edge. 

 

Figure 3.2.3. Simulated field enhancement as a function of frequency for final optimized 
dimensions, solid (blue) at the edge of the triangular tip on the substrate, dashed (red) at the 

edge of the triangular tip 65 nm above substrate. 

The simulation results show relatively wide-band enhancement of electric 

fields and a maximum of approximately 810 at 382 THz. The field profile is such that 

the maximum enhancement factor falls closest to the metal-vacuum interface 

facilitating electron emission process. Figure 3.2.4 and 3.2.5 show the electric field 

profile at λ= 785 nm on the side and top interfaces of the half unit-cell, respectively. 
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Figure 3.2.4. Simulated field enhancement profile on the side interface of triangular half unit-
cell upon incident of plane wave at 785 nm polarized along the tip axis. 

 

Figure 3.2.5. Simulated field enhancement profile on the top interface of triangular half unit-
cell upon incident of plane wave at 785 nm polarized along the tip axis. 

The simulated field profiles show enhancement factors as large as 

approximately 700 on parts of the emitting area at λ= 785 nm. In other words, 

although the field enhancement has a smaller average value over the entire interface 
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the photocurrent contribution of parts of the emitting area, specifically top and bottom 

edges of the tip, is significantly larger.  

Figure 3.2.5 shows the electric field enhancement as a function of distance 

from the triangular tip for three different heights above the substrate, 130 nm or at the 

top of the edge, 65 nm or at the mid-point of the gold thickness, and on the substrate. 

The electric field value drops quickly with distance from surface and reaches a 

relatively similar value towards the middle point of the vacuum gap regardless of the 

vertical distance above substrate. This brings up the idea of utilizing this behavior for 

building geometrically asymmetric structures providing field enhancement in only one 

electrode. In that case, electrons can be liberated only from the metal edge at the high-

field side and not from the other and it can provide rectification properties in optical 

frequencies. This idea is discussed in Chapter 4. 

 

Figure 3.2.6. Simulated field enhancement in the vacuum gap as a function of distance from 
gap edge for three different vertical distances from substrate, 130 nm (top), 65 nm (middle), 

and on substrate, upon incident of plane wave at 785 nm polarized along the tip axis. 
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3.3. Fabrication 

A 40x40 layout of the periodic unit-cells was fabricated on silicon wafers with 

a 280 nm thermally oxide SiO2 layer to minimize leakage currents through substrate. 

The silicon wafers had a resistivity above 10000 Ω.cm and the thickness of SiO2 layer 

is sufficient for proper isolation [40]. The layout was exposed using electron beam 

lithography technique (Vistec EBPG5200 50/100 KV high performance 

nanolithography system) on a 300 nm thick layer of polymethyl methacrylate resists 

spin coated for 45 seconds with 2000 rpm and baked for 60 seconds on a 180 °C hot 

plate. After development and a 5 second O2 plasma cleaning session, the layout was 

metallized using electron beam evaporation (Temescal’s BJD 1800 e-beam 

evaporator) of a 5 nm chromium adhesion layer and subsequently a 125 nm gold layer. 

The lift-off process was overnight using Remover PG and subsequently in ultrasonic 

bath using acetone. The two-step lift-off process helps successful fabrication of the 

50 nm gap in entire area of the array. 

Figure 3.3.1 shows scanning electron microscope (FEI XL30-SFEG high-

resolution scanning electron microscope) images of the fabricated arrays. The 

fabricated samples were finally diced and wire bonded in dual-standard packages. 
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Figure 3.3.1. Scanning electron microscope images of periodic surface after fabrication. 

3.4. Characterization and Measurement 

The measurement setup is similar to what discussed in Chapter 2. The sample 

is located inside a vacuum chamber pumped down to 0.1 mTorr and the current-

voltage characteristic is measured using Keithley 2410 source-meter. Optical 

excitation is provided by a tunable Ti:Sapphire continuous-wave laser pumped with a 

10 watt green semiconductor laser with wavelength centered at 785 nm and beam 

radius of 0.475 mm. The measured current-voltage curves for various radiation power 

densities are shown in Figure 3.4.1. 
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Figure 3.4.1. Measured current-voltage characteristics for the triangular sharp tip array for 
fixed radiation intensities centered at 785 nm (0, 65, 102, 141, 176, and 200 !

!"! shown). 

It is observed that the photocurrent increases substantially by application of 

optical radiation at the resonant frequency. Also, the boosted effective electric field 

enhancement factor and the shorter gap size in the sharp tip structure compared to the 

flat emitting surface discussed in Chapter 2 are reflected in the amplified photocurrent 

for identical electrical and photonic powers. 

Repeating the current-voltage characteristic measurements for a wide range of 

optical powers provides curves corresponding to photocurrent as a function of 

radiation power density for fixed electrical bias as shown in Figure 3.4.2. 
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Figure 3.4.2. Measured current-optical power characteristics for the triangular sharp tip array 
for fixed DC bias voltages (3, 6, 8, and 11 volts shown). 

3.5. Scaling Property of Photocurrent with Surface Area 

Since every single cell contributes to the photocurrent, it is expected for the 

current to scale with the area of the array. Scaling is an important property because it 

can compensate for low effective quantum efficiency and it introduces new 

applications such as alternatives for solar harvesting cells. An scaled array will have a 

larger current handling capacity and it will increase the damage threshold of the 

device. In order to confirm this behavior, we fabricated an 80x80 periodic array of the 

same structure and compared the measured photocurrent for identical static fields and 

optical radiations in the scaled array with the original size. Figure 3.5.1 demonstrates 

scanning electron microscope images of the scaled array. The resulting photocurrent 

as a function of optical power density for multiple voltages is shown in Figure 3.5.2. 
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Figure 3.5.1. Scanning electron microscope images of the 80x80 element array. 

 

Figure 3.5.2. Measured current-optical power characteristics for fixed DC bias voltages (5.5, 
6, and 6.5 volts shown) for 40x40 and 80x80 element surface. 
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Figure 3.5.2 clearly shows the scaling behavior of photocurrent with surface 

area for a variety of DC and optical powers. Since the array size in each dimension is 

doubled, the emitted current in the 80x80 element array is approximately 4 times 

bigger than the 40x40 surface. 

3.6. Analytical Field Enhancement Factor Extraction 

As discussed in chapter 1, plotting the current-voltage characteristic curves in 

Fowler-Nordheim coordinates (log !
!!

− !
!

) gives useful insight on the electron 

emission processes. Figure 3.6.1 demonstrates the measured current-voltage 

characteristics in these coordinates. Note that the horizontal coordinate spans from 

0.5 volt to 12 volts. 

 

Figure 3.6.1. Measured log !
!!

− !
!

 characteristics for the triangular sharp tip array for fixed 

radiation intensities centered at 785 nm (0, 65, 102, 141, 176, and 200 !
!"! shown). 
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In the high-field regime, the relationship between current and voltage is 

approximately given by Equation 1.2.6 (Fowler-Nordheim equation) by substituting 

the total field as the sum of the static field and optical oscillating field. When the 

device operates in this regime, the log !
!!

 curves as a function of !
!
 change slope and 

become linear with a negative slope. The slope is given by !!
! !

!
 where β is field 

enhancement factor at the surface, ϕ is the effective work function, and B is the 

second Fowler-Nordheim constant equal to !" !"
!"#

= 6.83 [eV!! ! V nm!!].  

 

Figure 3.6.2. Measured log !
!!

− !
!

 characteristics for the triangular sharp tip array for fixed 

radiation intensities centered at 785 nm (176, 182, 188, 194, and 200 !
!"! shown). 

This slope is used in the high-field approximation to extract the value of 

electric field enhancement at the surface for known values of work function and 

external field because direct measurement of the enhancement factor still remains a 

challenging task. Figure 3.6.2 shows the Fowler-Nordheim curves we utilized for this 
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analysis. The curves in Figure 3.6.2 are plotted for DC voltages above 2 volts and for 

optical intensities demonstrating the linear behavior most clearly. The linear behavior 

also confirms emission of electrons through the free space rather than leakage currents 

through substrate. 

Next we extracted the slopes of the linear regression of the high-field part of 

the curves as shown in Figure 3.6.3. The horizontal axis spans from 10.5 volts to 

12 volts in order to insure high-field linear behavior. 

 

Figure 3.6.3. Measured log !
!!

− !
!

 characteristics for the triangular sharp tip array for fixed 

radiation intensities centered at 785 nm (176, 182, 188, 194, and 200 !
!"! shown), and their 

linear regression. 

It is shown in Figure 3.6.3 that the slope of log !
!!

− !
!
 remains relatively 

constant for various optical intensities as long as the device is operating in the linear 

regime. Although the extracted value of enhancement factor is inversely proportional 

to ϕ! !where ϕ is the effective work function of the metal, we assumed the work 
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function remains unchanged for this calculation due to optical excitation. We used a 

value of 5.1 eV for work function of gold. We also assumed the gap size is 50 nm. In 

other words, we extracted the maximum field at the tip of the triangular surface.  

Based on these calculations Figure 3.6.4 shows the field enhancement factor as 

a function of optical intensity. 

 

Figure 3.6.4. Field enhancement factor as a function of optical power density extracted using 
the slope of measured Fowler-Nordheim type cuves for 50 nm gap size and 5.1 eV gold work 

function. 

The extracted field enhancement values at the edge of triangular tip first 

increase with radiation power density and then become relatively constant at a value 

between 700 and 850 for the high intensity region. Since current-voltage 

characteristics of device does show as clear linear behavior in the low intensity region 

as the high power region it is not possible to use the linear approximation for power 

densities below approximately 130 !
!"!. The combination of multi-photon emission 

mechanisms for field intensities below this value plays an important role in 
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photocurrent. As the radiation intensifies the optical field emission contributes more to 

the emitted current and the linear approximation of Fowler-Nordheim curves results in 

a more accurate value for electric field enhancement at the tip. Based on this analysis 

for optical field intensities shown in Figure 3.6.3, the extracted field enhancement 

factor has an average value of 780.  

3.7. Summary 

In this chapter, we demonstrated a modification of the design discussed in 

Chapter 2. We took advantage of the geometric degree of freedom to achieve higher 

simulated electric field enhancement factors at the tip of a triangular gold unit-cell. 

We discussed fabrication of the device and showed the current-voltage characteristics 

measured. We used the high-field approximation of the Fowler-Nordheim relationship 

between current and voltage for a combination of static and oscillating electric fields. 

We demonstrated the fact that log !
!!

− !
!
 curves behave linearly for high static and 

optical field intensities. Using the slope of this curve we extracted the field 

enhancement factor at the tip edge to be on average 780 for a value of 5.1 eV for gold 

work function. This value shows the enhancement factor on the surface which 

otherwise is a challenging parameter to be directly measured. 

Chapter 3, in part, is currently being prepared for submission for publication of 

the material as it may appear in: S. Piltan, D. Sievenpiper, “Plasmonic Nano-arrays for 

Enhanced Photoemission and Photodetection”. The dissertation author was the 

primary author of this material. 
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Chapter 4 

Optical Rectification Using Geometrical Field Enhancement 

in Gold Nano-arrays 

Conversion of photons to electrical energy has a wide variety of applications 

including imaging, solar energy harvesting, and IR detection. A rectenna device 

consists of an antenna in addition to a rectifying element to absorb the incident 

radiation within a certain frequency range. We designed, fabricated, and measured an 

optical rectifier taking advantage of asymmetrical field enhancement for forward and 

reverse currents due to geometrical constraints. The gold nano-structures as well as the 

geometrical parameters offer enhanced light-matter interaction at 382 THz. Using the 

Taylor expansion of the time-dependent current as a function of the external bias and 

oscillating optical excitation we obtained responsivities close to quantum limit of 

operation. This geometrical approach can offer an efficient, broadband, and scalable 

solution for energy conversion and detection in the future.  

4.1. Introduction 

There has been a growing demand for alternative broadband electromagnetic 

wave transducers in order to collect radiation from infrared through visible 

frequencies. A variety of such devices have been used in antenna-based photovoltaics 

and IR detectors [48,49,50]. Enhanced light-matter interaction in optical antennas 

facilitates conversion of photons into localized electrical energy. Other applications
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include nanophotonics, near-field optics, medical imaging, chemical sensors, and 

optical detection [36,41,51,52]. Solar and waste heat energy harvesting applications 

are of particular interest; on the other hand, they present new challenges since they 

require efficient operation at zero external bias.  

Solar harvesting is conventionally implemented using photovoltaic p-n 

junction cells; however, semiconductor cells fall short in absorption of low-energy 

photons and are limited by the band-gap for high-energy photons. As discussed by 

Shockley and Queisser in 1961, ultimate efficiency is fundamentally limited to 30% in 

single junction [53] and to 55% in multi-junction cells [54]. Also, implementation of 

p-n junction cells generally requires challenging materials.  

 

Figure 4.1.1. Block diagram of rectenna device attached to a load. 

An alternative approach for energy transduction is utilization of rectennas. 

Rectennas consist of two main elements, an antenna and a tunnel junction for DC 

rectification as demonstrated in Figure 4.1.1. Incident electromagnetic waves are first 

collected through the antenna and converted to guided modes. The oscillation of 

charges on antenna induced by incident fields gives rise to alternating currents. The 
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resulting currents are then rectified through the diode element to be effectively used on 

the load.  

Compared with the conventional semiconductor cells rectennas also enable 

photon to DC current conversion; however, they are speculated to have higher 

efficiency in THz [55]. Integrating the demodulating element of the transducer with 

the antenna enhances signal to noise ratio by minimizing signal pathway length in 

addition to providing another degree of freedom by control over geometry [52]. They 

operate based on the wave nature of light rather than the particle form; therefore, they 

are limited by cutoff frequency of the device instead of band-gap energy [55]. 

Furthermore, the small efficiency of rectennas can be compensated by scalable area 

and low cost. They are speculated to be an attractive addition to current energy 

harvesting technology [52].  

4.2. Rectenna Challenges 

There has been considerable effort in addressing the challenges of both the 

antenna and the rectifying element in the optical frequency spectrum. Antenna 

resonance at optical frequencies requires sub-wavelength dimensions as well as small 

inductance and capacitance. Solving this problem requires complicated fabrication 

processes and substantial computing power to design the nano-scale structures that are 

required. Various designs including dipole, bowtie [56,57], spiral, and thin wire 

antennas using carbon nanotube or nanowire arrays [58,59,60] have been theoretically 

and experimentally demonstrated.  
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In order to capture the AC radiation in form of a rectified DC current, there 

needs to be an asymmetrical charge flow mechanism for the forward and reverse bias. 

Material, thermal, and geometrical asymmetries have been used to provide the barrier 

difference at zero bias [48]. The response time of the rectifying device to optical 

radiation needs to be on the order of 10-15 to 10-13 seconds for the electrons to be able 

to cross the junction before field reversal. The most widely used diode categories for 

high-speed rectification are semiconductor p-n junction, Schottky, and MIM diodes. 

Rectification in p-n junctions is limited to gigahertz frequencies due to charge transit 

time [52,61]. Novel Schottky diodes have been used in terahertz frequencies but they 

are conventionally limited to below 5 THz [52,62,63]. MIM tunnel diodes are 

reproducible and mechanically strong; however, their speed is fundamentally 

restricted to below 150 THz due to RC time constant constraint [52,64,65].  

There are three main factors limiting the speed of rectification. The first aspect 

is the tunneling time of electrons which is found to be in the femtosecond range 

[66,67] and is not in principle restraining optical rectification. Another limiting factor 

is the electron transit time in the junction. For a constant frequency of operation this 

imposes a maximum on the gap distance referred to as the characteristic distance. In 

other words, the maximum time electrons take to travel from one electrode to another 

needs to be smaller than one-half period of the incident optical radiation, otherwise 

they are back accelerated before they reach the electrode. The characteristic gap width 

was experimentally measured for the STM W/Si (111) junction by keeping the 

incident wavelength of a yttrium-aluminum-garnet laser fixed at 1.06 µm and 
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increasing the gap width [68]. The cutoff distance for the tungsten tip defined as the 

distance at which the rectified current is -3 dB from the value at the onset point at zero 

bias was found to be 2.5 nm in this case. Assuming simple kinematical equations 

between velocity and time for particle traversal, Sullivan et al. extracted the 

corresponding velocity of tunneling electrons to be approximately 108 cm/s on the 

order of Fermi velocity of electron at the tip [64]. This brings up the idea that electrons 

from states around the Fermi level act “classically” as they tunnel through the barrier 

from one electrode to another following kinematical motion equation; however, there 

is no a priori rationale for this in the classically inaccessible barrier [64]. The confined 

field enhancement induced by resonant plasmons facilitates electron liberation both by 

providing access to high-field regions and by enhancement of ponderomotive 

acceleration of electrons due to the substantial field gradient of this nanoscale 

confinement.  

There are two limiting cases used for modeling the emission behavior. The first 

is when the period of radiation is significantly larger than the interaction time of 

electrons with the barrier at a given incident energy. In this case, particles observe an 

effectively static barrier and can traverse before field reversal. The second case is 

when the optical oscillation period is smaller than the interaction time of electrons 

[48]. The photocurrent of this behavior is determined by the additional energy states 

from where electron can tunnel through. Charge carriers in this way can travel from 

side-bands corresponding to either absorption or emission of a multitude of photon 

energy quanta in that frequency. This means electrons previously at energy level ε 
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may now be located at ε+nħΩ, where ħ is the reduced Planck constant, Ω is the 

frequency of the optical oscillation, and n is the number of absorbed or emitted 

photons [69]. The amplitude of probability of an electron being found at energy level 

ε+nħΩ is given by solution of the wave function satisfying Hamiltonian in the 

presence of the oscillating field and is shown to be the Bessel function of order n 

[69,70]. Another parameter equivalently characterizing the transition between photon-

driven and field-driven regimes is the Keldysh parameter defined as the ratio of the 

incident optical frequency to the characteristic tunneling frequency of metal as 

discussed in Chapter 1. For relatively weak fields where Keldysh parameter is above 

1, the quiver amplitude of electrons in the applied field is smaller than the decay 

length of the near field; therefore, electrons are back accelerated before they are 

liberated and the dominant process is multi-photon induced emission. The local slope 

of the photocurrent as a function of laser intensity drops as the dominant mechanism 

changes from multi-photon induced emission to optical field emission. Here, we take 

advantage of the ponderomotive acceleration due to resonant field enhancement to 

overcome the transit time constraint for wider gap distances.  

The third limiting factor of rectification speed is the electro-dynamical 

response time demonstrated in form of an RC time constant. For planar MIM 

junctions, in order to reach capacitances small enough for efficient rectification in the 

optical part of the frequency spectrum, the junction area needs to shrink down to as 

small as approximately 10x10 nm2 [52]. However, the consequent junction resistance 

for such small areas is intolerably high [71,72]. A sufficiently low resistance is 
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desirable for matching between the antenna and diode impedances and it is crucial for 

efficient power transfer between them. As a result of this trade-off, parallel MIM 

devices are unable to provide the required RC time constant for an efficient operation 

in optical frequencies. Even though metal multi-insulator metal diodes provide a 

smaller resistance and superior matching for a given capacitance, they still suffer from 

this RC time constant constraint [52]. Point contact and sharp-tip diodes provide a 

faster response since the RC time constant is a function of contact area in this case. It 

has been demonstrated that the sharper the tip, the higher the rectification ratio and the 

faster the speed [48,73]. Other solutions to faster rectification include traveling-wave 

MIM and geometric diodes [74,75,76]. Traveling-wave diodes suffer from relatively 

higher resistive losses in metal but they have been shown to have better performance 

in wavelengths above 3 µm [75]. Geometric diodes on the other hand, do not take 

advantage of material or thermal asymmetries for their rectification mechanism. They 

rather provide a larger field enhancement on one electrode rather than the other 

resulting in an asymmetrical charge transport probability even at zero bias. This 

rectification mechanism has been verified both theoretically [67,77] and 

experimentally [41,78,79]. Zhu et al. have successfully used the funneling effect of 

sloped edges in a graphene geometrical diode to rectify radiation of a CO2 laser at 

28.3 THz [79]. The critical dimension of the funnel neck needs to be on the order of 

the mean free path length of electrons in material imposing challenges in fabrication. 

The choice of graphene is due to its relatively large mean free path length of electrons 

around 1 µm [80]. In another study [41], Ward et al. demonstrated optical rectification 
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of a 785 nm laser source using a geometrically asymmetrical sub-nm junction. They 

applied the Tien- Gordon approach [69] for theoretical analysis of their measured I-V 

characteristics in gold nanostructures and extracted field enhancement factors on the 

order of 103 at the surface. Here, we exploit a similar plasmonic field enhancement 

mechanism in a gold nano-array of geometrically asymmetric unit-cells to obtain 

rectification in gaps as wide as 50 nm. Other challenges to be addressed besides speed 

limitations include impedance matching for efficient power transfer, high zero-bias 

responsivity, maximum near field enhancement, complicated theoretical analysis, and 

fabrication.  

4.3. Design and Optimization 

Here, we take advantage of both the plasmonic resonant field enhancement at a 

sharp gold tip and the asymmetrical transmission probability of electrons in a 

geometrically optimized array of unit-cells to obtain DC rectification upon excitation 

with a laser beam at 785 nm. The antenna and rectifying elements of the rectenna are 

embedded in a single cell. This eliminates the challenging matching requirements 

between the antenna and diode impedances and reduces the signal path length, which 

in turn decreases the losses in material. It also helps to enhance signal to noise ratio by 

minimizing noise pick-up.  

Each unit-cell consists of a triangular sharp tip facing a 50 nm wide flat 

electrode with 50 nm of gap in between as shown in Figure 4.3.1. We used a finite 

element numerical simulator (Ansys HFSS) in order to optimize dimensions for 

maximized field enhancement at the sharp tip when illuminated by a normally incident 
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plane wave at 785 nm wavelength polarized in the direction of the tip axis. We also 

applied the Johnson and Christy [39] model for complex dielectric properties of gold 

at optical frequencies. The gold unit-cell is simulated on an isolating SiO2 layer of 

280 nm thickness on a silicon wafer. Different geometric parameters including the 

period of unit-cells, triangular tip length, and sharpness angle were optimized to excite 

an electric field mode in optical frequencies with maximum enhancement at the sharp 

tip and minimum on the flat electrode. The goal is to have electrons tunnel through in 

one direction due to field-induced high transmission probability. Figure 4.3.1 

demonstrates the consequent final dimensions. The overall array consists of one 

mutual flat electrode going around all sharp electrodes as shown in Figure 4.3.2. The 

other two terminals are each connected to a series of sharp cells on different sides.  

 

Figure 4.3.1. Schematic of designed resonant optical rectifier. Rectifying unit-cell of 
geometrically asymmetrical electrodes with 50 nm air gap in between, optimized for 

maximum field enhancement at the sharp tip. 
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Figure 4.3.2. Schematic of designed resonant optical rectifier. Resonant array consisting of 3 
terminals, the flat electrode terminal and two sharp tip terminals. One of the sharp tip 

terminals is grounded in our measurements. 

The simulation results for the optimized geometry and the field profile is 

shown in Figure 4.3.3 and 4.3.4, respectively. The field enhancement is defined as the 

ratio of electric field at any point to the incident field. Figure 4.3.3 shows this ratio at 

four points, on the sharp electrode and on the flat one, at 25 nm and 50 nm above 

substrate height. Due to the geometrical constraints, the sharp tip provides a relatively 

large field enhancement over a broad frequency spectrum, with a with a maximum 

value of approximately 125 at 370 THz. Simulations demonstrate a field ratio of 

approximately 43 between the sharp electrode and flat electrode at 50 nm above 

substrate and at frequency equal to 370 THz, meaning for the same DC bias a much 

smaller optical power is required to liberate electrons from the sharp electrode than the 

flat one. The asymmetrical field profile is shown in Figure 4.3.4.  
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Figure 4.3.3. Simulation results. Electric field enhancement 25 nm above the substrate on the 
sharp electrode (green) and flat electrode (cyan), and 50 nm above the substrate on the sharp 

electrode (blue) and flat electrode (red), as a function of frequency. 

 

 

Figure 4.3.4. Simulation results at 382 THz. Side view of asymmetrical field profile in the air 
gap between the electrodes showing different field ratios on each side. 

4.4. Fabrication 

Fabrication of samples was done using a single step of e-beam lithography on 

silicon wafers with a 280 nm SiO2 layer for isolation to minimize the leakage current 

through substrate.  
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Figure 4.4.1. Scanning electron microscope images of fabricated samples. 
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The silicon wafers had a resistivity above 10000 Ω cm and the thickness of 

SiO2 layer is enough for proper isolation [81]. A 5 nm chromium adhesion layer and a 

50 nm gold layer were later electron beam evaporated on exposed samples. Lift-off 

was done using Remover PG over-night and subsequently using acetone in an 

ultrasonic bath. Each sample consists of a 40x40 array of unit-cells. The fabricated 

samples were then wire-bonded in standard dual in- line packages. Figure 4.4.1 shows 

scanning electron microscope images of fabricated samples. One end of the flat 

terminal was left open even though a wire-bonding pad was considered in the layout 

for that end as well. Alternating rows of the triangular unit-cells are connected 

together on each side of the array. One wire-bonding pad is connected to each side and 

one side is grounded. The other pad is used for I-V measurements.  

4.5. Characterization and Measurement 

The measurement setup consists of a tunable Ti:Sapphire continuous wave 

laser pumped with a 10 watt green semiconductor laser. The laser beam is first 

sampled for power and wavelength measurements to be done using a silicon photo-

detector and spectrometer. The beam is then focused on the sample inside a vacuum 

chamber pumped down to 0.1 mTorr. Two source- meters simultaneously measure the 

currents through the flat terminal and the sharp terminal. Each of the source-meters 

can be set into an amp-meter, volt-meter, or to source voltage and measure currents for 

different setups. This way we can make sure the electrons emitted in one terminal are 

mainly collected through the other. Schematic of the measurement setup connections 

are shown in Figure 4.5.1. 
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Figure 4.5.1. Measurement setup for rectifying structure. Two source- meters simultaneously 
measure the currents through the flat terminal and the sharp terminal. 

 

A variety of combination of applied voltages and measured currents through 

different terminals is performed to characterize the device. First consider the case 

when the voltage is applied by source-meter 1 through the sharp tip terminal. Current 

through the sharp terminal I1 and current through the flat terminal I2 are measured 

simultaneously as shown in Figure 4.5.2. The measured current-voltage characteristic 

of the device measured through the sharp terminal is shown in Figure 4.5.2. Each 

measurement is repeated for various laser power densities ranging from 0 to 90 !
!"!, 

keeping the wavelength at 785 nm. Figure 4.5.3 demonstrates the emitted current as a 

function of laser power density for various voltages. It is clear that photocurrent is not 

significantly affected by increasing laser intensity for reverse bias. The change in local 

slope of the curves associated with forward bias in Figure 4.5.3 indicates that the 
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dominant emission mechanism changes from multi-photon induced emission to optical 

field emission as optical radiation intensifies. 

 

Figure 4.5.2. Measured I-V characteristics for various laser power densities, current on sharp 
terminal as a function of voltage over it. 

 

Figure 4.5.3. Measured I-P characteristics at various DC bias voltages on sharp terminal.   

Meanwhile, current through the flat terminal is measured simultaneously and it 

is found to be approximately equal to the current measured on the sharp terminal with 

a difference in sign as shown in Figure 4.5.4.  
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Figure 4.5.4. Measured I-V characteristics for various laser power densities, current on flat 
terminal as a function of voltage over sharp terminal. 

 

Incident radiation induces oscillating charges at the geometrically asymmetric 

tunneling junction. Due to the finite effective mass of electrons, the phase lag between 

oscillating electrons and the electromagnetic field increases with frequency. The 

coulomb interaction with metal ions acts as the restoring force. The amplitude of the 

charge oscillation is maximized when the phase lag is increased to 90 degrees [36]. 

This frequency corresponds to the localized surface plasmon resonance frequency in 

metals and results in enhanced electric field near the surface. As discussed previously, 

we took advantage of geometrically induced asymmetric enhancement factor at the 

junction to obtain asymmetrical I-V curves as shown in Figure 4.5.2 and 4.5.4. 

Current-voltage characteristic curves using this method show obvious asymmetrical 

behavior. Figure 4.5.4 confirms the fact that approximately all electrons emitted from 



 

 

64 

the sharp terminal are collected by flat terminal since simultaneous measurements of 

current show equal values for both terminal with a difference in sign.  

Emitted current increases as the optical illumination intensifies due to the 

highly nonlinear light-matter interaction at the surface. Similar geometrical 

rectification in optical frequencies has been studied both experimentally and 

theoretically. Bragas et al. [82] reported a field enhancement factor between 300 and 

600 on gold tips used in scanning tunneling microscope illuminated at 670 nm. They 

demonstrated optical rectification based on both thermal and geometrical asymmetry. 

The asymmetrical behavior is once again confirmed when switching the voltage 

source location to the flat terminal. Figure 4.5.5 and 4.5.6 show the measured curves if 

the voltage is applied through source-meter 2 on the flat terminal and currents through 

the flat and sharp terminals are simultaneously measured. 

 

Figure 4.5.5. Measured I-V characteristics for various laser power densities, current on flat 
terminal as a function of voltage over it. 
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Figure 4.5.6. Measured I-V characteristics for various laser power densities, current on sharp 
terminal as a function of voltage over flat terminal. 

It can be observed in Figure 4.5.5 and 4.5.6 that this time emission occurs in 

negative voltages, which effectively is equivalent to positive voltage in previous setup. 

Also, the currents have the same sign if emission occurs in both setups. This means 

only one electrode is capable of emission of electrons and current flows only in one 

direction. This confirms the rectification of incident radiation at 785 nm. 

4.6. Modeling and Discussion 

In order to model the measured characteristics, we use a method suggested by 

Mayer et al. in a series of papers [77,83,84,85,86] presenting a transfer-matrix analysis 

of a metal-vacuum-metal junction under oscillating potential and its dependence on 

physical and geometrical parameters. They first [83] demonstrated a quasi-static 

approximation and later [84] extended the solution taking the time-dependence of the 

potential into account by using a Floquet expansion of the wave function. They 
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generalized their previous work for various dielectric functions [85] and confirmed the 

role of plasmonic resonances in field enhancement and rectification in junctions using 

silver and tungsten tips. Their model suggests enhanced rectification ratio at resonant 

polarization frequencies of the tip and shows increased contribution of multi-photon 

processes at resonance. In their following work, they derived a classical responsivity 

[86] based on the Taylor-expansion of the static I-V characteristics for variable aspect 

ratio and work function, then [77] compared it with quantum responsivity defined 

from currents actually achieved in an oscillating barrier. Using a similar approach, we 

fit the measured I-V characteristics of the device into a higher order polynomial and 

use the following definitions for device responsivity, resistance, asymmetry, and 

nonlinearity [55]:  

S V = !!!
!"!

(V) !"
!"
(V)                 Responsivity 

      Equation 4.6.1 

R V = 1 !"
!"
(V)             Resistance 

      Equation 4.6.2 

f!"#$ V = | !!"#$%#&(!)
!!"#"$%"(!)

|       Asymmetry 
      Equation 4.6.3 

f!" V = !"
!"
(V) !(!)

!
                 Nonlinearity 

      Equation 4.6.4 

Here, classical responsivity is defined as the output DC current per unit power 

input. Although photon absorption increases the tunneling probability and currents in 

visible frequencies, we can use this approximation in the limit of small AC amplitudes 

[41]. Figure 4.6.1 shows responsivity as a function of applied voltage for various 
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optical powers at λ= 785 nm. Since quantum efficiency is limited to a maximum of 

one electron per incident photon, responsivity as defined above at this frequency is 

limited to 1.2663 A/W. 

 

Figure 4.6.1. Diode figures of merit calculated from measured I-V characteristic using a 
model based on Taylor expansion of current in oscillating potential, Responsivity based on 

classical definition limited to 1.2663 at λ= 785 nm. 

Zero-bias responsivity is specifically critical in energy harvesting applications. 

Zhu et al. [79] demonstrated a thin-film graphene geometric diode providing 

rectification of radiation from a 28 THz CO2 laser coupled to an optical antenna. Their 

reported zero-bias responsivity defined as the half the ratio of second and first 

derivatives of the current-voltage characteristic at 28 THz is calculated to be 

0.12 A/W, with a quantum limit of 8.5 A/W. Gadalla et al. [87] designed a rectenna 

based on a resonant bow-tie antenna and a rectifier realized between the antenna’s 

arms. They took advantage of the highly enhanced localized fields at the tip and 

demonstrated a zero-bias responsivity of 4 A/W at 28.3 THz using the same definition 

as Equation 4.6.1. Our measurement results suggest an average zero-bias responsivity 
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equal to 1.0592 A/W at 382 THz. The quantum limit imposes a maximum responsivity 

of approximately 17 A/W at 28.3 THz and 1.27 A/W at 382 THz. Thus, our results 

here suggest operation closer to the quantum limit.  

Resistance as defined in Equation 4.6.2 and demonstrared in Figure 4.6.2 is 

important in terms of power transfer and matching to the load. The value of resistance 

drops significantly by application of both radiation and bias voltage. Hence, it is 

possible to manipulate the value of resistance by applying the appropriate bias voltage. 

 

Figure 4.6.2. Diode figures of merit calculated from measured I-V characteristic using a 
model based on Taylor expansion of current in oscillating potential, resistance for various 

optical powers. 

Asymmetry (Figure 4.6.3) defined as the absolute ratio of forward and reverse 

currents at a bias voltage indicates the rectification capability of the diode and 

nonlinearity (Figure 4.6.4) is a measure of deviation from a linear resistor [55]. The 

higher these figures of merit the more desirable the performance of diode. Donchev et 

al. [55] suggested asymmetry above unity and nonlinearity above 3 to be satisfactory 

in diode performance. The peak at approximately 0.5 v in the asymmetry curve is due 
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to the open circuit voltage occurring around -0.5 v in current-voltage characteristic 

plots. 

 

Figure 4.6.3. Diode figures of merit calculated from measured I-V characteristic using a 
model based on Taylor expansion of current in oscillating potential, asymmetry defined as the 
ratio of forward to reverse current as a function of applied voltage based on measured values. 

 

Figure 4.6.4. Diode figures of merit calculated from measured I-V characteristic using a 
model based on Taylor expansion of current in oscillating potential, nonlinearity, a measure of 

deviation from a linear resistor as a function of voltage. 
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Another important figure of merit of rectenna performance is power 

conversion efficiency defined as the ratio of output power over incident radiation 

power on antenna [55]. Efficiency takes four major loss mechanisms into account in 

conventional rectenna devices [52]. These factors are categorized as antenna 

efficiency, coupling efficiency between antenna and diode, rectification efficiency 

which is a function of responsivity, and coupling efficiency between the diode and the 

load. The overall power conversion efficiency is the product of these factors.  

Here, we use the overall measured input and output powers rather than 

calculating efficiency of each step. Signal pathway length and matching challenges are 

minimized for each cell by integrating the antenna and diode units into one cell. 

Numerous theoretical studies speculated the limit of conversion efficiency of the 

optical rectenna device from less than 0.001 % to 2 % [55,88,89,90].  

We defined the output power as half the product of the short-circuit current and 

the open-circuit voltage under various incident optical intensities. We derived these 

values from the current-voltage characteristic curves defined as the cross point of the 

curve with the vertical and horizontal axes, respectively. Measured power conversion 

efficiency is shown in Figure 4.6.5. The average zero-bias power conversion 

efficiency is 8.7x10-5%. Although this number is small, it is expected for optical 

rectennas to have efficiencies in the order of 10-4% to 10-7% as shown by Briones et al 

[89]. It is also possible to increase the harvested power by scaling the area of the array.  
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Figure 4.6.5. Power conversion efficiency in 382 THz based on measurement results.  

4.7. Summary 

In this chapter, we experimentally showed rectification in a geometrical metal-

vacuum-metal rectenna integrating the diode and antenna together. The controllable 

geometric parameters of each element offer a different electric field enhancement 

factor for forward and reverse currents. Upon excitation with optical radiation at 

382 THz, the collective oscillation of conduction band electrons of the metal provide 

maximized near field enhancement and facilitate electron liberation through one 

electrode more than the other; consequently providing rectification even at zero 

external bias. We discussed various figures of merit of our measured current-voltage 

characteristic based on Taylor expansion of the time-dependent current as a function 

of oscillating field. The average zero-bias responsivity at 382 THz is measured to be 

1.0592 A/W based on this analysis. Due to the relatively simple fabrication process, 

easily accessible material, and scalability of the design, it can offer a reasonable 

addition for applications such as energy harvesting and optical detection. Work on 
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further enhancement of the power conversion efficiency and the theoretical analysis of 

electron emission process needs to be studied more extensively in the future. 

Chapter 4, in part, has been submitted for publication of the material as it may 

appear in: S. Piltan, D. Sievenpiper, “Optical Rectification Using Geometrical Field 

Enhancement in Gold Nano-arrays”. The dissertation author was the primary author of 

this material. 

 



 

 73 

Chapter 5 

Plasmonic Nano-arrays for Infrared Photodetection 

5.1. Introduction 

Infrared optical spectrum plays important roles in many applications. The most 

common example is access to physical phenomena otherwise invisible to naked eye 

used in thermal imaging, environmental monitoring, medical imaging, and remote 

sensing [91,92,93]. The thermal infrared radiation emitted by many terrestrial objects 

is mainly centered in two atmospheric wavelength windows, the middle wavelength 

infrared (MWIR) region in 3-5 µm band, and the long wavelength infrared (LWIR) 

region in 8−14 µm band. This is because the maximum emissivity of gray objects at 

temperatures close to 300 °Kelvin is centered at wavelengths approximately around 

10 µm. However, space applications rouse interest in longer wavelengths as well [94]. 

Infrared detectors can be classified in two main categories based on the 

detection mechanism [94]. The absorbed radiation can be detected in material either 

by interacting with electrons or by changing the temperature. Photon detectors are 

based on the former mechanism and thermal detectors operate due to the latter. The 

advantages of photon detectors compared to thermal detectors include higher signal to 

noise ratio and short response time; however, this requires cryogenic cooling which 

adds cost and weight and it is not convenient for all applications. Photon detectors 

based on different carrier generation methods including intrinsic and extrinsic band
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gap detectors, photo-emissive detectors, and quantum well detectors have been 

explored and characterized. 

Electrical output in thermal detectors is generated due to variations in material 

properties with temperature [95] and the main approaches in thermal detection are 

categorized based on these shifted properties. They usually consist of a temperature-

dependent sensing element which is thermally isolated from surrounding structures. 

Thus, it is usually built in a suspended configuration. If the measured effect is due to 

the temperature rise induced in a material with highly temperature-dependent 

impedance the detector is called bolometric. Bolometers are most commonly divided 

into metal, thermistor, semiconductor, and super conducting types. Pyroelectric 

thermoelectric effects give rise to another category of thermal detectors in which the 

measurements are based on internal polarization variations caused by infrared 

radiation absorption. If the induced temperature change is measured by voltage 

generation against a thermal reference the thermal infrared sensor is developed based 

on the thermo-electric effect. 

While photon detectors demonstrate wavelength-dependent response, thermal 

infrared detectors do not operate based on the photonic nature of incident excitation. 

Therefore, their response generally depends on the power level of incident radiation 

rather than its spectral properties. Thermal detectors are relatively cheap and 

convenient to use because they can operate at room temperature; however, their 

performance depends highly on the detector element’s heat transfer characteristics and 

they offer lower sensitivity and their response time is longer than photon detectors. 
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Photon detectors based on both intrinsic and extrinsic band gap carrier 

generation provide superior performance as long as the temperature of device can be 

maintained low. Otherwise, thermally generated charge carriers undermine the signal 

to noise ratio. High-temperature operation of infrared detectors is therefore one of the 

main challenges limiting their applicability. 

Among all types of photodetectors, the variable band gap HgCdTe sensors 

remain one of the most commonly used types [96]. HgCdTe provides high spectral 

tunability since changing the ratio of Hg and Cd in the composition provides energy 

band gaps ranging from minimum for HgTe to maximum for CdTe. As a result, this 

alloy is widely used in applications spanning in short, mid, long, and very long 

wavelength infrared bands. The most significant challenge associated with HgCdTe 

sensors relates to the difficulties in processing of this material. In order to achieve 

stable and uniform interfaces and sufficient yields strong Hg-Te bonds are required 

[96]. Maintaining performance of these detectors working under photoconductive, 

photovoltaic, and metal-insulator-semiconductor designs in high operational 

temperatures is another drawback to be addressed. 

Nanostructures offer unique access to geometrical and optoelectronic 

properties not available otherwise [97]. Nano-devices such as quantum wells, carbon 

nanotubes, quantum dots, and graphene-based nanomaterials have been used for 

enhancing performance metrics of infrared photo-detectors. Plasmon-enhanced 

photodetectors [98] can compensate for the optical losses in metals by addressing 

overall challenges in flexibility, tunability, operation speed, and power consumption. 
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Here, we took a similar approach as previous chapters to take advantage of the 

size, geometry, and dielectric properties of the designed nano-array in order to target 

infrared photodetection applications. The main challenges being addressed by this 

design include spectral tunability, convenient fabrication and maintenance, and room 

temperature functionality. 

5.2. Design and Optimization 

The idea behind the design is very similar to what discussed in Chapter 3 for 

sharp tip periodic array of electron emitters combining the DC excitation and optical 

radiation at 785 nm. Engineering the geometry and configuration of metals enables 

manipulation of plasmon modes and their spectral properties [99,100]. Figure 5.2.1 

shows the modified geometry combining electrical and optical excitations at 12 µm. 

As we discussed in Chapter 3, photocurrents are significantly enhanced at the surface 

of a gold-vacuum interface. 

 

Figure 5.2.1. Resonant surface for maximized field enhancement at 25 THz. 
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Taking the same approach, we scaled the geometry to be resonant in 

wavelengths centered at 10-12 µm (long wavelength infrared) which is the band where 

many terrestrial objects radiate. In order to keep the fast response and maximized 

enhancement factor at the surface, we kept the vacuum gap width between the unit-

cells on adjacent rows 50 nm. The rest of the geometrical parameters were optimized 

for maximizing the electric field at the tip of the triangular cell upon excitation with a 

plane wave at 25 THz incident vertically and polarized in direction of the tip axis. We 

used Johnson and Christy [39] complex permittivity model for gold and similar 

boundary conditions in simulations using Ansoft HFSS as described in Chapter 3. The 

substrate in simulations was a 280 nm thick layer of silicon dioxide on silicon. The 

final dimensions based on the simulations are shown in Figure 5.2.2. 

 

Figure 5.2.2. Simulated optimized dimensions for maximized field enhancement at 25 THz. 
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Figure 5.2.3 shows the field enhancement factor at two points for the 

optimized geometry, one point is on the surface of the triangular tip and the other is in 

the mid-point between the unit-cells in the vacuum gap. Both points are 37.5 nm 

above the silicon dioxide substrate. Field profile in the vacuum gap at 13 µm is 

demonstrated in Figure 5.2.4. 

 

Figure 5.2.3. Simulated field enhancement as a function of frequency for final optimized 
dimensions, solid (red) at the edge of the triangular tip, dashed (blue) in the middle of the gap, 

both vertically 37.5 nm above substrate. 

 

 

Figure 5.2.4. Side view of field profile in the air gap between the electrodes at 23 THz. 
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5.3. Fabrication 

Fabrication was done following similar steps as Chapter 3 on silicon wafers 

with resistivity above 10000 Ω cm with a 280 nm thick layer of thermally oxide SiO2. 

The 40x40 array layout was exposed using electron beam lithography. A 5 nm thick 

chromium adhesion layer and 70 nm thick layer of gold were electron beam 

evaporated following the exposure. After finishing the lift-off using Remover PG 

overnight and a subsequent session in acetone in an ultrasonic bath, the fabricated 

samples were imaged using scanning electron microscope. Figure 5.3.1 shows samples 

after fabrication. 

  

  

Figure 5.3.1. Scanning electron microscope images of fabricated resonant array. 
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5.4. Characterization and Measurement 

Fabricated samples were wire bonded in dual in-line packages and connected 

to Keithley 2410 source-meter for current-voltage characterization. For infrared 

excitation, we used emission from a silicon nitride furnace igniter at 1300 °C. 

Radiation was focused on the sample using a ZnSe meniscus lens with focal length of 

63.5 mm and diameter of 28 mm.  

Figure 5.4.1 demonstrates the measured current-voltage curves for when the 

igniter is off and on. Infrared radiation from the igniter results in photocurrents 3-4 

times higher than the dark current and the effect is amplified for larger bias voltages.  

 

Figure 5.4.1. Measured current-voltage characteristic of array for infrared detection. 

  



 

 

81 

5.5. Modeling and Discussion 

In order to interpret the measured results we should first understand the power 

density levels emitted by the thermal igniter. We assumed emissivity of unity for our 

thermal radiator in our calculations. This assumption was due to the fact that at a given 

temperature spectral radiance emitted by a non-unity emissivity source is lower than 

an ideal black body. Therefore, calculations done based on unity emissivity result in 

upper bound on emitted radiance and lower bound on figures of merit such as specific 

detectivity and sensitivity. 

Spectral density of electromagnetic radiation emitted by a black body in 

thermal equilibrium at a given temperature is given by Planck’s law. Spectral radiance 

of a body is defined as the energy emitted from it associated with different 

frequencies. In other words, it describes the power emitted per unit area of the body, 

per unit solid angle of measurement, per unit frequency.  

 

Figure 5.5.1. Spectral radiance as a function of wavelength for a variety of temperatures. 
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Planck’s law describes the spectral radiance as: 

β! ν,T = !"!!

!!
!

!!! !!!!!
 [W. sr!!.m!!.Hz!!]          Equation 5.5.1 

Where ν is frequency, h is Planck’s constant, c is the speed of light, KB is the 

Boltzmann constant, and T is the temperature. Thermal radiation from a black body is 

equal to the full amount specified by Planck’s law. Figure 5.5.1 shows spectral 

radiance as a function of wavelength for different temperatures. 

Emittance of the body is defined as the total energy radiated per unit surface of 

the black body radiator across all wavelengths per unit time and it is given by the 

Stefan-Boltzmann law. In order to derive the total energy emitted per unit area we 

should integrate the power radiated by a surface area A through solid angle dΩ in the 

frequency range between ν and ν+ dν given by: 

β! ν,T 𝐴dνdΩ = !"!!

!!
!

!!! !!!!!
𝐴dνdΩ           Equation 5.5.2 

Therefore power density integrated over a half sphere of solid angle can be 

written as: 

P
A = β! ν,T dν dΩ 

   =
2hν!

c!
1

e!! !!! − 1
dν dφ sinθdθ 

    =
2πh
c!

K!T
h

! u!

e! − 1du 

    = σT! [
W
m!] 

      Equation 5.5.3 
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Where 𝜎 is the Stefan-Boltzmann constant given by: 

σ = !!!!!
!

!"!!!!
               Equation 5.5.4 

  Radiance or the power per unit area of black body per unit solid angle 

of radiance is therefore given by: 

L = !
!
T! [ !

!!!"
]              Equation 5.5.5 

Solid angle in our measurement is given by: 

Ω = !!!

!!!
 [sr]               Equation 5.5.6 

Where d is the lens diameter equal to 63.5 mm and l is the distance. Total 

power density incident on our sample in our measurements is equal to 1.687 !
!"!. 

The two most widely used characteristic factors for comparison of 

performance of detector technologies are responsivity and specific detectivity. 

Responsivity is a measure of the current the system can output upon excitation with a 

given optical power. It can be written as: 

β = !!"#"$%&"'
!!"#$%&'

 [!
!
]              Equation 5.5.7 

Specific detectivity is the main figure of merit for characterizing normalized 

signal to noise performance of detection. It is equal to the reciprocal of noise 

equivalent power normalized per square root of the sensor's area and frequency 

bandwidth. Specific detectivity is commonly expressed in units of !" !"
!

 or Jones and 

it is defined as: 
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D∗ = !∆!
!"#

 [!" !"
!

]              Equation 5.5.8 

 Where A is the detector area, ∆f is the measurement bandwidth, and NEP is 

the noise equivalent power. 

Noise equivalent power is defined as the power level of the input signal that 

would result in a signal to noise ratio of unity in a bandwidth of 1 hertz. In other 

words, it is the optical power needed to induce a current equivalent to the noise 

current. Noise equivalent power can be written as a function of noise current and 

responsivity in form of: 

NEP = !!
!

 [W]              Equation 5.5.8 

We assumed calculations at room temperature. Noise current I! in our device 

is the sum of shot noise from the photocurrent and the Johnson noise from detector 

resistance [52,101] and it can be expressed as: 

I! = (2qI!" +
!!!!
!
)∆f             Equation 5.5.9 

Here, we assumed absorption efficiency of 100%. We used the calculations 

explained above to extract the responsivity, noise current, and specific detectivity of 

the detector based on measured current-voltage properties. 

Figure 5.5.2 and 5.5.3 demonstrate the extracted values of responsivity and 

specific detectivity as a function of applied voltage, respectively. 
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Figure 5.5.2. Responsivity as a function of applied voltage based on current-voltage 
characteristic curves. 

 

Figure 5.5.3. Specific detectivity as a function of applied voltage based on current-voltage 
characteristic curves. 

Since emission mechanism is facilitated by applying higher DC voltages, 

photocurrent, responsivity, and specific detectivity also increase with voltage. The 
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efficiency defined as the ratio of the output power to the input optical power is shown 

in Figure 5.5.4. 

 

Figure 5.5.4. Efficiency as a function of applied voltage based on current-voltage 
characteristic curves. 

Avoiding semiconductors as the medium of charge transport helps to reduce 

the noise due to generation and recombination processes and enhance sensitivity. 

Since spectral response of the design depends highly on the geometry, it is possible to 

tailor it for optimized detection at different parts of the infrared spectrum. This allows 

fabrication of dual and multi-color devices. The performance of the resonant surface is 

not strongly contingent on cryogenic cooling and low temperatures. Although lower 

temperatures still provide superior sensitivity, the contribution of noise caused by 

thermal effects is not the dominant mechanism in signal to noise ratio. Specific 

detectivity associated with various available detectors operated in different 

temperatures is reviewed by Rogalski [94,95,101] and room temperature performance 

of detectors including InSb, PbSe, and InAs sensors operating in photovoltaic, 

photoconductive, and photoelectromagnetic modes and bolometers is shown to be on 
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the order of 108-109 !" !"
!

. InGaAs and HgCdTe detectors can have larger 

detectivities but as discussed before the complications in processing these materials 

for high yield purposes can make the proposed nano-array an attractive alternative 

solution for infrared photodetection. 

5.6. Summary 

In this chapter, we proposed a solution for multi-band, flexible, and room 

temperature detection of infrared radiation based on an easy-to-fabricate gold nano-

array. The plasmon-enhanced detection occurs due to the nonlinear interaction of 

incoming infrared radiation and gold surface at the resonance frequency of the array. 

The proposed structure takes advantage of metal as the active detection medium and 

therefore provides high detectivity (on the order of 108 !" !"
!

 which can be improved 

with DC bias voltage) and potentially faster response, removing requirements for 

cooling and difficult material processing. 

Chapter 5, in part, is currently being prepared for submission for publication of 

the material as it may appear in: S. Piltan, D. Sievenpiper, “Plasmonic Nano-arrays for 

Enhanced Photoemission and Photodetection”. The dissertation author was the 

primary author of this material. 
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Chapter 6 

Summary and Conclusion 

 
It has been demonstrated that coupling of electromagnetic radiation to free 

electron oscillations at a metal interface has interesting properties that can be used in a 

variety of applications including photovoltaic devices, optical antennas, optical 

rectification, and infrared photodetection. The most important property of this light-

matter interaction allowing for compensation of metal losses in optical frequencies is 

the enhanced electric field at the surface at the resonance frequency which is also 

tightly confined at the interface. 

Chapter 1 first discussed the advantages of using vacuum as the medium for 

charge transport and explained the main challenges in liberating electrons from metals. 

Electron emission mechanisms are classified into four main categories and the 

transition between them due to a combination of electrical and photonic excitations is 

explained. Finally, the role of plasmonic field enhancement in both electron emission 

and acceleration processes is discussed. 

Chapter 2 presents the idea behind the design of the periodic array as a means 

for combination of static electric fields applied through a bias voltage and optical 

fields incident upon a vacuum-channel surface. The design process of the geometry 

and the simulations in order to optimize the dimensions are discussed. Then 

fabrication and measurement steps are explained. Finally, the measured characteristics  
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are modeled using the time-dependent Schrödinger equation for a rounded triangular 

barrier. Using this model the electric field enhancement at the surface is extracted such 

that the measurement and analytical solution curves match for different DC and 

optical powers. 

Chapter 3 introduces a variation of the periodic surface based on the same 

phenomena modified for maximized field enhancement at the tip of a triangular unit-

cell. After explaining the design, fabrication, and measurement processes the scaling 

property of the photocurrent with the area of device is experimentally demonstrated. In 

this chapter slope of Fowler-Nordheim curves is used in order to extract the electric 

field enhancement at the tip of metal cell and the measured results on modeled on that 

basis. 

Chapter 4 presents an optical rectifier operating based on geometrical 

asymmetry at the surface. The electric fields centered at wavelength equal to 785 nm 

are rectified using a surface allowing flow of electrons only in one direction due to 

asymmetrical field enhancement factors at the interface of two electrodes. The 

proposed device is compared with available diode technologies and the main limits on 

rectification speed are explained. Experimental asymmetric current-voltage 

characteristics of the device are followed. Finally, the surface is characterized for main 

diode figures of merit including responsivity, nonlinearity, asymmetry, and efficiency 

using the Taylor expansion of the time-dependent current as a function of oscillating 

field. 
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In chapter 5, the geometrical degree of freedom of the surface is exploited in 

order to enable photodetection in infrared frequencies without requirements for low 

temperatures and using simple fabrication techniques. Using a similar idea as previous 

chapters this time the device is optimized for maximum field enhancement in infrared 

part of frequency spectrum. The current-voltage characteristics based on 

measurements using a furnace igniter at 1300 °C are analyzed for responsivity and 

specific detectivity of the surface. 

This work presented a variety of applications including optical rectification 

and photodetection allowing multi-band operation at room temperature. Similar ideas 

can be exploited for development of efficient optical gate transistors for high-speed 

and high-power applications. The proposed vacuum-channel device allows for 

operation above damage threshold of solid-state devices using easily accessible 

material and enables scalable designs. In the future, there is need for more in-depth 

theoretical analysis of the physical phenomena associated with this interesting 

nonlinear behavior. Depending on the specific application being targeted, the power 

conversion efficiency, the sensitivity, and the power handling of the device are among 

parameters that could be improved further. 
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