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Abstract 

This dissertation examines the mechanisms that enable the detection of sur-
face plasmons using direct electronic measurements rather than established 
optical techniques, and considers potential applications that arise as a result. 

Surface plasmons are optically excited in metal thin-flm nanogratings 
fabricated from gold, aluminum, or titanium. It is shown that surface plas-
mon excitation leads to a measurable increase in electronic resistance that 
depends on both the polarization and the power of incident light. Addition-
ally, it is shown that the electronic resistance of these plasmonic structures 
shows strong dependence on the wavelength of the incident light. Both of 
these results are in agreement with known momentum matching require-
ments of surface plasmon excitation. The di˙erent metals used o˙er access 
to di˙erent scattering and absorption mechanisms. It is thus shown that the 
resistance induced by surface plasmon excitation is primarily dependent on 
electron-electron scattering. This is in contrast to DC resistance, which is 
dominated by electron-phonon scattering at room temperature. 

A model is established that takes into account the scattering of electrons 
excited from surface plasmons with electrons from an applied current. This 
model considers the asymmetry of the Fermi level under an applied bias 
and the resulting imbalance in the momentum contributions of plasmonically 
excited hot electrons in the system. This imbalance leads to a restoring of the 
overall system momentum that does not depend strongly on electron-phonon 
interactions. 

The intrinsic polarization sensitivity of these plasmonic detectors is lever-
aged to demonstrate direct polarization imaging using a single-pixel scanning 
technique. This o˙ers potential applications in hyperspectral imaging and 
remote sensing where an integrated detector would be of value. We fnd from 
this data that the upper limit of angular resolution of polarization states us-
ing a single nanograting is 4◦ . We investigate the dependence of the electronic 
response to the spatial distribution of illumination across a nanograting and 
show that not only can the active grating area be made smaller to improve 
image resolution for implementation as an arrayed sensor, but a smaller ac-
tive area is likely preferable for detector uniformity. 

Since it is possible to distinguish di˙erent scattering mechanisms in time, 

xi 



we investigate the ultrafast dynamics of the electronic response in such a 
structure using a degenerate two-pulse resistance scheme. In this case, two 
ultrafast laser pulses impinge on the sample and the resulting induced volt-
age is measured as a function of the time delay between laser pulses. This 
gives a measure of the time resolved response of the detector, as well as pro-
vides some insight into the relaxation of plasmonically excited hot electrons 
on ultrafast timescales. In particular, the use of a DC current allows access 
to these processes beyond the skin depth, a region to which traditional op-
tical pump-probe transient transmission/refection spectroscopy is limited. 
We fnd from these measurements that this class of plasmonic detector has 
a resistance that depends on the time delay between laser pulses even when 
that delay is on the order of single picoseconds. In terms of dynamics, we 
see a large peak on timescales that correspond to electron-electron scatter-
ing, that is, on sub-picosecond timescales. On longer timescales, we see a 
fast increase in the measured resistance on the order of tens of picoseconds, 
followed by a slower rise in the resistance on the order of hundreds of picosec-
onds, after which they system response stabilizes. This ultrafast behavior of 
such plasmonic detectors allows a bandwidth near THz, and o˙ers potential 
in optical communications applications, where detector response time is a 
limiting factor. 
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1 | Introduction 

The organization of this thesis in general follows the experimental develop-

ment of the project. Chapter 1 provides the required background to under-

stand the intrinsic limitations of existing optical detectors, as well as the 

potential that plasmonic detectors hold in this arena. Furthermore, Chapter 

1 provides the theoretical background on surface plasmons and provides a 

physical mechanism of interaction between excited surface plasmons and an 

applied current. Chapter 2 provides detailed descriptions of the samples and 

the basic optical and electronic experimental setups used throughout this 

work. Additionally, Chapter 2 establishes that the power, polarization, and 

wavelength dependence of plasmonic optical detectors are indeed plasmonic 

in nature. Chapter 3 examines applications of plasmonic detectors in imag-

ing contexts. Specifcally, the experiments discussed relate to polarization 

imaging and detector uniformity. Chapter 4 discusses the implications of 

the relaxation and thermalization of plasmonic excitations, and shows that 

plasmonic detectors have response times that are intrinsically ultrafast. This 

fnding is discussed in the context of large bandwidth optical detectors for 
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communication applications. Finally, Chapter 5 provides a summary of the 

project and proposes directions for future work that may prove fruitful. 

1.1 Introduction 

The motivation for this project arises from limitations of existing optical 

detectors, as we will see in the following sections. In terms of information 

transfer, the intensity, wavelength, and polarization of light can all convey 

valuable information about either a source of light itself, or about the in-

teraction of the light with its surroundings as it propagates to the detector. 

Taking astronomy as an example, light intensity can provide information 

about the position and distance of a given star, while its emission spectra 

might be used to glean information about its temperature and relative ve-

locity. Finally, light from this star may have been polarized upon scattering 

in a distant atmosphere, and thus imaging in polarization space might reveal 

the presence of a quietly orbiting exoplanet [1]. 

The most common optical detectors can be broken into two broad classes: 

thermal detectors such as bolometers, which are commonly used in infrared 

cameras and detectors, and semiconductor detectors such as photoresistors 

and photodiodes, which are used in devices from basic light sensors to charge 

coupled devices (CCDs). In bolometers, the processes at work lead to a 

broadband response of the detector, with a behavior that is relatively in-

dependent of wavelength. However, this response occurs on relatively slow 
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timescales. On the other hand, while semiconductor devices o˙er a faster 

response, they are restricted in their detection wavelengths by the band gap 

of the material, and as a result, there are limited semiconductor options for 

wavelengths beyond approximately 2 µm. 

In both these types of detectors, wavelength discrimination is not intrin-

sically available within the response band of the detector, and thus achieving 

this requires flters or dispersive elements in order to correlate wavelength 

to a particular region of the detector. Likewise with polarization, the ad-

dition of polarization optics into the system is required in order to access 

polarization information, which is separated either spatially or temporally 

on the detector surface. Finally, the characteristic timescales of the response 

of these detectors range from milliseconds in commercial bolometers to hun-

dreds of picoseconds in commercial semiconductor detectors. In the bolome-

ter case, this limits high speed applications in infrared imaging, while in the 

semiconductor case this places an upper bound on the bandwidth of optical 

communications systems which use these detectors. 

As we will see, plasmonic excitation o˙ers another approach to light detec-

tion, while maintaining intensity, wavelength, and polarization information 

as necessary criteria for excitation. In addition, the timescales for plasmonic 

activity are intrinsically ultrafast, which when combined with the tunabil-

ity of surface plasmon excitation may provide a route to high speed, large 

bandwidth applications and imaging techniques. 
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1.2 Detecting light 

The detection of light has played an important role in scientifc, military, 

and consumer applications throughout history. In 1876, Werner von Siemens 

developed the frst functioning selenium cell, which Alexander Graham Bell 

then used in 1880 as the detector in his Photophone, an early optical com-

munication system [2]. Later in the same year, Samuel Langley presented his 

newly invented bolometer [3], which would enable him to measure the rela-

tively weak infrared region of the solar spectrum as part of a larger project 

to map the overall emission from the sun. In addition to providing informa-

tion about infrared radiation from the sun, Langley’s work also revealed the 

presence of many hitherto unknown atmospheric absorption lines between 

1.1 µm and 5.3 µm [4]. These two early examples illustrate the diversity of 

applications awaiting the availability of suitable optical detectors, from com-

munication systems to infrared astronomy and atmospheric monitoring. In 

the following sections, I will briefy describe the operational mechanisms of 

these types of detectors as well as other more contemporary approaches to 

characterizing light in order to provide context for the work presented in this 

thesis. 

1.2.1 The Bolometer 

A bolometer in its simplest form, as Langley originally designed it, consists 

of an absorbing element (absorber) attached to a material that shows a tem-
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Figure 1.1: Schematic illustration of a bolometer. The black paint can be any absorbing 
element, and the thermometer is typically metal or semiconductor material. From [5]. 

perature dependent resistivity (thermometer), as shown in Figure 1.1. This 

compound detector element is then connected to a thermal reservoir by very 

fne leads that provide both a limited thermal conductivity as well as elec-

trical connections to supply a current. As the energy of incident light is 

deposited into the absorbing element, the temperature of of both the ab-

sorber and the attached thermometer increases, inducing a voltage which is 

proportional to the resistance of the thermometer. This temperature change 

can then be read out electronically, giving a measure of incident radiation 

power. 

For the sake of the discussions that will follow, I will assume a metal 

thermometer. Driving a small current through the thermometer induces an 

asymmetry in the Fermi level of the free electrons in the metal [6], as shown 

in the band diagram in Figure 1.2 (left). This asymmetry in Fermi level leads 

to a shift in the electron distribution in k-space in the direction of the bias 

current as illustrated in Figure 1.2 (right). When light is introduced into 

5 



Figure 1.2: Left: Conceptual illustration of the asymmetry in Fermi level in metal 
induced by an applied bias in the negative kx-direction. The projection of the Fermi level 
is shown as a red circle in the kx -ky plane (grey). Right: The projection of the Fermi 
level from the left fgure is shown in detail. The dashed grey line denotes the distribution 
of the Fermi level without an applied bias, where the average momentum is zero. The 
pink region denotes the shift in the 2D surface resulting from the applied bias current, 
illustrating the non-zero average momentum of the system. Adapted from [6]. 

the system, photons interact with the electrons in the metal, leading to the 

generation and subsequent thermalization of hot electrons [7] in the metal. 

This thermalization leads to an increase in the rates of electron-electron 

and electron-phonon scattering, thus increasing the resistance of the metal. 

However, because the resistance changes of the system depend on phonon 

interactions under thermal equilibrium, the timescales involved are relatively 

slow, on the order of milliseconds [8, 9]. 

Of note in the case of bolometers is that the response of the system is 

typically fat with respect to wavelength [5]. Furthermore, since the mec-

ahnism of detection is purely thermal, these detectors can only detect the 

intensity of the incident light, while other information such as wavelength 

and polarization is lost. 
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1.2.2 Semiconductor devices 

The other major class of optical detector leverages quantum e˙ects in semi-

conductors instead of ensemble thermal e˙ects in absorbers and thermome-

ters. With this in mind, I will talk about two types of semiconductor based 

light detectors: the photoresistor and the photodiode. 

Photoresistors 

Photoresistors are the simpler of the two types, and o˙er a good starting 

point for the discussion. The defning quality of a semiconductor is a region 

of forbidden energies, referred to as a band gap, that is defned by the lattice 

constant of the semiconductor material. Allowed states with energy less 

than the band gap are collectively referred to as the valence band, while 

the allowed states with energy greater than the band gap are collectively 

referred to as the conduction band. In semiconductors at T = 0, the valence 

band is completely flled while the conduction band is completely empty. 

As a result, applying a voltage less than the band gap energy Eg will not 

result in current fow, since there are no electrons in the conduction band 

to enable a current. However, when light falls on the semiconductor, the 

energy from an incident photon can be absorbed by a valence electron, and 

if the photon has enough energy, the electron can then overcome the band 

gap and be excited to the conduction band. In this case, the application 

of a voltage does generate a current due to the presence of carriers that 
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have been excited into the conduction band by the absorption of the incident 

light. Such a device is referred to as a photoresistor. In these devices, the 

resistance is inversely proportional to the intensity of incident light, such 

that the resistance is high in the dark and low while illuminated, due to 

this generation of carriers by incident photons. This process is illustrated 

in Figure 1.3. The spectral response of these devices can thus be tailored 

by choosing a semiconductor material with an appropriate band gap, and/or 

band gap engineering through doping. For example cadmium sulfde (CdS) 

photoresistors have a bulk band gap of 2.42 eV and thus have a wavelength 

cuto˙ at 512 nm [10], while lead(II) sulfde (PbS) devices have a band gap 

of 0.37 eV, corresponding to a cuto˙ wavelength of 3.35 µm [11]. However, 

the spectral response of these systems is due exclusively to the material 

properties of the photoresistor, which allow these materials to behave as 

optical low-pass flters. Additionally, from purely energetic considerations, 

these detectors cannot respond to changes in polarization. 

Photodiodes 

The advent of silicon technology has led to the development of a class of 

semiconductor devices that relies on the doping of adjacent regions with im-

purities. Regions of semiconductor doped with impurities with excess elec-

trons (donor impurities) are referred to as n-type, and the Fermi level in these 

regions is lifted toward the conduction band edge. In contrast, the regions of 

semiconductor doped with positively charged ions (acceptor impurities) are 
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Figure 1.3: Left: Conceptual illustration of the band diagram of a semiconductor without 
incident illumination. There are no carriers in the conduction band (C), and thus no 
current can fow under a weak applied bias. Center: When illuminated, the absorption 
of photons with suÿcient energy excites electrons from the valence band (V) into the 
conduction band, generating electron-hole pairs, enabling the fow of current. Therefore, 
for weak applied bias (i.e. less than the band gap energy), the resistance of photoresistors 
is inversely proportional to the incident light intensity. Far right: The spectral distribution 
of several band gaps of semiconductors that are commonly used in photoresistors. Note, 
wavelength distribution not to scale. Cds band gap from [10], CdSe band gap from [12], 
PbS band gap from [11]. 

referred to as p-type, and the Fermi level in these regions is lowered toward 

the valence band edge. The intersection of these regions forms a p-n junction, 

where the Fermi levels in each region come to equilibrium at the same energy. 

This process occurs as electrons from the donor impurities di˙use into the p-

type region, where they recombine with the holes of the acceptor impurities, 

and vice versa. The result is the formation of a region around the junction 

where carriers have been eliminated by recombination, and only positive and 

negative ions remain in the n-type and p-type material, respectively. This re-

gion is therefore referred to as the depletion region. The change in sign of the 

resulting charge distribution across the p-n junction sets up an electric feld 

which opposes further di˙usion of carriers across the junction. Eventually, 

this built-in electric feld exactly cancels the di˙usion of the carriers, and a 
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Figure 1.4: Band diagram of a p-n junction. Carriers that are generated in the depletion 
region are separated before they recombine, generating a current when illuminated. 

dynamic equilibrium is reached, limiting the spatial extent of the insulating 

depletion region. In the context of electronic devices, this depletion region 

and the resulting built-in electric feld has implications that are beyond the 

scope of this thesis, but if we consider the case where light is incident on 

the system, we see behavior that is markedly di˙erent to that of systems 

without p-n junctions. As in the case of photoresistors, incident photons can 

be absorbed by valence electrons, generating electron-hole pairs. However, 

in the depletion region, the electrons and holes are spatially separated by the 

built-in electric feld before recombination can occur. Thus in these systems, 

the application of light generates a current as shown in Figure 1.4. 

Photodiodes are typically based on some variation of a p-n junction as 

described above, and thus in photodiodes the quantity of interest is current, 

rather than resistance. Note that electron-hole pairs are generated every-

where in the semiconductor, but due to the electric feld in the depletion 

region, the resulting net current is generated only by this region. Although 
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initially developed in germanium [13], this approach has been implemented 

in a range of semiconductors, including including common photodiodes such 

as indium gallium arsenide (InGaAs) and silicon [14]. 

As in the case of photoresistors, wavelength information is roughly con-

served in these systems in terms of a response bifurcation where photon 

energy greater than the band gap energy generates a response, and photon 

energy less than the band gap energy does not. Also like photoresistors, these 

systems are not inherently sensitive to polarization information. That is, the 

incident light, assuming ~ω > Eg, is absorbed regardless of electric feld ori-

entation. Furthermore, while the response of these semiconductor devices is 

intrinsically fast, the separation of holes and electrons over a large area leads 

to a built in capacitance that slows the overall response of the system to the 

order of nanoseconds [15], making them unsuitable for applications requiring 

monitoring on ultrafast timescales. 

These types of p-n junction based detectors, or variations thereof, are 

standard in imaging detectors such as charge coupled devices (CCD). How-

ever, while the band gap in these devices provides some coarse information 

about photon energy, due to their relative insensitivity to wavelength and po-

larization, additional measures must be implemented in order to access this 

information. For example, a Bayer flter is commonly used to map red, green, 

and blue (RGB) wavelengths to particular subpixels of the detector in order 

to recover wavelength information and generate color images. However, the 

addition of this flter reduces both the sensitivity and spatial resolution of the 
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detector, since each color requires a dedicated subpixel, and within each sub-

pixel, only light of one color is transmitted while the rest is absorbed in the 

flter [16]. Furthermore, the wavelength range accessible by semiconductor 

detectors is ultimately limited by their band gap, with limited options in the 

mid- and far-infrared regions of the electromagnetic spectrum where photon 

energies are too low to overcome the band gap of most semiconductors. 

In terms of polarization, the traditional method of imaging in polarization 

space is by using complex optical setups to separate the polarization states 

of light. This separation happens either in time using rotating polarizers and 

analyzers, or in space using beam splitters and waveplates, as shown in Figure 

1.5. Separating polarization states in time leads to a slow acquisition time, 

since polarizers and/or analyzers need to be mechanically rotated to access 

the desired information. Additionally, the requirements for such an optical 

setup is demanding from a stability and alignment point of view since there 

are several moving parts in the system. Separating the polarization states in 

space is much faster since the polarization information is acquired simulta-

neously for di˙erent polarization states. However, the optical setup required 

is much more complex as a function of the number of optical components 

involved (see Figure 1.5 as an example), and thus is even more demanding in 

terms of alignment concerns. In both cases, some level of image processing is 

required to generate a fnal composite image that incorporates the acquired 

polarization information, and neither approach is particularly well suited to 

applications where there is a high demand on the system in terms of stability, 
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Figure 1.5: Example optical setup for spatially separating polarization states of light for 
imaging purposes. From [17] 

for example in satellite-based remote sensing where the polarization imaging 

system needs to be sent into orbit around Earth. 

To address this, there has been recent interest in using aluminum grating 

polarizers, deposited directly over each imaging pixel at 45◦ to each other as 

shown in Figure 1.6. This allows linear polarization imaging for hyperspec-

tral imaging applications by directly converting the polarization state into an 

intensity signal without alignment or reliability concerns. In order to simul-

taneously attain both polarization and wavelength information from a single 

compound pixel, the approach to wavelength detection needs to be modifed 

from a simple Bayer flter. This is done by stacking p-n junctions vertically 

in order to leverage the spectrally dependent absorption in silicon, which 
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results in stronger absorption at shorter wavelengths [18]. Thus blue light, 

which does not penetrate as far into the silicon, will only generate carriers at 

shallow junctions, while red light, which can penetrate further, will generate 

carriers at deeper junctions, and RGB information can recovered. However, 

the fabrication processes involved in such systems is more demanding due 

to both the additional deposition and doping steps required for producing 

stacked p-n junctions, as well as the scale of the sub-wavelength (∼100 nm) 

periods used in the metal grating polarizers. Alternatively, as we will see 

in the next section, plasmonic approaches o˙er a solution to acquiring both 

wavelength as well as direct polarization information simultaneously, with-

out the material-based band gap constraints that traditional semiconductor 

devices face. 

1.3 Surface plasmons: A brief overview 

The frst experimental observations of surface plasmon polaritons (SPP) were 

made by Robert Wood in 1902 [20] in refection measurements from metallic 

gratings, though at the time the physical mechanisms underlying his observa-

tions were not well understood. Nearly 50 years would pass before a study on 

energy losses in thin metal flms was published where Rufus Ritchie detailed 

the frst theoretical description of surface plasmons as collective oscillations 

of free electrons confned near the surface of a metal [21] (see Figure 1.7). 

In 1968, almost 70 years after Wood frst observed his anomalies in grating 
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Figure 1.6: Illustration of a polarization sensitive, vertically stacked CCD. Upper: The 
grating polarizers on top of the pixel are shown as blue and orange, oriented at 45◦ to 
each other. Lower: Illustration of the vertical doping scheme to produce the stacked p-n 
junctions as well as the associated electronics for extracting wavelength information from 
the stacked photodiodes. From [19]. 
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Figure 1.7: Left: Schematic of surface plasmons illustrating the charge density distribu-
tion and the associated electromagnetic felds that propagate along the interface between 
the metal and the dielectric. Right: The non-radiative, evanescent felds associated with 
the surface plasmon extend into the dielectric medium with decay length δd, on the order 
of half the excitation wavelength. In the metal, the decay length of the evanescent feld 
δm is dictated by the skin depth, but importantly, there is some penetration of the feld 
into the metal. From [24]. 

refectivity, Andreas Otto and Erich Kretschmann dramatically advanced the 

feld with the development of two prism-based methods for exciting surface 

plasmons [22, 23]. These two approaches, which will be discussed below, 

o˙ered a simple way for researchers to excite surface plasmons in laboratory 

settings and thus enabled further research and development of the feld. 

1.3.1 Physics of surface plasmon excitation 

The mathematical description of surface plasmons follows from implementing 

Maxwell’s equations with the appropriate boundary conditions at a metal-

dielectric interface. The resulting surface wave dispersion relation is given 
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Figure 1.8: Dispersion relations for surface plasmons at a metal-air interface. In the case 
of a metal flm, the surface plasmon polariton dispersion curve in reciprocal space (red) 
is always less than the light line (black). Therefore, free-space light cannot excite surface √ 
plasmons directly. Note ωSP = ωP/ 2 in air. Adapted from [25]. 

by r 
εmεd

kSPP = 
ω 

(1.1)
c εm + εd 

where εm and εd are the metal and dielectric permittivities respectiviely, ω 

is the angular frequency, and c is the speed of light. Figure 1.8 shows this 

relation with the free-space light line kx = ω/c. 

In the case of a metal flm in air, the SPP dispersion curve in recipro-

cal space is always less than the light line as shown in Figure 1.8, with an 
√ 

asymptote at the frequency ωSP = ωP/ εd + 1, where ωP is the bulk plasma 

frequency of the metal. Therefore, since the plasmon dispersion curve never 

crosses the light line and the required SPP momentum is greater than the 

available momentum of the light for any given frequency, there is no condition 

under which momentum can be matched between free-space light and surface 

plasmons. Thus free-space light cannot excite surface plasmons directly. 
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Figure 1.9: Prism-based schemes for surface plasmon excitation. Left: The Otto con-
fguration, where evanescent felds (light red) are used to excite SPPs (red) at the upper 
air-metal interface. Right: The Kretschmann confguration, where evanescent felds (light 
red) are used to excite SPPs at the lower air-metal interface. In both schemes, the angle 
of incidence θ is adjusted to achieve the required momentum matching in the x-direction 
for surface plasmon excitation. 

In the approaches developed by Kretschmann and Otto, a prism is used 

to achieve the required momentum matching to launch surface plasmons in 

a metal flm. In both cases, the p-polarized light undergoes total internal 

refection (TIR) at the base of the prism. In the Otto confguration (Figure 

1.9 left), the metal flm is positioned in close proximity to the prism, so the 

evanescent felds resulting from the TIR within the prism couple to SPPs on 

the nearest metal-air interface. In the Kretschmann confguration (Figure 

1.9 right), the metal flm is deposited directly onto the surface of the prism, 

and surface plasmons are launched at the metal-air interface on the opposite 

side of the metal flm, again via coupling with evanescent felds. 

The prism common to these approaches enables the required momentum 

matching for the optical excitation of surface plasmons since the refractive 

index of the glass induces a shift in the light line of the system. This shift 
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Figure 1.10: Dispersion relations for surface plasmons at a metal-glass interface. In the 
case of light traveling through glass instead of air, the light line is shifted downward due 
to the permitivitty of the glass prism εp, increasing the momentum of the light for a given 
frequency. Thus prisms can be used excite surface plasmons on metal flms. Adapted 
from [25]. 

introduces a crossing point with the SPP dispersion curve, generating a region 

where the SPP momentum is accessible to light at a given frequency, as shown 

in Figure 1.10. Note that the x-component of the light momentum in the 

prism is given by 
ω √ 

kx = εp sin θ 
c 

where θ is the angle of incidence of the incoming light onto the metal flm, 

and εp is the permittivity of the glass prism. Therefore the light lines shown 

in Figs. 1.8 and 1.10 correspond to grazing incidence, or θ = π/2, where the 

momentum in the x-direction is maximized. Thus, the region of the SPP 

dispersion curves above the light line can be momentum matched by tuning 

the wavelength and/or the angle of incidence θ. At the angle where surface 

plasmons are excited, the intensity of the refected light drops as energy is 

coupled into the electron oscillations within the metal flm. 
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From equation 1.1, it is clear that this resonance condition is extremely 

sensitive to small changes in the refractive index of the adjacent medium. 

In practice, resonance shifts of up to several hundred nanometers per refrac-

tive index unit (RIU) are possible [26, 27]. As a result, surface plasmons 

lend themselves nicely to applications in surface sensing and detection, with 

surface plasmon resonance (SPR) based biosensors that leverage Otto or 

Kretschamnn confgurations now used in a range of applications, from test-

ing for peanut allergens [28], to examining insulin binding [29], to monitoring 

avian infuenza infection [30]. Furthermore, the reliability and high sensitiv-

ity of these mechanisms has led to the development of several commercial 

SPR biosensing systems (i.e. GE Biacore). 

In the case of grating coupled surface plasmons, as used by Wood in 

1902, the mechanism is slightly di˙erent, where additional dispersion curves 

are introduced above the free-space light line. These additional curves result 

from the periodicity of the grating, as shown in Figure 1.11. For a metallic 

grating with real-space period P in the x-direction, the dispersion curve for 

a continuous flm (see Figure 1.8) becomes periodic in reciprocal space, re-

peating itself every 2π/P . This periodicity in reciprocal space leads to the 

formation of excitation bands and band gaps above the light line where sur-

face plasmons can, and cannot, be excited. This band structure is illustrated 

in Figure 1.11 for the frst Brillouin zone [−π/P, π/P ]. Mathematically, the 

surface plasmon momentum on a grating can be described by the vector 
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Figure 1.11: Dispersion relations for surface plasmons on a grating. Introducing a 
metallic grating with period P , the dispersion curve for a continuous flm shown in Figure 
1.8 becomes periodic in reciprocal space (dashed black), forming bands (red) above the 
light cone (bold black) where surface plasmons can be excited. The band structure is 
illustrated here only for the frst Brillouin zone [−π/P, π/P ]. For light under normal 
incidence, kx = 0 and so only light with frequency corresponding to the band positions at 
kx = 0 can excite plasmons under normal incidence. Light with frequency ωe is shown as 
an example (red dashed). Adapted from [25]. 

equation 
√ 

kSPP = εdk0 sin θ ± Nkg. (1.2) 

where εd is the dielectric constant of the material adjacent to the grating, k0 

is the wave vector of the incident light, N is an integer, and kg is the wave 

vector of the grating, with |kg| = 2π/P 

From the preceding discussion, we can see that light polarized parallel to 

the grating ridges experiences a signifcantly di˙erent momentum landscape 

than light polarized perpendicular to the grating ridges. When the electrons 

of the metal are free to respond to the incident electric feld, as is the case for 

light polarized parallel to the grating ridges, the resulting plasmon dispersion 

has the form of Figure 1.8, that is, of a continuous metal flm. Therefore, 
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light polarized parallel to the grating ridges cannot excite surface plasmons. 

However, light with polarization perpendicular to the grating ridges can in-

teract with the higher order plasmon dispersion curves that result from the 

periodicity of the grating. For light under normal incidence, kx = 0 and so 

only light polarized perpendicular to the grating ridges with a frequency cor-

responding to the band positions at kx = 0 can excite plasmons, as shown in 

Figure 1.11. In this way, surface plasmon excitation on metallic gratings can 

conserve information about both the wavelength and polarization of incident 

light. 

1.3.2 Current directions in plasmonics 

Since Wood frst made his observations using metal gratings, improvements 

in metal nanostructure design and fabrication have led to advances in control-

ling light-matter interactions within extremely small volumes. In particular, 

these advances have enabled the development of plasmonic structures and 

resonators on nano and micro scales, capable of confning the incident light 

within these small regions. Thus plasmonic nanostructures can induce ex-

tremely large electric feld enhancements, with experimental demonstrations 

of feld enhancement factors on the order of 105 [31]. 

As a result of this historically unprecedented control of optical felds, 

plasmonic structures have led to exciting developments in a broad range of 

disciplines in recent years. For example, in energy harvesting [32], single 

molecule detection in medical research and diagnostics [33], enhancement of 
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nanoscale light emitters [34], wavelength-dependent light trapping for plas-

monic color flters and display pixels [35, 36], chemical sensing for defense and 

security purposes [31], as well as optical manipulation of surface plasmons 

themselves [37]. 

However, even with the advancements in the excitation and manipulation 

of surface plasmons enabled by the progress in nanofabrication techniques, 

monitoring the excitation typically still requires an optical approach. This 

results in complex optical systems such as angular resolved refection mea-

surements [38] or nearfeld scanning optical microscopy (NSOM) [39], for 

example. 

Losses in Plasmonics 

Since SPPs necessarily involve free electrons in metal with a component of 

their energy stored kinetically, plasmonic devices are also fundamentally lim-

ited in their performance due to intrinsic resistive losses, rapid dephasing, 

and electron thermalization [40]. As a result, the average SPP lifetime is on 

the order of 100 fs [41, 42], which is far faster than the energy can be con-

verted to another, more useful form. In essence, the plasmonic energy needs 

to be harvested before it is lost, which is diÿcult since the loss happens on 

such fast timescales. Thus in applications that rely on energy conversion 

from surface plasmons such as radiative coupling and emission, optical har-

monic generation, or hot electron extraction for energy harvesting purposes, 

the ultrafast relaxation of surface plasmons imposes a fundamental limit on 

23 



the achievable eÿciency [7]. 

In recent years, there has been a growing interest in not only mitigating 

these e˙ects, but in actively leveraging these plasmonic losses [43, 44]. For 

example, the heating associated with these losses has attracted attention in 

a variety of felds [45], including inducing cell death in photothermal cancer 

therapy [46, 47], initiating well controlled chemical reactions by increasing 

the local thermal energy density [48, 49], and catalyzing the evaporation of 

water for purifcation and desalination purposes [50]. 

Another approach for leveraging plasmonic losses is to use surface plas-

mons to alter the electrical properties of the metallic structures. For example, 

Kim and Yeo have shown that SPP excitation in an applied current results 

in a measurable decrease in the conductance of a plasmonic nanowire [51]. 

They attribute this e˙ect to an increase in electron scattering in the presence 

of surface plasmons. In similar fashion, Herzog et al. used the temperature-

dependent resistance of metal to measure the temperature increase resulting 

from plasmon thermalization in a metal nanowire. This allowed the authors 

to place limits on the temperature increases available as a result of plasmon 

excitation [52]. 

The losses that result from the relaxation of highly non-equilibrium hot 

electrons, as well as e˙ects arising from the interaction of plasmons with 

an applied current are not accounted for in the model described in Section 

1.3.1. In order to account for these e˙ects, we need to consider processes in 

the metal itself under plasmonic excitation. In the following discussion, the 
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plasmon excitation is taken to be in the y-direction and excited via grating 

coupling. As discussed for the case of the bolometer in Section 1.2.1, a small 

current passing through a metal grating induces an asymmetry in the Fermi 

level of the free electrons in the metal [6], as shown in the band diagram 

in Figure 1.12a. This asymmetry in Fermi level leads to a shift in the 2D 

Fermi surface in the direction of the bias current (Figure 1.12b). When light 

is introduced into the system, photons interact directly and indirectly with 

the electrons in the metal, leading to the generation of hot electrons [7]. 

However, in the case of plasmonic excitation, the hot electron generation has 

a well-defned dependence on the k-vector of the incident light as discussed 

in Section 1.3.1 [53], This leads to the formation of curved wings in the Fermi 

level in the direction of the plasmonic excitation (Figure 1.12c), resulting in 

an anisotropic, elliptical spreading of the 2D Fermi surface in the y-direction, 

shown as dark red regions in Figure 1.12d. Although the absolute value of 

this additional momentum Δksp is on the same order of magnitude as the 

shift in the average momentum of the system Δkavg resulting from the applied 

DC bias, the contribution of Δksp is primarily in the ky-direction while the 

net momentum shift kavg is in the kx-direction. The introduction of kavg 

means that not every point within the darker regions in Figure 1.12d has a 

point with an equivalent (but negative) kx inside the light red Fermi surface, 

and so some negative momentum is required in the system for relaxation of 

the surface plasmon to occur. This additional negative momentum originates 

from scattering processes within the metal and opposes the current, resulting 
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in a measurable resistance to the applied current [54]. Furthermore, as shown 

in the band structure in Figure 1.12c, the additional momentum from the 

generated hot electrons does not contribute equally to the overall momentum 

of the system due to the asymmetry of the Fermi level. For a given value 

of ky and hot electron energy ΔE, hot electrons generated in regions of 

negative kx contribute more momentum in the negative x-direction than 

hot electrons generated in regions of positive kx contribute in the positive 

x-direction. The result is an additional small restoring of the current to 

the equilibrium condition (grey dotted circle in Figure 1.12b). Due to both 

the increase in scattering and this addition of anisotropic momentum from 

plasmonically generated hot electrons, we see an increase in the resistance 

of the system under plasmonic excitation. Importantly, in the plasmonic 

case this resistance depends on the k-vector, and thus the wavelength and 

polarization, of the incident light. 

To visualize this process, Figure 1.13 shows a schematic of the e˙ective 

speed in the x-direction of the electrons within a single ridge of the nanograt-

ing represented as color, where red is slow and turquoise is fast. In the ab-

sence of surface plasmons (left), the speed of electrons through the grating 

ridge is low with electron density e˙ectively constant to maintain constant 

current through the system. However, when light is introduced (right), the 

resistance introduced by the surface plasmons leads to a slowing down of 

the electrons in the ridge. In order to maintain the current at all points, 

this means that the electron density after interacting with the light is higher. 
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Figure 1.12: Physical mechanism of plasmonically induced resistance changes.(a,c) Dis-
persion relations of the free electron gas in k-space. (a) The Fermi level indicated by the 
oblique red surface within the energy paraboloid is tilted in the kx-direction due to the 
applied bias current. The 2D projection of the highest occupied state in k-space is shown 
as a red line on the grey plane. In the case of (a), this projection is a circle. (b) The 2D 
projection from (a) (red solid line) where the average momentum (kavg) of the free elec-
trons in the system is shifted in the kx-direction by the applied bias current with respect 
to the equilibrium condition denoted by the grey dashed circle. (c) Plasmonically excited 
hot electrons lead to higher occupied states in the ky-direction of the red oblique surface 
(indicated by the curved wings). (d) The 2D projection from (c), where the plasmonic 
excitation of hot electrons adds an additional momentum to the free electron gas by the 
plasmonic wave-vector Δksp, oriented perpendicular to the grating (dark red regions). 
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Figure 1.13: 3D real space visualization of the electrons (spheres) of the applied bias 
current fowing from left to right in the x-direction. The color of the spheres corresponds 
to the x-component of the velocity where red is slow and turquoise is fast. Left: In the 
absence of a plasmonic disturbance, the electron fow is uniform, without a gradient in 
the average x-velocity component. Right: The red illumination indicates incident laser 
light for plasmonic excitation. The induced increase in resistance of the system requires a 
larger potential in order to maintain the same current as in the left-hand image, leading 
to both a gradient of the x-velocity component as well as changes in the relative spatial 
distribution of the electrons. 

Furthermore, the extra energy required to overcome the plasmonic resistance 

means that the initial speed of the electrons is higher and the density lower 

at the same current as in the left fgure. 

1.4 Current work 

The unique combination of momentum matching requirements and ultrafast 

loss mechanisms that are capable of measurably infuencing electrical proper-

ties makes surface plasmons a strong candidate for the development of optical 

detectors with novel properties and capabilities. For example, the wavelength 

and polarization sensitivity resulting from momentum considerations o˙ers 

potential in applications such as remote sensing and hyperspectral imaging. 

On the other hand, the ultrafast behavior and structural tunability lead to 

28 



opportunities for such a detector in optical communications where detector 

bandwidth is a limiting factor [55]. Furthermore, the refractive index sen-

sitivity of SPPs may open the door to more exotic applications, o˙ering a 

simple and direct readout in arenas like biochemical assays, protein folding 

science [56], and molecular dynamics. 

In this work, we lay the foundation of such a plasmonic optical detector. 

We develop a system that o˙ers an all-electronic readout of plasmonic ac-

tivity, greatly simplifying and reducing the cost of plasmonic systems. This 

is achieved by leveraging the scattering and subsequent thermalization of 

plasmonically induced hot electrons within an applied current in a metal 

nanograting. This o˙ers an approach for direct electronic readout of light 

properties including polarization, which is currently only accessible using 

complex optical systems [19, 17]. Using this approach, we demonstrate di-

rect polarization imaging in a fully-integrated CMOS compatible plasmonic 

detector. Furthermore, we show that such a detector has a response time 

governed by the ultrafast scattering processes involved in the relaxation of 

the plasmonically excited hot electrons. 
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2 | Optical and electronic 

characterization of surface 

plasmons 

2.1 Introduction 

By measuring the voltage drop due to plasmonically induced changes in re-

sistance, we examine the electronic signature of surface plasmons in terms of 

dependence on incident light intensity, polarization, and incident wavelength. 

The following sections describe the equipment and experimental techniques 

used to achieve this. 

2.2 Sample description 

In order to measure the small resistance changes induced by surface plasmon 

activity, we used a Wheatstone bridge design. Since its development in 1843 

by Charles Wheatstone [57], this design has become a standard approach 
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Figure 2.1: Top: Circuit diagram of Wheatstone bridge, where R1, R2, and R3 are 
known, while Rx is the unknown resistance of interest. Bottom: A plot of equation 2.2, 
with Vs fxed, showing the sensitivity of a Wheatstone bridge for Rx = 50Ω (grey) and 
Rx = 20Ω (black). Sensitivity is at a maximum when Rx = R3, and is higher for lower 
resistance values. 
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for measuring small resistance changes in devices such as strain gauges and 

thermistors [58]. A Wheatstone bridge is a simple circuit composed of two 

voltage dividers in parallel (see Figure 2.1), where one resistor Rx varies as a 

result of external infuences such as temperature, humidity, or deformation. 

The potential di˙erence Vo between the outputs of the voltage dividers is 

proportional to Rx as 

� � 
Rx R2

Vo = Vs − . (2.1)
R3 + Rx R1 + R2 

The sensitivity of the Wheatstone bridge can then be found to be 

dVo R3 
= Vs . (2.2)

dRx (R3 + Rx)2 

From equation 2.2, we see that the sensitivity of a Wheatstone bridge in-

creases as the values of the resistances decrease, and reaches a maximum 

when Rx = R3, as shown in Figure 2.1. Note that the sensitivity is indepen-

dent of R1 and R2, but R1 and R2 should be similar in magnitude to Rx and 

R3 to keep Vo ≈ 0V, though this is not crucial. From this, we conclude that 

the plasmonic Wheatstone bridge for these measurements should be imple-

mented in such a way that each branch resistance is low, and all branches 

have similar resistance values. 
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2.2.1 Design and fabrication 

In order to meet these design criteria, we integrated a 100 µm × 50 µm plas-

monic nanograting into a micro-Wheatstone bridge (µWB) made from thin 

metal flm (see Figures 2.2 and 2.3). 

The plasmonically active nanograting forms resistor Rx in the notation 

of Figure 2.1, while the other unpatterned thin metal arms form resistors 

R1, R2, and R3 by virtue of their thinness and the resistivity of the metal. 

Throughout this work we chose to use gold, aluminum, and titanium as 

metals. Aluminum has higher losses than gold at wavelengths longer than 

550 nm, and thus has a lower quality factor for surface plasmon resonance 

at these wavelengths [59]. Generally this is seen as a disadvantage for typ-

ical plasmonic applications in the visible spectrum. However in this case, 

since we are measuring plasmonically induced resistance changes, our initial 

assumption was that higher loss results in a stronger electronic signal since 

loss is brought on by scattering processes within the metal. Specifcally, 

electrical resistance in metals is dominated at room temperature by phonon 

interactions [54], and so using a metal that supports more phonons (i.e. a 

harder metal) increases the scattering experienced by a DC current. For this 

reason, we also opted to use titanium, a metal not typically used for either 

electronics or plasmonics because the resistive losses are so high due to strong 

electron-phonon interactions. The resistivities of the metals used are shown 

in Table 2.1. 
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Table 2.1: Bulk resistivities of the metals used in this work. Data for Al, Au from [60], 
data for Ti from [61]. 

Metal Resistivity (nΩ·m) 
Aluminum 26.5 

Gold 22.1 
Titanium 458 

Sample design 

Modelling was performed using the commercial software COMSOL (Finite 

Element Method) and RSoft (Rigorous Coupled Wave Analysis) to determine 

appropriate grating parameters for plasmon resonances in the desired spectral 

regions. Optical constants for aluminum, gold, and titanium were taken from 

refs. [62, 63], while the refractive index of glass was set to be 1.51, as for BK7 

glass (from Schott datasheet). 

Sample fabrication 

The µWB structures were fabricated using optical lithography and lifto˙ 

techniques, and consist of 4 arms arranged in a square. Each arm is 150 µm 

long and 40-50 µm wide (depending on the metal deposition and lift o˙), 

with a large triangular pad for making electrical contact at each corner of 

the µWB. Starting from the glass substrate, the unpatterned sample consists 

of a 3 nm Ti adhesion layer, 30-50 nm of variable metal that forms the µWB, 

10nm of Ti as a second adhesion layer for contact pads, and 130 nm of Al to 

form the large contact pads for good electrical connections. This structure is 
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Figure 2.2: Schematic of the cross-section of a gold sample showing the various metal 
layers used for fabrication, including the aluminum contact pads. In the experiments 
discussed here, the Au layer was swapped for Al or Ti in some cases, and these are 
referred to in the text as an Al or Ti µWB, respectively. The central region of the sample 
that is exposed to the air is the region which is patterned with photolithography to form 
the µWB (labelled, but not shown). Not to scale. 

shown schematically in Figure 2.2. The µWB is protected using a droplet of 

polymethylmethacrylate (PMMA) before the deposition of the second Ti ad-

hesion layer and electrical contact pads. This PMMA layer is then dissolved 

after the second deposition to expose the clean µWB. 

The nanograting was fabricated on one of the four arms of the µWB with 

focused ion beam (FIB) milling, such that the metal ridges of the grating 

run parallel to the bridge arm in order to allow current to fow through. 

Any remaining unpatterned metal adjacent to the grating is isolated by FIB 

milled grooves in order to avoid an electrical short that bypasses the grating. 

In these experiments, the aluminum µWBs have grating periods of P = 

325 nm and P = 450 nm with a 60% duty cycle, while the gold and titanium 

µWBs have a grating period of P = 520 nm with a 60% duty cycle. As 

a representative example, Figure 2.3 shows a gold µWB sample at di˙erent 

levels of magnifcation, starting with a macroscopic photograph of the sample 
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Figure 2.3: Images of a Au µWB nanograting under various magnifcations. Each sub-
sequent subfgure is a zoom of the white dashed square in the previous subfgure. (a) 
Photograph of the mounted sample with the triangular contact pads of the µWB wire 
bonded to a circuit board for electrical connection. (b) False color scanning electron mi-
croscope (SEM) image of the µWB. The black areas denote the glass substrate on which 
the gold flm (light yellow regions) is deposited. The darker yellow region enclosed in the 
white dashed box is the plasmonically active nanograting, etched with a focused ion beam. 
The electrical connections are shown schematically, with a battery connected across the 
left and right pads, while the induced voltage drop is measured across the top and bottom 
pads. The direction of current fow is indicated with blue arrows. (c) False color SEM 
image showing the detailed structure of the gold plasmonic nanograting with P = 520 nm 
(light yellow), and the coordinate system used to defne the incident electric feld orienta-
tions. 

in Figure 2.3a. The plasmonic grating can be seen as a dark-yellow area 

on the upper-right arm of the gold µWB shown in Figure 2.3b, where the 

electronic connections are shown schematically. The direction of net electron 

fow through the grating as well as the coordinate system used throughout 

this work is shown in Figure 2.3c. The sample is fnalized by wirebonding the 

fnished µWB to a custom printed circuit board (PCB) to make the required 

electronic connections. This PCB was circular with a 1 inch diameter to ft 

into lens mounts for convenient integration into the optical setup. The ohmic 

resistance of each arm of the µWB is on the order of 50 Ω for the aluminum 

µWBs, 25 Ω for the gold µWBs, and 500 Ω for the titanium µWBs. 
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2.3 Optical characterization 

2.3.1 Experimental methods: White light optical response 

The plasmonic behavior of the µWB was characterized by investigating the 

optical absorption characteristics of the gratings. This was achieved through 

refection and transmission measurements using the white light spectroscopy 

setup shown in Figure 2.4. A white LED was used as the white light source. 

The light was collimated with with a lens before passing through a polarizer. 

The polarizer was adjusted so the incident polarization was either in the x-

direction (parallel to the grating ridges), or in the y-direction (perpendicular 

to the grating ridges). The light then passed through a non-polarizing 50:50 

beam splitter before being focused on the sample using a 15× microscope 

objective under normal incidence. For refection measurements, the focusing 

objective was also used to collect the refected light and pass it back into 

the beam splitter where it was directed onto a mirror and through a second 

focusing lens into an imaging spectrometer with an attached liquid nitrogen 

cooled CCD. An aluminum mirror was used to normalize refection data. 

For transmission measurements, a 10× Olympus microscope objective was 

used for transmitted light collection. The transmitted light was then directed 

through the focusing lens and into the spectrometer via a mirror and a fip 

mirror. The transmission through the bare glass in the center of the µWB was 

used to normalize the transmission data. Figure 2.5 shows an example false 

37 



Figure 2.4: White light refection and transmission optical setup. WLS: LED white 
light source; L1: Collimating lens; P: Polarizer; BS: 50:50 Beam splitter; MO1, MO2: 
Microscope objectives for focusing and collecting light; SM: Sample mount; M1, M2: 
Mirrors; FM: Flip mirror for selecting refection or transmission; L2: Imaging lens 

color intensity map of the light transmitted through the nanograting (green 

rectangle at the center of the image), the surrounding glass (red regions) 

and the metal pads (blue regions). For both refection and transmission 

measurements, the spectrometer entrance slit was closed to 100 µm. 

The output of the spectrometer provides spectral information along the 

x-axis and spatial information along the y-axis, and in this way, the region 

between the dashed red lines in Figure 2.5 was selected in order to isolate 

the response from the nanograting. 

The absorption was then calculated as A = 1 − R −T , where R and T are 

the normalized refection and transmission, respectively. In order to eliminate 

spectral features caused by surface roughness, grain boundaries, and other 

isotroptic imperfections, we then normalized the perpendicular absorption 

spectrum to the parallel absorption spectrum. This results in an absorption 

spectrum that contains only polarization dependent spectral features. We 

refer to this quantity as the ‘absorption ratio’ of the sample. 
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Figure 2.5: An example intensity map of white light transmitted through a grating 
sample. The blue regions are the metal pads, the green region in the center is the grating 
area, and the surrounding red regions show the intensity profle of the light transmitted 
through the glass substrate. 

2.3.2 Results 

Figure 2.6 shows both the measured optical absorption ratio and the simu-

lated absorption ratio for an aluminum µWB with period P = 450 nm, as 

a validation of the design approach. The narrow peaks near 450 nm are the 

result of taking the ratio between Fano resonances in x- and y-polarizations 

which arise from the grating coupling light into the underlying glass, while 

the peak near 675 nm is the resulting broad plasmon mode that arises from 

the interaction of adacent aluminum grating ridges [64]. While the mag-

nitude of the simulated and measured absorption ratios agree to order of 

magnitude, the discrepancy in absolute scale between the measured and sim-

ulated absorption ratios is likely due to real world e˙ects which are not ade-

quately represented in the simulation that reduce the di˙erence in response 

under orthogonal polarizations. These include isotropic e˙ects such as grain 
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Figure 2.6: Experimental absorption ratio (red dots) and simulated absorption ratio 
(black line) for the Al µWB with P = 450 nm. 

boundary scattering and surface roughness. However, the spectral position 

of the peaks agrees well and is the primary interest in these comparisons. 

2.4 Polarization and power dependence of 

plasmonic resistance 

2.4.1 Experimental methods: Single lock-in technique 

The setup shown in Figure 2.7 was used to induce and evaluate the plasmonic 

resistance changes in gold and titanium µWBs, all with P = 520 nm, under 

x- and y-polarized illumination across a range of incident powers. The laser 

illumination was provided by continuous wave (cw) diode lasers at 405 nm, 
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Figure 2.7: Optical setup for plasmonic resistance measurements. Laser: cw diode 
laser; ND: Mirrored neutral density attenuators for setting incident power; CH: Optical 
chopper to provide the lock-in amplifer reference frequency; P: Polarizer to set excitation 
polarization; BS: 50:50 Beam splitter; PD: Photodetector for power monitoring; MO1: 
15× microscope objective for focusing light; L1: Imaging lens to focus on CCD to ensure 
proper illumination on the nanograting of the µWB. 

532 nm, 785 nm, or 980 nm. A refective neutral density flter was used to 

set the incident power. The incident laser light was modulated by an optical 

chopper at 3.533 kHz in order to provide a reference frequency for a lock-in 

amplifer. After passing through the chopper, the laser was directed through 

a polarizer to set the incident polarization and then through a non-polarizing 

50:50 beam splitter before being weakly focused on the sample at normal 

incidence using a microscope objective. The beam splitter provided both 

continuous power monitoring via a Si photodetector, as well as a real time 

image of the grating by directing the refected light through an imaging lens 

where it was focused onto a CCD. By monitoring the live image of the grating, 

the laser spot was set to 40 µm in diameter, in order to illuminate the full 

width of the grating (see Figure 2.8 as an example). 

The lasers used to excite surface plasmons also induce heating in the 
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Figure 2.8: Representative image of 785 nm CW laser spot on a Au nanograting. Unless 
otherwise specifed, the spot sizes of all lasers were adjusted to be 40 µm in diameter as 
shown here. 

structure, namely the grating and the underlying substrate in the area of 

illumination, which introduces a change in resistance unrelated to plasmons. 

Additionally, this heating and phonon generation could also infuence the 

relaxation of surface plasmons and their interaction with the applied current. 

Therefore, we examined the role of the chopper in minimizing these e˙ects. 

As we will see in Chapter 4, surface plasmon relaxation is known to oc-

cur on ultrafast timescales [7, 41] Thus we consider resistive e˙ects which 

are impacted by changes in optical chopper frequency (i.e. relatively slowly) 

to be non-plasmonic. However, these non-plasmonic processes which intro-

duce more phonons into the system may have impacts on the relaxation of 

plasmons and their interaction with the applied current. Figure 2.9 shows 

that for y-polarized cw illumination (7.95 µW cm−2 at 785 nm), the system 

approaches an equilibrium condition at higher chopper frequencies. In this 

case, we are limited by the optical chopper in terms of accessible frequencies, 

and for this reason the curve does not stabilize. Additionally, at higher chop-

per frequencies, the impact of laser instability on the system is decreased. 
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Figure 2.9: Dependence of voltage drop on the optical chopper frequency for a gold 
plasmonic µWB under 100 µW of y-polarized 785 nm CW laser illumination. The signal 
approaches thermal equilibrium for higher chopper speeds. 

As a result, all experiments were done with the chopper set at its maximum 

frequency of 3.533 kHz. 

Spot size considerations 

The transverse mode of a laser describes the intensity profle of the laser 

beam in cross-section. In all experiments this transverse mode is assumed 

to be the fundamental mode, denoted TEM00, which has a radially Gaussian 

intensity profle. Thus this mode is generally referred to as a Gaussian beam. 

Since a Gaussian intensity profle does not display any hard boundaries, 

the spot diameter defnition used here is the full width at half maximum 

(FWHM) of the intensity profle. In order to measure this, the intensity 

profle of the unsaturated laser spot was extracted from a CCD image of the 
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Figure 2.10: The extracted intensity profle of the laser spot on the nanograting (blue 
dots), ftted with a Gaussian distribution (red line). The spot size, is calculated from the √ 
Gaussian ft parameters as FWHM = 2σ 2 ln 2, where σ is the standard deviation. In 
this case the resulting spot size is 7.6 µm, using data from measurements of the localized 
grating response as discussed in Section 3.3. 

illuminated nanograting, and the profle was ftted with a Gaussian function 

given by 
−(x−µ)2 

f(x) = Ae 2σ2 + c, (2.3) 

where A is the amplitude of the ft, µ is the o˙set in the x-direction, σ is the 

the standard deviation, and c is the o˙set in the y-direction. From the ft 

parameters of equation 2.3, the FWHM of the laser spot was extracted as 

√ 
FWHM = 2σ 2 ln 2. 

An example of this ftting is shown in Figure 2.10, where the resulting spot 

size is 7.6 µm. 
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Figure 2.11: Schematic of spot size d with respect to z-position of grating. Here, z = 0 
at the position of the Gaussian beam waist. Positioning the grating plane p at position 
Δz leads to a spot size d larger than the beam waist. By changing Δz, the spot size can 
be controlled. Note, Δz < 0 is possible also. 

In order to achieve the desired laser spot size on the nanograting, the z-

position of the nanograting within the focused laser beam is o˙set as shown 

in Figure 2.11. Unless otherwise specifed, the longest dimension of the laser 

spot size was typically set to 40 µm to illuminate the full with of the grating. 

As a result of this, the sample is not positioned exactly in the focal plane of 

the laser, and this has consequences on the polarization of the illumination 

spot that must be considered. Consider a laser beam linearly polarized in 

the x-direction entering the back aperture of a microscope objective. For 

simplicity, assume the lens system of the objective can be modelled as a 

refractive reference sphere with refractive index n2 surrounded by a medium 

of refractive index n1 as shown in Figure 2.12. Due to the large beam diameter 

and aperture size with respect to the wavelength, the incident laser can 

be approximated as a plane wave, with the electric feld vector Einc just 

to the left side of the reference sphere boundary given in Cartesian vector 
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Figure 2.12: Schematic of plane wave being refracted and focused by a reference sphere 
of refractive index n2, as well as the coordinate systems used in equations 2.4 and 2.5. 
Taken from [65]. 

components by 

Einc(θ, φ) = 

⎡ ⎢⎢⎢⎢⎣ 
Einc(θ, φ) 

0 

⎤ ⎥⎥⎥⎥⎦ . (2.4) 

0 

However, upon being refracted by the reference sphere and ignoring refec-

tions, the refracted electric feld Eref just to the right of the reference sphere 

boundary can be written in Cartesian vector components as [65] 

⎡ ⎢⎢⎢⎢⎣ 
(1 + cos θ) − (1 − cos θ) cos(2φ) 

−(1 − cos θ) sin(2φ) 

r ⎤ ⎥⎥⎥⎥⎦ 1 n1 1/2Eref(θ, φ) = Einc(θ, φ) (cos θ) . 
2 n2 

−2 cos φ sin θ 

(2.5) 

Note that the lens (reference sphere) has converted the laser beam from a 

cylindrical, planar system to a spherical system, essentially wrapping the 

planar phase front into a spherical one, and in doing so, has introduced 
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additional y- and z-components to the polarization, as evident by comparing 

equations 2.4 and 2.5. 

In terms of the impact of this on the plasmonic response of the nanograt-

ing, these e˙ects can e˙ectively be ignored. For example, in the x-polarized 

measurement, the y-polarized component introduced by focusing is small 

enough to be negligible (max |E2|/ max |E2| < 1% [65]). By symmetry argu-y x 

ments, the inverse of this is also true, such that there is the equivalent small 

x-component of the polarization in the y-polarized system. The z-component 

of the polarization, on the other hand, is not negligible (max |E2|/ max |E2| ≈ z x 

12%). However, in the z-direction, the light experiences the grating as the 

equivalent of a 30 nm nanowire. Due to the mode mismatch between even 

a di˙raction-limited focal spot and the surface plasmon distribution along a 

nanowire, the coupling eÿciency is very weak in lens-based light-nanowire 

coupling systems [66]. Therefore this z-component can also be ignored as far 

as its role in surface plasmon activity is concerned. Furthermore, this addi-

tional z-component appears equally for all measurements and thus doesn’t 

a˙ect the interpretation of the data. 

Lock-in amplifers 

Signifcant e˙ort was made to minimize the noise in the electronic measure-

ments. For reliability and simplicity, all four contact pads of the sample were 

connected via a shielded cable to a custom supply circuit to provide 4 mA of 

bias current. The circuit consisted of a battery with a 1 kΩ potentiometer 
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Figure 2.13: Schematic of the circuit used to supply the bias current for all measure-
ments. The left-hand side is the supply side (red and black traces), and the right-hand 
side is the detection side (blue and green traces). The red traces denote the active lines 
of the circuit. Black traces denote a foating ground at the same potential as the negative 
terminal of the battery. Green traces are grounded to the optical table, including the 
shielding of the USB cable, the shields of the SMA connectors at terminals A and B, and 
the ground plane of the sample mounting PCB (not shown). Blue traces are data lines 
that are connected to the top and bottom contact pads of the µWB via a USB cable. A 
1 kΩ potentiometer was used to set the desired current, which was measured as a voltage 
drop across the 50 Ω fxed resistance. The voltage drop across the battery terminals was 
also measured to ensure adequate supply voltage. 

to set the desired bias current through the left and right pads of the µWB. 

Figure 2.13 shows a schematic of the supply circuit. Voltage measurements 

allowed monitoring of both the battery voltage as well as the bias current 

through a 50 Ω shunt resistor. On the detection side, the top and bottom 

contact pads of the µWB were connected to the A and B inputs of a low-noise 

500× pre-amplifer via SMA cables. The A and B outputs of the pre-amplifer 

were then run through twisted BNC cables to a lock-in amplifer operating 

in A-B confguration, and referenced to an optical chopper. 

In order to isolate the small plasmonic resistance changes from the elec-

tronic and thermal noise of the system, a lock-in amplifer was used. Lock-in 

amplifers take advantage of the orthogonality of sinusoids to extract the 
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⎪
⎪

signal of interest. Mathematically, this condition can be expressed as 

⎧ Z ⎪
T ⎨0, m =6 n 
sin (nπt) sin (mπt)dt = (2.6) 

0 ⎪⎩T/2, m = n. 

By taking the product of the AC signal of interest, and a reference sine 

wave that is phase-locked to said signal, the lock-in amplifer generates a DC 

voltage that is proportional to the amplitude of the signal of interest. For 

example, consider the case of a measurement where the signal of interest is 

a perfect sinusoid of the form 

Vsig(t) = Vs sin(ωst + θs). (2.7) 

The lock-in then takes in an external reference, in these experiments the 

square wave trigger from an optical chopper, and generates a phase-locked 

reference sine wave at the same frequency as the trigger. This reference wave 

is given as 

Vref(t) = Vr sin(ωrt + θr). 

Inside the lock-in, the multiplier or Phase Sensitive Detector (PSD), takes 
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the product of these two sine waves and provides an output of the form 

VPSD(t) =VsVr sin(ωst + θs) sin(ωrt + θr) 

1 
= VsVr cos [(ωs − ωr)t + (θs − θr)]
2 

1 − VsVr cos [(ωs + ωr)t + (θs + θr)]. 
2 

This output is the sum of two AC signals, a sum frequency term at (ωs + ωr) 

and a di˙erence frequency term at (ωs − ωr). Note that if ωs = ωr, then the 

di˙erence term becomes a DC signal of the form 

1 
VPSD = VsVr cos (θs − θr). 

2 

By passing the output of the PSD through a narrow-band low pass flter, 

the sum frequency term is attenuated, leaving only the DC term which is 

proportional to the signal of interest. In this way, the lock-in amplifer can 

allow measurement of a small signal that might be overwhelmed by broad-

band noise many orders of magnitude larger. The fnal displayed output of 

the lock-in amplifer is then the RMS value of the input signal of interest at 

the same frequency as the external reference. 

In the case of our plasmonic detector, the nature of the optical chopper 

alternating between light on and light o˙ leads to an input signal that is 

approximately a square wave rather than a simple sinusoidal input given by 

equation 2.7. Fourier theory says that a square wave with a peak-to-peak 
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amplitude App can be represented as an infnite sum of sine terms as 

X2App 
∞ 

1 
V (t) = sin (nωt). (2.8)

π n 
n=1,3,5,... 

Graphically, this idea is shown in Figure 2.14. In this case, the PSD multi-

plies the reference sine wave with all Fourier components of the square wave 

simultaneously, which results in an output consisting of an infnite number 

of AC signals at the sum and di˙erence frequencies of the reference and all 

Fourier components. The low pass flter then acts as an integrator, per-

forming the math outlined in equation 2.6, which eliminates all but the frst 

component at the reference frequency ω (i.e. (2App/π) sin (ωt)). As shown 

in Figure 2.14, the displayed voltage on the lock-in amplifer VLI is then the 

RMS value of this frst Fourier component of the square wave, and is given 

by � � 
1 2App

VLI = √ . (2.9)
2 π 

Resistance calculations 

From the above information, we can develop an expression for the resistance 

change of the plasmonic nanograting. For clarity, I will use the superscript 
(pl)(pl) to denote a quantity where plasmons are present. For example Rx de-

notes the unknown resistance of the nanograting under plasmonic excitation, 

while Rx denotes the resistance in the absence of surface plasmons. In all 
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Figure 2.14: A plot of the Fourier series representation of a 1 Hz square wave given by 
equation 2.8 with App = 2V. Several partial sums up to n = 1 (red), n = 3 (grey), n = 7 
(cyan), and n = 49 (blue) are shown in addition to the complete Fourier series for n = ∞ 
(black). The lock-in display voltage corresponding to this square wave input is denoted 
with the red dashed line at VLI = 0.9V. 

experiments described here, a 500× low-noise pre-amplifer was used before 

the lock-in amplifer in order to boost the signal from the µWB. To begin, 

if we consider the circuit shown in Figure 2.1, the supply voltage Vs can be 

calculated from Ohm’s law as 

� �−1 

Vs = I 
1

+
1 

(2.10)
R1 + R2 R3 + Rx 

where I is the current supplied to the Wheatstone bridge. For all experi-

ments, this bias current was set to 4.0 mA. 

Using equation 2.9 and accounting for the pre-amplifer, the lock-in out-

put VLI is related to the amplitude App of the plasmonically induced voltage 

as 
1000App

VLI = √ . (2.11)
π 2 
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If we consider only the voltage divider that contains the unknown plasmonic 

resistance, we see that the output of this divider Vx 
(pl) is given by 

� � √ 

V (pl) Rx VLIπ 2 
x = Vs + , (2.12)

R3 + Rx 1000 

which is merely the sum of the output from the voltage divider in the absence 

of surface plasmons and the amplitude of the plasmonically induced voltage 

from equation 2.11. However, from voltage division considerations we also 

know that Vx 
(pl) also can be described by 

! 
Vx 

(pl) = Vs 
Rx 

(pl)

(pl) 
. (2.13) 

R3 + Rx 

Thus by equating equations 2.12 and 2.13 we have the relationship 

! � � √(pl)
Rx Rx VLIπ 2 

Vs (pl) 
= Vs + (2.14)

R3 + Rx 1000R3 + Rx 

where Vs is given by equation 2.10, and all non-plasmonic resistances are 

known from measured values. This equation can then be solved for the 

unknown Rx 
(pl), that is, Rx under plasmonic excitation. 

Finally, taking the di˙erence between the calculated value of Rx 
(pl) and 

the measured Rx we can fnd the plasmonically induced resistance change as 

= R(pl)ΔRp − Rx. (2.15)x 
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2.4.2 Results 

Figure 2.15 (left) shows the response of the gold µWB to illumination at 

several di˙erent wavelengths and optical power densities, for both x- and 

y-polarizations. For all wavelengths and polarizations, the response of the 

system increases linearly with power. For wavelengths of 532 nm, 785 nm, 

and 980 nm, the induced resistance change is roughly twice as large for the 

y-polarization for any given power compared to x-polarization. This can 

be seen in the right-hand panel of Figure 2.15 which shows the ratio of 

sensitivities (slopes of the ft lines) for a given wavelength in the left-hand 

panel (y-polarization/x-polarization). Specifcally, this sensitivity ratio is 

1.9, 1.7, and 2.1 for 532 nm, 785 nm, and 980 nm, respectively. Of note is 

that the x-polarized illumination still induces a measurable resistance change 

in the system. Moreover, for these wavelengths, the change in resistance 

introduced by x-polarized illumination is wavelength independent. 

In contrast, the response of the gold µWB to 405 nm illumination is ap-

proximately equivalent for both x- and y-polarizations of incident light, with 

a polarization response ratio of 1.1. Furthermore, the sensitivity of the gold 

µWB to either polarization of 405 nm is higher than any other wavelengths 

tested. Together, this is a strong indication that interband transitions play 

a role in the resistance induced by light at this wavelength, which will be 

discussed further in Sections 2.6 and 4.1. 

On the other hand, in contrast to our initial assumptions, as shown in 
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Figure 2.15: Left: Power dependence of Au µWB with P = 520 nm under x- and y-
polarized illumination (circles and squares, respectively) at wavelengths of 405 nm (blue), 
532 nm (green), 785 nm (red), and 980 nm (grey). Right: Ratio of the y-polarized sensi-
tivity to the x-polarized sensitivity of the Au µWB data shown on the left. 

Figure 2.16 (left) the change in resistance in the titanium µWB is an order of 

magnitude less than that of gold, with a response to y-polarized illumination 

on the order of 50 µΩ at the similar power densities to those used in Figure 

2.15. Furthermore, as shown in Figure 2.16 (right) the di˙erence in sensitivity 

to x-and y-polarized 532 nm illumination is similar to that of gold, with a 

sensitivity ratio of 1.5. For 785 nm illumination, the sensitivity ratio is only 

1.2, corresponding to an interband transition in titanium that leads to strong 

optical absorption between 770 nm and 850 nm [67]. Taken together, in this 

context titanium with its high resistivity o˙ers no discernible advantage over 

more traditional plasmonic materials such as gold. 
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Figure 2.16: Left: Power dependence of Ti µWB under x- and y-polarized illumination 
(circles and squares, respectively) at 532 nm (green) and 785 nm (red) wavelengths. Right: 
Ratio of the y-polarized sensitivity to the x-polarized sensitivity from the data shown on 
the left. 

2.5 Spectral dependence of plasmonic 

resistance 

2.5.1 Experimental methods: Tunable ultrafast lasers 

As a result of k-vector considerations described in Section 1.3, surface plas-

mons show a strong (tunable) dependence on the geometry of the system at 

the nano- and micro-scale. To illustrate this, we investigated the spectrally 

dependent response of aluminum µWBs with grating periods of P = 325 nm 

and P = 450 nm, both with duty cycles of 60%. Figure 2.27 shows the op-

tical setup used to examine these responses. These samples were designed 

to have plasmonic resonances at di˙erent positions within the visible spec-

trum. Furthermore, aluminum was used for this purpose since gold has a 
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Figure 2.17: Schematic illustration of the optical beam path of the Coherent Verdi V-18. 
(Coherent 2004) 

non-plasmonic interband transition in the blue spectral region which would 

a˙ect the results of the measurement (see Sections 2.6 and 4.1). It is worth 

noting that aluminum also has an interband transition at 1.55 eV or around 

800 nm. However, our measurements only extend between 486 nm and 695 nm 

as discussed below, so this transition does not play a role here. 

A Ti:sapphire mode locked laser system provided tunable laser pulses 

with lengths of 150 fs at a repetition rate of 250 kHz in order to excite surface 

plasmons. I will describe this laser system one subsystem at a time. 

Coherent Verdi V-18 

Mode locking is a common method for achieving a pulsed laser output with 

very short pulse lengths and very high peak intensities. One of the fundamen-

tal requirements for mode locked laser systems is a low-noise pump laser with 

a high quality beam profle. In our system, these requirements were met us-

ing the Coherent Verdi V-18, a diode-pumped solid-state (DPSS) laser that 
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Figure 2.18: Schematic illustration of the optical beam path of the Coherent Mira 900-F. 
(Coherent 2004) 

emits at 532 nm. In the Verdi, two high-power laser diodes at 808 nm are 

used to pump a neodymium-doped yttrium orthovanadate (Nd:YVO4) crys-

tal, which then lases at 1064 nm. As shown in Figure 2.17, the cavity of the 

Verdi is a bow-tie ring resonator with two curved mirrors to focus the light 

into a lithium triborate (LBO) crystal, which frequency doubles the 1064 nm 

light to 532 nm. The eÿciency of this frequency conversion is maximized by 

correcting for beam astigmatism before entering the LBO to ensure a high 

quality focus within the crystal. The direction of light propagation in the 

cavity is dictated by an isolator that functions as an optical diode, while the 

fundamental wavelength that the cavity supports is selected using an etalon. 

The frequency-doubled light passes through the outcoupling mirror as an ex-

tremely high quality TEM00 mode with a power of 18 W, which is then used 

to pump both a Ti:sapphire oscillator and a regenerative amplifer. 

Coherent Mira 900-F 

The Ti:sapphire oscillator used here was a Coherent Mira 900-F (see Figure 

2.18). While the following discussion is a general description of mode locked 
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laser operation, the details are specifc to the Mira 900-F. A laser cavity 

of length L can support a set of standing intensity waves that fulfll the 

relationship 
nλn

L = , (2.16)
2 

where n is an integer number. These resonant wavelengths λn are referred 

to as the longitudinal modes of the cavity. The cavity length of the Mira 

900-F used here is L = 1.98 m. Thus the fundamental mode the cavity can 

support is L = λ1/2 or λ1 = 3.96 m. The second supported mode would then 

be L = λ2 or λ2 = 1.98 m, while the third would be λ3 = 1.32 m, and so on 

for all higher harmonics. Note that due to the relation 

c = λf 

where c is the speed of light, λ is the wavelength of the light, and f is the 

frequency of the light, these harmonics are separated in the frequency domain 

by 

Δf = c/λn − c/λn−1 = 76 MHz. 

The gain medium in the Mira 900-F is a Ti:sapphire crystal. This is pumped 

by 40% of the 532 nm emission from the Verdi, producing fuorescence that 

spans from 720 nm - 980 nm. Since the fuorescence of the Ti:sapphire crystal 

is so broad, there are over a million very high order cavity modes that fall 

within this fuorescence band. 
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Figure 2.19: Illustration of the superposition of N phase-locked laser cavity modes. The 
red curve is formed when 7 modes interact, while the blue curve formed for 22 interacting 
modes. Note the order of magnitude of the y-axis in each plot. The N = 7 curve is shown 
for comparison in the lower plot. 

However, typically in a Ti:sapphire laser, only one mode lases at a given 

time. Of the many thousands of suitable modes available across the Ti:sapphire 

fuorescence spectrum, the mode which actually lases is selected by the ini-

tial photon that stimulates the relaxation of the excited crystal. In order to 

induce the simultaneous lasing of several modes in the Mira, a rotating glass 

plate is introduced in the cavity. Because of the rotation of the glass, the 

optical path length through the glass changes, and thus the overall cavity 

length changes as a function of time. If this change is rapid enough, then las-

ing can be induced in several modes simultaneously, while one set of solutions 

to equation 2.16 dies out and is replaced by another. 
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The total electric feld in the cavity then is given as the sum of the electric 

felds of all N modes present in the cavity as 

X 
i[2π(f0+NΔf)t+φN ]E(t) = EN e . (2.17) 

N 

Normally, these modes propagate in the cavity with no relation to each other 

and their superposition is stable and continuous in time. However, the ro-

tating glass plate introduces a disturbance in the cavity so that as it reforms 

all modes lock together (i.e. if we force φN = 0). When this happens there is 

a well defned phase relationship between all modes, and they become locked 

together. In this case, their superposition leads to the formation of a pulse 

train as shown in Figure 2.19. The length and peak power of these pulses is 

dependent on the number of modes supported in the laser cavity. As more 

modes are introduced in the cavity, the pulse length decreases while at the 

same time the intensity increases dramatically. 

From Fourier considerations, the frequency spectrum of a laser pulse is 

inversely related to the pulse length. Thus as the pulses shorten in time, they 

become spectrally broader. This e˙ect generates many more modes in the 

cavity which further enhances the spectral broadening and high intensities of 

the pulse train. At the end of this process, the cavity of the Mira supports on 

the order of 104 modes that are separated in frequency space by Δf = 76 MHz 

as dictated by the cavity length.1 This large number of modes in the laser 
1This very fne spectral structure is sometimes referred to as a frequency comb, which 

has many other important uses outside the scope of this dissertation. 
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Figure 2.20: Illustration of the optical Kerr e˙ect that leads to self-focusing and Kerr 
lensing of the high intensity mode locked beam. The result is a spatial separation of the cw 
and mode locked beams, enabling them to be manipulated independently. From Coherent 
Mira 900-F manual (2004). 

cavity leads to pulse lengths of 120 fs. Additionally, the cavity length also 

dictates the repetition rate of the laser, or how long it takes for one pulse to 

make a round trip of the cavity before being emitted. Following the analysis 

presented above, this round trip time leads to a repetition rate of 76 MHz. 

Taken together, the output of the Mira 900-F is a train of 120 fs pulses at a 

repetition rate of 76 MHz, with extremely high peak powers, on the order of 

100 W given a time averaged power of 1 mW. 

In general, the refractive index n of a material can be written as the sum 

of a linear component n0 and a nonlinear component n2 as 

n(t) = n0 + n2I(t). (2.18) 

Here n2 is the second-order nonlinear refractive index, which depends on the 

2 W−1intensity of the light and is typically very small, on the order of 10−16 cm 

for sapphire [68]. Thus from equation 2.18 the overall refractive index de-

62 



Figure 2.21: Cross-section of pulsed and cw beams within the the aperture of the Mira. 
Left: the open aperture allows both the cw and mode locked beams to pass. Right: closing 
the aperture introduces suÿcient loss into the cw beam to stop lasing, while allowing the 
pulsed mode locked beam to pass (Coherent 2004). 

pends very weakly on intensity of the light. 

In the case of a mode locked laser, the extremely high intensities of the 

light pulses are suÿcient to induce non-negligible changes in this second or-

der refractive index, leading to the formation of a gradient index lens within 

the Ti:sapphire crystal. This leads to self-focusing of the high intensity mode 

locked beam through what is referred to as the optical Kerr e˙ect. The result 

of this is that the pulsed beam diameter is thus smaller than the cw com-

ponent of the beam, which is not intense enough to induce this Kerr lensing 

as shown in Figure 2.20. By introducing a variable width aperture inside 

the cavity, losses can be introduced into the cw beam, while leaving the cen-

tral mode locked portion una˙ected. By closing the aperture appropriately, 

these losses can be made so large that lasing in the cw mode stops and only 

the pulsed beam remains, as shown in Figure 2.21. In this way, once mode 

locking begins, the process is self-sustaining. 
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Figure 2.22: Schematic illustration of the optical beam path of the Coherent RegA 9000. 
(Coherent 2004) 

Coherent RegA 9000 

For many applications, the output of the Mira 900-F is suÿcient. However, 

many other applications require lower repetition rates or higher pulse ener-

gies. For this we can use a regenerative amplifer, specifcally the Coherent 

RegA 9000. At its most basic, the RegA can be thought of as a second 

Ti:sapphire laser in itself, pumped by the remaining 60% of the Verdi out-

put. However, in this case the output of the oscillator is used to seed the gain 

medium. This maintains the pulsed output of the system, but with the am-

plifcation that comes from the stimulated emission of a second Ti:sapphire 

crystal. 

There are some things that need to be considered in this case. First, in 

order to increase the gain available per pulse, the time between seed pulses 

needs to be increased, allowing more time to elapse for the pump to generate 
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a stronger population inversion in the Ti:sapphire crystal. This decrease in 

repetition rate is achieved with the cavity dumper (CD), a SiO2 acousto-optic 

modulator (AOM). The CD is responsible for both injecting and ejecting 

seed pulses into the cavity, where they are allowed to makes 19-26 round 

trips through the pumped Ti:sapphire crystal. As the name suggests, the 

CD rejects 303 pulses out of every 304 pulses that enter the system, reducing 

the repetition rate from 76 MHz to 250 kHz. Second, in order that the RegA 

does not self-lase in the absence of a pulse from the Mira (which in addition 

to introducing a strong cw component to the emission, would also reduce the 

available energy available for amplifcation), the cavity has a low Q-factor 

when not seeded, as dictated by the Q-switcher (QS), a TeO2 AOM. The 

operation of the QS needs to be timed to coincide with the action of the 

CD so the system lases only when a pulse is present in the cavity. Owing 

to the long TeO2 crystal, the QS also has a high dispersion, which stretches 

the pulses in time from 120 fs to 30 ps. This simultaneously introduces a 

positive chirp on the pulses and dramatically reduces the peak power. This 

is important since the high peak power resulting from the amplifcation of 

an unstretched pulse would be enough to damage components of the system. 

After stretching, the pulses are amplifed in the pumped Ti:sapphire crystal. 

A Faraday isolator (FI) leverages the antisymmetric, directionally-dependent 

polarization rotation of the incoming seed pulses and outgoing amplifed, 

stretched pulses in order to separate them spatially along two distinct beam 

paths. The outgoing pulses are chirp corrected and recompressed to 150 fs 
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using a 4-pass di˙raction grating compressor (DG) before exiting the RegA. 

After these processes, the fnal output of the RegA 9000 is a train of 

150 fs pulses centered at 800 nm with a repetition rate of 250 kHz and peak 

powers on the order of 25 kW given a time averaged power of 1 mW. This 

output can be used directly, or for pumping of other optical systems, as we 

will discuss next. 

Coherent OPA 9400 

The extremely high electric felds that are present during the ultrafast pulses 

emitted from the RegA 9000 enable broad spectral tuning of the laser output 

through the use of optical parametric amplifcation (OPA). In the Coherent 

OPA 9400, this involves several nonlinear optical processes, namely second 

harmonic generation (SHG), di˙erence frequency generation (DFG), and su-

percontinuum generation (SCG), which I will describe briefy. 

Since they are parametric in nature, these processes are subject to en-

ergy and momentum conservation for the photons involved. This is shown 

schematically in Figure 2.23 for SHG. In the SHG process, two photons at 

the fundamental frequency ω excite the system to a virtual state of 2~ω. The 

system then relaxes instantaneously to the ground state, emitting a single 

photon of frequency 2ω, as illustrated in the left-hand fgure. 

In terms of momentum, conservation is achieved through a process called 

phase matching, which is illustrated for the case of second harmonic genera-

tion in Figure 2.23 (right). In the case of second harmonic generation, this 
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Figure 2.23: Left: Photon description of second harmonic generation. As a parametric 
process, only virtual states are involved, denoted by dashed lines. Adapted from [68]. 
Right: a schematic illustration of equation 2.19. Note that k is a function of both ω and 
the refractive index n. Adapted from [69]. 

wavevector mismatch Δk can be described mathematically as 

Δk = k2 − 2k1, (2.19) 

where subscripts 1,2 denote quantities relating to the incoming waves at the 

fundamental frequency ω and the generated second harmonic 2ω, respec-

tively. For 

Δk = 0, 

the system is said to be phase matched, and the frequency conversion is 

maximized. 

Accounting for the role of refractive index, equation 2.19 becomes 

2ωn2 ωn1
Δk = − 2 . (2.20) 

c c 

Equation 2.20 shows that the phase matching condition can be achieved only 
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when the refractive index of the nonlinear crystal is the same for both the 

fundamental and second harmonic beams (i.e. n1 = n2), something that is 

generally not possible when the refractive index of the crystal changes mono-

tonically with frequency. However, leveraging the birefringence of the crystal 

by orienting the polarizations of the fundamental and second harmonic beams 

perpendicularly allows this phase matching condition to be met. In uniaxial 

crystals such as BBO (β-barium borate), the extraordinary refractive index 

ne(θ) depends on the angle between the propagation vector and the optical 

axis of the crystal as 
1 sin2 θ cos2 θ 

= + , (2.21)
ne(θ)2 n̄2 

e n2 
o 

where n̄ e is the maximum value of ne, achieved for θ = 90◦ . Thus by rotating 

the nonlinear crystal with respect the the incoming beams, an angle can be 

found where Δk = 0 [68]. 

Physically this can be understood as the fundamental and second har-

monic waves accumulating a phase o˙set as they propagate through the 

crystal when their wavevectors are mismatched, leading to constructive and 

destructive interactions as a function of propagation distance through the 

crystal. This reduces the overall eÿciency of the frequency conversion to 

near zero. However, when the momenta of the waves are matched, the phase 

relationship is stable during propagation and energy can be eÿciently trans-

ferred from the fundamental to the second harmonic beam. 

In the Coherent OPA 9400 (see Figure 2.24), the output of the RegA is 
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Figure 2.24: Schematic illustration of the optical beam path of the Coherent OPA 9400. 
(Coherent 2004) 

split into two beams using a 75:25 beamsplitter (BS), such that 75% of the 

power is focused in a BBO crystal (BBO 1 in Figure 2.24) to generate the 

second harmonic beam. The phase matching in this BBO is type I, where 

the incoming 800 nm pulses are polarized perpendicularly to the 400 nm light 

that is generated, and the angle of the BBO crystal is tuned to achieve the 

phase matching condition as discussed above. 

In the parametric amplifcation process, two photons are incident on the 

system: one signal photon at frequency ωs, and one pump photon at fre-

quency ωp as shown in Figure 2.25. Note that by defnition ωp > ωs or 

equivalently, Ep > Es. In the interest of continuity, the photon generated in 

the second harmonic process described above will serve as the pump photon, 

that is, ωp = 2ω. As shown in Figure 2.25, the presence of the signal photon 

leads to stimulated emission of a second photon at the signal frequency ωs, 

thus amplifying the signal beam. The remaining energy is emitted as a pho-

ton at the idler frequency ωi as a result of DFG. From Figure 2.25, energy 
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Figure 2.25: Photon description of optical parametric amplifcation. Adapted from [68]. 

conservation dictates that 

ωp = ωs + ωi. (2.22) 

In the OPA, the signal photon in the parametric amplifcation process 

is supplied by a supercontinuum generated in a sapphire (Al2O3) crystal 

(Figure 2.24, C). Supercontinuum generation (SCG) arises as a consequence 

of the intensity dependent changes in refractive index, in particular due to 

a combination of self-focusing, self-phase modulation, and self-steepening of 

the laser pulse. 

As an optical pulse travels through a medium with a large nonlinearity 

and generates an intensity dependent refractive index of the form given in 

equation 2.18, the optical pulse is self-focused in the medium due to the opti-

cal Kerr e˙ect as described above. As the local power density increases due to 

this self-focusing, the pulse undergoes a process called self-phase modulation 

(SPM). Self-phase modulation can be most easily understood by considering 

the instantaneous frequency ω(t) of the pulse. 
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An optical pulse given by 

i(k0z[n0+n2I(t)]−ω0t)E(z, t) = A(z, t)e + c.c. (2.23) 

with frequency ω0 and wavevector k0 propagates through a nonlinear medium 

with pulse intensity I(t) ∝ |A(z, t)|2 and phase given by 

φ(z, t) = (k0z[n0 + n2I(t)] − ω0t). (2.24) 

Note the contribution of the nonlinear refractive index to the phase of the 

pulse. The instantaneous frequency ω(t) then is given by 

∂ ω0 ∂I(t)
ω(t) = − φ(z, t) = ω0 − n2z (2.25)

∂t c ∂t 

where k0 = ω0/c. Thus we see in Figure 2.26 that on the leading edge of the 

pulse (increasing intensity), the instantaneous frequency is decreased, while 

on the the trailing edge of the pulse (decreasing intensity), the instanta-

neous frequency is increased. In this way, SPM leads to a signifcant spectral 

broadening of the original pulse. 

Equation 2.25 is only valid when the pulse amplitude varies slowly com-

pared to an optical cycle. This has repercussions when considering the e˙ect 

of the intensity dependent refractive index on the additional frequencies in-

troduced by SPM. Due to dispersion of the material, a chirp is induced in the 

pulse as it propagates. However, because of the spatial intensity distribution 
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Figure 2.26: Self-phase modulation of a 150 fs pulse. Upper: the intensity profle of 
the pulse in time, centered at t = 0 fs, with peak intensty I0. The leading edge of the 
pulse is in negative time, while the trailing edge of the pulse is in positive time. Lower: 
the instantaneous frequency ω(t) as a function of position within the pulse, centered at 
frequency ω0. Adapted from [68]. 

within the pulse, the refractive index experienced by the high intensity center 

of the pulse is greater than that experienced by the leading or trailing edges. 

Thus the center portion of the chirped pulse travels more slowly through 

the material, leading to a self-steepening (SS) of the trailing edge of the 

pulse. Eventually, when the trailing edge of the pulse changes in intensity in 

a time comparable to an optical cycle, the pulse undergoes catastrophic col-

lapse, and an optical shockwave is produced which generates a blue plateau 

in spectrum of the pulse [70]. Taken together, this net result of SF, SPM, 

and SS leads to the generation of a supercontinuum. 

In the OPA 9400, the nonlinear crystal used for optical parametric am-
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plifcation is again BBO (BBO crystal 2 in Fig 2.24). However, the phase 

matching requirement in optical parametric amplifcation is more constrain-

ing than for SHG since there are three frequencies involved in the process. 

In the OPA 9400, phase matching for this process is type II, where the pump 

and idler beams have the same polarization, and the signal beam is polarized 

perpendicular to them (Coherent 2004). As before, the angle of the BBO 

crystal is then tuned to satisfy the phase matching condition and select the 

signal wavelength that is amplifed. 

The OPA uses two passes through the second BBO crystal to maximize 

the energy transfer from the pump into the signal. However, one considera-

tion that arises from angle tuning for phase matching is that as the crystal 

angle changes, the optical path length also changes. Thus the OPA has a 

delay stage in the pump and white-light (D1 and D2 in Figure 2.24) to com-

pensate for changes in optical path length over many passes and ensure good 

overlap between the pump pulse and signal pulse in the second BBO in both 

space and time. As shown in Figure 2.24, the fnal output of the OPA is 

four beams: The pump at 400 nm, the signal beam which can be tuned con-

tinuously across the visible from 480 nm to 700 nm, the idler beam with a 

frequency related to that of the signal beam as described by equation 2.22, 

and a residual white supercontinuum. 

In these experiments, the OPA signal beam was tuned to 15 wavelengths 

spanning the visible spectrum from 486 nm to 695 nm. A wavelength of 

486 nm corresponds to a photon energy of 2.55 eV, while aluminum has a 
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Figure 2.27: Optoelectronic setup used for characterizing wavelength dependence. Ul-
trafast Ti:sapphire laser (oscillator + regenerative amplifer) with 150 fs pulses, 250 kHz 
repetition rate; OPA: Optical parametric amplifer used to select laser emission wave-
length; M1: Mirror; ND: Mirrored neutral density attenuators for setting incident power; 
CH: Optical chopper for lock-in amplifer reference; P: Polarizer to set excitation polar-
ization; BS: 50:50 Beam splitter; PD: Photodetector for power monitoring; MO1: 15× 
microscope objective for focusing and collecting light; L1: Imaging lens to focus on CCD 
to ensure proper illumination on the nanograting of the µWB 

work function of 4.06-4.26 eV [60]. Thus, these wavelengths do not induce any 

photoelectric e˙ects in the aluminum nanograting. The optical setup used is 

shown in Figure 2.27. Combinations of refective neutral density flters were 

used to set the incident time-averaged power to 10 µW. The lock-in amplifer 

was tuned to 3.533 kHz as described in Section 2.4. The polarization of the 

incident laser was controlled by a calcite polarizer with an extinction ratio 

of 10,000:1. The nanograting was oriented at 45◦ to the polarization of the 

laser, so that when the polarizer was inserted, equal average power was then 

maintained for both x- and y-polarizations. The laser then passed through 

a non-polarizing 50:50 beam splitter before being focused on the sample 

at normal incidence using a 15× microscope objective. The beam splitter 

enabled continuous power monitoring using a Si photodetector as well as 

provided a live image of the grating by directing the refected light into a 
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lens where it was focused onto an auxiliary CCD. Using the CCD image, 

the laser spot size was set to 40 µm so the full width of the grating was 

illuminated. With this spot size, the resulting pulse fuence was 2.8 µJ cm−2 . 

Fluctuations in laser output power were accounted for by normalizing to the 

power recorded on the Si photodetector. 

Each wavelength measurement consists of 1024 data points taken over the 

course of one minute, which were normalized to their corresponding optical 

power data from the photodetector. These normalized data points were then 

averaged, resulting in a single value for the responsivity of the aluminum 

nanogratings at each wavelength. 

2.5.2 Results 

Figure 2.28 (left) shows the responsivity of the µWB with P = 325 nm for 

each of the 15 wavelengths used for both x- and y-polarized illumination. The 

responsivity for y-polarization (blue) shows a strong wavelength dependence, 

revealing a plasmonic resonance centered at 560 nm. On the other hand, the 

responsivity under x-polarized illumination (grey) is relatively independent 

of wavelength. The blue and grey solid lines denote the normalized simu-

lated optical absorption for y- and x-polarized illumination, respectively. As 

shown, the resistive electronic response of the µWB follows the simulated op-

tical absorption quite well for both x- and y-polarizations, lending support 

to the proposed mechanism of action. 

For comparison, Figure 2.28 (right) shows the responsivity of the alu-
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Figure 2.28: Wavelength dependence of Al µWBs. Left: Wavelength dependence of 
an Al µWB with P = 325 nm. Blue dots denote the responsivity of the system under 
y-polarized illumination, while grey dots denote the responsivity under x-polarized illumi-
nation. Simulated normalized absorption is shown with solid lines on the right y-axis. Note 
that the simulation normalization is with respect to the applied incident light power, so 
perfect absorption of all incident light would be 1.0 on the right y-axis. Right: Wavelength 
dependence of two Al µWBs with P = 325 nm (blue dots) and P = 450 nm (red dots) 
under y-polarized illumination compared to the simulated normalized optical absorption 
spectrum (solid lines). Arrows denote the respective positions of plasmonic absorption 
peaks. The shortening period leads to a blueshift in the absorption peak. 

minum grating with P = 325 nm as well as that of the aluminum grating 

with P = 450 nm. For clarity, only the y-polarized response is shown for 

each grating. As expected from plasmonic considerations, as the grating 

period is increased, the plasmonic resonance is red-shifted from 560 nm for 

P = 325 nm (blue arrow) to 680 nm for P = 450 nm (red arrow). 

By leveraging this plasmonic dependence on structure, we can directly 

measure the polarization and wavelength of incident light without sophisti-

cated optical or image processing schemes. Therefore, this electronic char-

acterization technique o˙ers a novel approach in applications such as hyper-

spectral imaging [71], polarimetry [72], and THz detection [73]. 
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2.6 Discussion 

The results of Section 2.3 indicate that the design and fabrication of the sam-

ples were successful in achieving the desired optical and plasmonic responses 

in terms of spectral behavior. Discrepancies between simulations and ex-

perimental data are attributed to real world imperfections and fabrication 

irregularities that are not captured adequately in the theoretical models. 

These include grain boundaries in the metal, rounded or asymmetric grating 

corners from FIB milling, impurities, and surface roughness, for example. 

Sections 2.4 and 2.5 provide strong evidence that the measured electronic 

signals are plasmonic in origin since the wavelength and polarization depen-

dence arising from momentum matching requirements of surface plasmons are 

refected in these measurements. In particular, in Section 2.4, we attribute 

the increase in resistance under y-polarized illumination to an increase in 

scattering of the bias current induced by the excitation of surface plasmons. 

The resistance induced by x-polarized illumination is likely due to thermal, 

bolometric e˙ects as described above [74], as well as the incident light in-

teracting with sub-wavelength isotropic features such as surface roughness 

and grain boundaries in the metal flm. The strong, relatively polarization 

independent response of the gold µWB under 405 nm illumination provides 

evidence that interband transitions, and the heating that follows therefrom, 

play a role in the induced resistance change at 405 nm. This is in agreement 

with known electronic transitions in gold from the d band to s band, which 
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leads to strong optical absoprption for photon energies greater than 2.4 eV 

or equivalently, wavelengths shorter than 515 nm [75]. 

The comparatively weak response of the titanium µWB shown in Figure 

2.16 can be attributed to the the large number of phonons supported by the 

hard metal. Initially our hypothesis was that the hardness of titanium would 

enable the generation of more phonons during the relaxation of plasmonically 

excited hot electrons, thereby enhancing the electronic signal. However, in 

looking at the change in resistance in titanium, we see that the signal is 

signifcantly lower than the corresponding polarization in gold, and that this 

reduction a˙ects both polarizations equally, leading to a sensitivity ratio 

that is similar to gold. This is true for wavelengths that enable interband 

transitions in the two metals as well as those that do not. Therefore, we 

interpret the result in titanium as follows: As the electrons in the titanium 

respond to the incident electric feld of the light either directly or through 

surface plasmon excitation, they are damped by interactions with the large 

number of phonons already present at room temperature [76]. Therefore, the 

time-averaged kinetic energy that any given electron can attain is limited by 

these scattering interactions, and the resulting average electron temperature 

is lower than for an equivalent situation in gold. Based on this result, the 

plasmonic resistance that we are measuring is therefore dependent on electron 

scattering interactions. This is in contrast to normal electrical resistance 

in metals at room temperature, which is dependent on phonon scattering 

interactions. Under this model, lowering the temperature of the titanium 
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Figure 2.29: Representative electric feld distribution around one ridge of an Al nanograt-
ing with P = 450 nm. Top: On-resonance electric feld enhancement and distribution at 
a wavelength of 675 nm, where the maximum feld enhancement was 19×. Bottom: O˙-
resonance electric feld enhancement and distribution at a wavelength of 555 nm. At this 
wavelength, maximum feld enhancement was less than 5×. The color bar has been scaled 
for clarity to show the distribution of the feld within the cross-section of the grating. 

to reduce the background phonon presence in the metal before the optical 

excitation might provide further insight. 

In order to understand how surface plasmon excitation would be accessi-

ble to a current passing through the grating, we can turn to the simulations 

performed in Figure 2.28 in order to examine the electric feld distribution 

in the aluminum gratings, as an example. The electric felds were calculated 

on and o˙ of resonance using Finite Element Method with the commercial 

software COMSOL. The grating model shown in Figure 2.29 was infnite in 

the z-direction, with a period of P = 450 nm, a 60% duty cycle, and an alu-

minum thickness of 30 nm. Optical constants for aluminum were taken from 

published data [63]. As shown in Figure 2.29, at the plasmonic resonance of 

675 nm (top) the electric feld penetrates further into the metal than for the 

non-resonant case at 555 nm (bottom). While optical probing techniques can 
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access the hot electrons within the skin depth δ of the metal (in aluminum 

δ ≈ 7 nm at a wavelength of 675 nm), this feld penetration leads to a spa-

tial distribution of hot and ballistic electrons within the bulk of the metal, 

rather than being confned strictly to the surface [77]. It is these electrons 

and their relaxation that act on a current passing through the structure in 

the x-direction. 
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3 | Using surface plasmons for 

imaging 

3.1 Introduction 

In recent decades, the increased availability of polarization optics has led to 

increasing interest in techniques that leverage the polarization of light, such 

as in the evaluation and diagnosis of tumors in clinical settings [78, 79, 80], 

monitoring molecular orientation within cells using fuorescence polarization 

microscopy [17, 81, 82], and evaluating visual cues in animal behavior studies 

using hyperspectral photography [83]. In all cases, polarization optics and 

optomechanics are required in order to separate di˙erent polarizations and 

evaluate the polarization state of incident light. There are three direct con-

sequences of this requirement. The frst is that gathering polarization data 

takes time, since polarizers must be rotated and adjusted using optomechan-

ical components. Second, the required optomechanics are generally bulky 

and expensive, placing lower limits on both the size and cost of polarization 
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imaging systems. Finally, the need for both optical and mechanical com-

ponents increases the complexity of these systems drastically, which limits 

their implementation in applications that demand high levels of reliability. 

There has been signifcant progress in overcoming these challenges, namely 

the recent development of imaging CCDs with integrated metallic grating 

polarizers fabricated directly on the pixels of the CCD [19] (See Figure 1.6). 

However, this approach requires specialized and elaborate fabrication proce-

dures in order to produce. Here, we use the plasmonic detector described 

in Chapter 2 as a fully CMOS compatible, polarization sensitive micro-pixel 

with a purely electronic readout that is well-suited for polarization imaging. 

3.2 Polarization imaging 

3.2.1 Experimental methods: Single-pixel scanning 

The polarization dependence demonstrated in Section 2.4 can be leveraged 

for polarization imaging. In order to demonstrate the utility of our µWB 

structure as a polarization sensitive imaging pixel, we frst fabricated a spa-

tially dependent polarization mask (PM) to pass the incident light through. 

To accomplish this, we stamped two 25 mm maple leaves out of a polarizing 

flm. One stamp was oriented parallel to the transmission axis of the polar-

izer flm, while the other was oriented perpendicularly. We then placed one 

stamp inside the hole produced by the other stamp and sandwiched the entire 
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Figure 3.1: The polarization mask used for imaging. (a) Schematic of the polarization 
mask used for imaging. Arrows denote the direction of the transmission axis in the dif-
ferent regions of the mask. (b) Photographed with analyzer transmission axis oriented 
horizontally. (c) Photographed with analyzer transmission axis oriented vertically. 

construct between two glass plates for stability and mounting, as shown in 

Figure 3.1a. The result was a spatially dependent polarization mask where 

the area inside the maple leaf was polarized horizontally, while the area out-

side the leaf was polarized vertically. This can be seen in Figures 3.1b and 

3.1c, where an analyzer oriented either horizontally or vertically was placed 

between the PM and the camera. 

In the optical setup shown in Figure 3.2, a 785 nm cw diode laser was 

polarized at 45◦ relative to the transmission axes of the PM to ensure equal 

average power was transmitted through all regions of the mask for a power 

density of 5 W cm−2 . The laser then passed through a non-polarizing 50:50 

beam splitter, and fnally through a microscope objective where it was fo-

cused on a gold µWB with a 520 nm period at the sample mount. The beam 

splitter was used to direct light to a Si photodetector for power monitor-

83 



Figure 3.2: Setup used for imaging of a maple leaf polarization mask using a 785 nm 
diode laser. CH: Optical chopper to provide the lock-in amplifer reference frequency; PM: 
Maple leaf polarization mask on a 2-axis stage (x and y) to scan the mask through the 
laser beam; BS: 50:50 Beam splitter; PD: Photodetector to measure incident power; MO1: 
15× microscope objective to focus the laser on the grating 

ing, in order to normalize the measured signal to the incident power and 

eliminate any power dependence from the result. As in previous measure-

ments, the microWB was connected to a battery across left and right pads 

to provide 4 mA of current, while the top and bottom pads were connected 

to a lock-in amplifer through a low noise transformer preamplifer in order 

to measure the plasmonic resistance induced voltages. The reference for the 

lock-in amplifer was provided by an optical chopper as described in Section 

2.4. The PM was then translated orthogonally through the laser beam using 

a 2-axis stage, and the power normalized electronic signal was then plotted 

as a function of spatial position. 

3.2.2 Results 

Figure 3.3 shows a comparison of single pixel scanning images of the polariza-

tion mask taken with the plasmonic µWB (left) and a standard Si photodetec-

tor (right). The arrows in the left panel of Figure 3.3 denote the orientation of 
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the transmission axes of the di˙erent regions of the polarization mask, while 

the grating orientation is shown in the upper right as vertical lines. As can 

be seen in the right panel of Figure 3.3, the Si photodetector can distinguish 

the edges of the maple leaf where light is scattered at the boundary between 

the two regions of the mask. However, the Si detector cannot distinguish 

between the di˙erent regions in terms of linear polarization. In contrast, the 

plasmonic µWB is intrinsically sensitive to linear polarization orientation, 

and as a result can distinguish the di˙erent polarization states of the inner 

and outer regions of the polarization mask as shown on the left. The average 

resistance inside the maple leaf is 281 µΩ and the average resistance outside 

of the leaf is 156 µΩ. In this case, the resolution of the resulting image was 

limited not by the active plasmonic detector size of 40 µm×50 µm, but by the 

size of the 1 mm laser beam passing through the polarization mask. Using 

the standard deviation of this data set, we fnd that the upper limit for the 

angular resolution of linearly polarized light using a single plasmonic detector 

to be 4◦ . 

3.3 Uniformity of grating response 

As an imaging pixel, size and response uniformity of the active region are 

important parameters. In order to quantify this and examine whether the 

active area can be reduced in size, we measured the local response of the 

gold nanograting (P = 520 nm) to illumination spots much smaller than the 
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Figure 3.3: Comparison of polarization (left) and intensity (right) single pixel scanning 
images of the polarization mask as taken with a plasmonic Au µWB and a Si detector, 
respectively. The arrows in the left fgure denote the orientation of the transmission axes 
of the di˙erent regions of the polarization mask, while the grating orientation is shown in 
the upper right as vertical lines. 

width of the nanograting. We accomplished this by scanning the laser spot 

across the grating and plotting the resulting induced resistance as a function 

of illumination position. In essence, we quantify the local variations in the 

pixel sensitivity by imaging the resistive response of the nanograting in this 

way. 

3.3.1 Experimental methods: Double lock-in technique 

To begin, we devised a method for precise positioning of the nanograting 

and laser spot within the feld of view of the camera. In order to do this, we 

designed a 10 × 9 hexagonal grid (hex grid) that we overlaid into the camera 

feed as shown in Figure 3.4. 
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Figure 3.4: Hexagonal overlay used for positioning of laser illumination for imaging of 
localized grating response. 

We then set a 785 nm laser spot to approximately 7 µm in diameter to ft 

inside a single hexagonal cell of the grid. The resulting laser power density 

was 270 W cm−2 . By picking several fxed features in the image and aligning 

them to defned positions within the hex grid, we could maintain a reliable 

position of the nanograting image within the feld of view of the camera. 

Figure 3.5 shows the optical setup used for performing these measurements. 

By iterating between the sample positioning stage and the imaging mirror 

M1 that refects the light into the camera, we could precisely align the laser 

spot to various positions across the sample. 

The polarization of the incident light was controlled using a combination 

of liquid crystal variable retarder (LCVR) and a quarter wave plate. The 

degree of polarization rotation as a function of applied voltage across the 

LCVR was calbrated to ensure accurate polarization rotation angles. 

In order to expedite the measurements, the LCVR and quarter wave 

plate combination was used with two lock-in amplifers to directly measure 
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Figure 3.5: Optoelectronic setup used for imaging the local response of the Au nanograt-
ing. ND: neutral density flter for setting the incident power; CH: Optical chopper to 
provide the reference frequency for lock-in amplifer 1; LCVR: Liquid crystal polariza-
tion rotator modulated by the oscillator in lock-in amplifer 2; BS: 50:50 Beam splitter; 
PD: Photodetector to measure incident power; M1: steering mirror; L1: imaging lens; 
CCD: auxilliary CCD camera; MO: 15× microscope objective to focus the laser on the 
nanograting 

the di˙erence in induced voltage under x- and y-polarizations. As shown in 

Figure 3.5, the frst lock-in amplifer was referenced to the optical chopper 

frequency at 3.533 kHz. The output of the frst lock-in was then sent to the 

input of the second lock-in amplifer, which provided a modulation frequency 

for the LCVR of 10.261 Hz to rotate the polarization of the incident light 

between x- and y-directions. The output of the second lock-in amplifer was 

then a DC signal that was proportional to the di˙erence in induced voltage 

across the nanograting under x- and y-polarizations. 

To see how this works, consider the following hypothetical experimental 

setup: Illumination with y-polarized light generates a 100 µV peak to peak 

square wave signal that ranges from 0-100 µV with a frequency of 20 Hz as 

dictated by an optical chopper. Assuming the frst lock-in amplifer is AC 

coupled to the input signal, the DC o˙set is removed, and the resulting 
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input signal then ranges between ±50 µV. With this signal, the frst lock in 

amplifer would then display a DC voltage of 45 µV as described by equation 

2.9. 

The lock-in also generates an amplifed output signal that is proportional 

to the input, such that at a given sensitivity, a full scale signal is boosted to 

10 V. This gain factor can be expressed as 

γ = 
10V 

, (3.1)
ξ 

where γ is the gain factor and ξ is the sensitivity to which the lock-in is 

set. Thus with ξ = 500 µV sensitivity, the output voltage of the frst lock-in 

amplifer would then be 

10 V × 45 µV = 900 mV 
500 µV 

Now, the polarization is switched to the x-direction and the induced volt-

age drops by half, to say 50 µV peak to peak. After the high-pass flter from 

the AC coupling of the frst lock-in, this signal would range between ±25 µV. 

Following the analysis described above, the amplifed output voltage from 

the frst lock-in then would be 450 mV for the x-polarization. If the polar-

ization is switched periodically between x- and y-directions using the LCVR 

at 1 Hz, then the output signal from the frst lock-in amplifer would period-

ically switch between 900 mV and 450 mV. This signal is then used as the 

input to a second AC coupled lock-in amplifer. After the high pass flter 
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Figure 3.6: Conceptual illustration of a dual lock-in scheme. The hypothetical chopper 
frequency is 20 Hz while the LCVR frequency is 1 Hz. Subscripts x and y denote the 

(disp)voltage induced under x- and y-polarizations, respectively. In the upper fgure, Vy 
(disp)and Vx refer to the value displayed on the frst lock-in amplifer for each respective 

(out) (out)polarization of the raw input signal (grey). In the lower plot, Vx and Vy denote 
the levels of the amplifed output of the frst lock-in, which then becomes the input to the 
second lock-in amplifer. Note that in the lower fgure, the DC o˙set of the amplifed signal 

(disp)had been eliminated since the second lock-in amplifer is AC coupled. V denotes the 2 
displayed DC value on the second lock-in amplifer, in this case 203 mV DC. 

of this second lock-in, the DC o˙set would again be removed and the signal 

would alternate between ±225 mV. Finally, from equation 2.9, the second 

lock-in amplifer would display a DC output of 203 mV that is proportional 

to the di˙erence in raw signals under di˙erent polarizations. This analysis is 

illustrated in Figure 3.6. 

To generate an image of the localized resistive response, the resistance 

change that is calculated from the DC signal of the second lock-in amplifer 
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was plotted as a function of laser spot position using the pixel coordinates 

of the center of each cell in the hexagonal overlay. The resistance change 

that is plotted is then the di˙erence in the resistances induced by y- and 

x-polarizations, i.e. a direct measure of the polarization dependent resis-

tance changes. These measurements were performed for current fowing in 

the direction noted in Figure 2.3 as well as current fowing in the reverse 

direction through the µWB. The resulting heat maps of the localized resis-

tance changes are shown in Figure 3.7, where the blue arrows indicate the 

direction of current fow. 

3.3.2 Results 

For both forward and reverse current, the activity of the grating was more 

prevalent towards the upper edge as shown in Figure 3.7, with a gradient 

perpendicular to the direction of current fow. Additionally, the resulting 

magnitude of the resistance changes were approximately the same for both 

forward and backward current directions, with a maximum of 218 µΩ in the 

forward case and a maximum of 221 µΩ induced in the backward case. 

3.4 Discussion 

The potential that these types of plasmonic detectors o˙er for integrated po-

larization imaging is desirable for stability and cost/weight considerations, 

such as satellite-based remote sensing applications [84, 85]. This is especially 
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Figure 3.7: Local scanning image of gold µWB showing plasmonic activity of a grating 
with a period of 520 nm using forward and reverse applied current. The light used for 
illumination was a 785 nm cw laser. The blue arrows denote the direction of current fow. 

true considering that all materials are fully CMOS compatible, requiring only 

metal and glass, while the plasmonic structures are of sizes that are amenable 

to fabrication via current photolithography technology, dramatically saving 

on the costs associated with FIB milling. In order to allow a full character-

ization of an arbitrary combination of linear polarization state and incident 

power, an array of four gratings oriented at 45◦ to each to other could be 

used to eliminate one degree of freedom in the overall response [86]. 

In terms of grating uniformity, in this system the grating ridges can be 

considered as many parallel metallic thin-flm resistors, and a simple analysis 

from Ohm’s law shows that the current is split among many such resistors in 

such a way that the cross-sectional current density is conserved. On the other 

hand, for grating ridges that are narrower, while they theoretically have the 

same current density as a larger ridge, they are by defnition less thermally 

connected to the large adjacent metal contact pads, due to the smaller cross-

sectional area available for phonon transport. As a result, these narrower 
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Figure 3.8: Illustration of the spatial distribution of grating ridge width. Left: Optical 
microscope image of the grating area for the sample shown in Figure 3.7. Right: False 
color zoomed SEM image of the region within the dashed rectangle. The color gradient 
denotes the distribution in average ridge width from hdgi = 256 nm to hdgi = 244 nm. 

ridges experience more heating at the same current densities. However, if 

the e˙ect were solely due to heating from the current, then there should be 

no di˙erence between illumination with x-polarized light and illumination 

with y-polarized light, which is not what is observed. If we extend the idea 

of heating due to a phonon bottle-neck in the narrower ridges to the phonons 

that arise during the relaxation of surface plasmons, we can see that small 

structural di˙erences could lead to slightly higher temperatures in narrow 

ridges due to plasmonic activity. If we analyze the SEM images from this 

sample we do indeed see that in the region along the upper edge of the grating 

in the ‘hot-spot’ in Figure 3.7, the average width of the grating ridges hdgi is 

approximately 5% smaller (hdgi = 244 nm) than along the lower edge of the 

grating where the response is weaker (hdgi = 256 nm) (see Figure 3.8). In 

terms of imaging applications, these results demonstrate that not only is a 

smaller active area a possibility while still maintaining the device sensitivity, 
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a smaller active area may be preferable in order to minimize variations in 

device uniformity. 
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4 | Ultrafast dynamics of plasmonic 

resistance 

4.1 Introduction 

In metals, there are several ultrafast processes that lead to absorption of 

incident light and loss of energy in the system. Assuming a free electron gas, 

the parabolic dispersion relation given by 

~2k2 

E(k) = 
2m ∗ 

means that additional momentum is required in order for an electron to 

transition to a hot excited state. This required momentum is typically far 

larger than can be supplied by a photon or a large (i.e. > λ/2) surface 

plasmon mode directly. One way this momentum mismatch is overcome is 

via electron-phonon interactions, where an electron couples to a phonon, 

borrowing the required momentum to allow the transition to a higher energy 

state to occur. This is illustrated in Figure 4.1a. 
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Another absorption process is via electron-electron scattering, where the 

energy from an incident photon is distributed between two electrons near 

the Fermi energy, generating four excited carriers: two electrons and their 

two corresponding holes. Using the notation of Figure 4.1b, energy is thus 

conserved as 

ΔE1 +ΔE2 = ~ω, 

where ω is the frequency of the incident light. Since the incident energy is 

split between several carriers, the average energy of each carrier is ∼ ~ω/4, 

leading to lower electron and hole temperatures than other absorption pro-

cesses. 

In absorption assisted by electron-electron scattering, momentum is con-

served such that 

Δk1 +Δk2 = G, 

where G is the reciprocal lattice vector. Therefore, this absorption process 

is an Umklapp process, taking place over adjacent Brillouin zones and elim-

inating the need for additional momentum to be donated for the excitation 

to occur. 

As mentioned in Section 2.4, metals also have an absorption process 

through momentum conserving interband transitions, where an electron is 

excited directly from the d band to the s band of the metal, as shown in 

Figure 4.1c. However, no hot carriers are generated through this process 

since the excited electron typically remains close to the Fermi energy, while 
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the resulting hole has a large e˙ective mass in the d band, and thus the hole 

velocity is low. The metals used in the following ultrafast experiments are 

gold and aluminum. The optical response of gold shows strong absorption 

arising from interband transitions for photon energies greater than 2.4 eV. 

However, the onset of interband absorption in gold starts around 1.8 eV, due 

to di˙erent transition energies along di˙erent crystal axes within the metal. 

For ~ω < 1.8 eV, the optical response in gold follows that of a free electron 

gas [75, 87]. In contrast, aluminum has a narrow interband transition at 

1.55 eV that arises from parallel band structure near the Fermi energy. This 

manifests as a narrow absorption peak rather than an absorption plateau as 

in gold, which is more typical [88, 89]. 

The fourth absorption process that occurs in plasmonic metals arises from 

electrons coupling with surface plasmons. As stated above, surface plasmons 

cannot generally supply enough momentum for an electron to be excited to a 

hot state. However, when surface plasmons are confned to metal nanostruc-

tures such that the surface plasmon mode is < λ/2, the confnement generates 

higher order spatial frequencies with momenta that are large enough to en-

able hot electron generation. As a result, through a process called Landau 

damping, large higher order momentum is transferred from a surface plasmon 

to an electron, generating two hot carriers as shown in Figure 4.1d. This pro-

cess leads to dephasing and decay of the surface plasmon within timescales 

on the order of femtoseconds [90]. 

Once electrons and holes are excited to higher energy by the above pro-
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Figure 4.1: Momentum space representation of ultrafast absorption processes in met-
als. (a) Electron-phonon scattering, where momentum is borrowed from a phonon, (b) 
Electron-electron scattering, where momentum is conserved since it is an Umklapp pro-
cess, (c) An interband transition, where an electron makes a transition from a d band to 
an s band, (d) Landau damping, where higher order plasmon momentum is transferred to 
an electron. 
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cesses, the energy is then typically lost due to non-radiative thermalization. 

The frst step in this thermalization process is electron-electron scattering 

while the metal is in a highly non-equilibrium state. In contrast to the ab-

sorption process described above, during the relaxation process, the initial 

energy donor is a hot electron rather than a photon. Through a collision, 

this hot electron transfers some of its energy to another electron near the 

Fermi level, generating a new ’warm’ electron (and hole), which then itself 

also goes on to interact with another electron in the same way. This pro-

cess continues in a cascade until the electron temperature is cool enough 

for electron-phonon scattering to occur, where electron momentum is cou-

pled to phonons in the reverse of the process described above (and shown 

in Figure 4.1a.) Eventually, the remaining energy is distributed through-

out the lattice via phonon-phonon scattering as the system reaches thermal 

equilibrium. The result of this thermalization process is that optical and 

plasmonic energy that has been absorbed is transferred into lattice vibra-

tions very quickly [41]. For example, the timescales for relaxation via these 

scattering processes in metals range from tens of femtoseconds for electron-

electron scattering [91], hundreds of femtoseconds for electron-phonon scat-

tering [92], and hundreds of picoseconds for phonon-phonon scattering [76]. 

These lifetimes are typically measured optically, e.g. using transmission and 

refection measurements [93, 94], or by photoexcitation measurements [95], 

and in general only consider scattering interactions near the surface of the 

flm within the skin depth [96]. However, the thermalization of hot elec-
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trons does not necessarily correspond to the position of optical hotspots [97], 

and instead propagates throughout the metal flm on the order of the Fermi 

velocity (108 cm s−1) [77]. Here, we examine the time-resolved interaction 

of plasmonically induced hot electrons and subsequently launched phonons, 

with a DC bias current that is distributed uniformly throughout the grating 

cross-section. 

4.1.1 Experimental methods: Two-pulse resistance 

measurements 

The setup used for examining the ultrafast dynamics of the µWB is shown 

in Figure 4.2. The Ti:sapphire oscillator was used to seed the regenerative 

amplifer and OPA as described in Section 2.5.1. However, in this case the 

signal output of the OPA (250 kHz repetition rate, 150 fs pulse duration) was 

split into two beams using a 50:50 beam splitter. One beam (the pump) 

was directed through an optical chopper tuned to 3.533 kHz as the reference 

for the lock-in amplifer before being directed through a refective neutral 

density flter and then onto the sample, while the other beam (the probe) 

was directed onto a delay stage. A retrorefector (shown in Figure 4.2 as 

two mirrors for clarity) was mounted on the delay stage to direct the probe 

beam into a second 50:50 beam splitter where it was recombined with the 

pump beam. The incident power was continuously monitored to normalize 

the time-dependent signal and eliminate e˙ects due to changes in the laser, 
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Figure 4.2: Electronic measurement setup for time resolved plasmonic resistance mea-
surements. An ultrafast Ti:Sapphire laser with 150fs pulses, 250kHz repetition rate cen-
tered at 805nm was used; OPA: Optical parametric amplifer used to select excitation 
wavelength, in this case 545nm or 805nm; BS1: beam splitter for generating ‘pump’ and 
‘probe’ beams; DS: translational delay stage for introducing a controlled time delay be-
tween pulses; CH: Optical chopper for lock-in reference frequency; BS2: Beam splitter 
for recombining beams; M1: Mirror; ND: Neutral density attenuators for setting incident 
power; CH: Optical chopper for lock-in reference; P: Polarizer to set excitation polariza-
tion; BS3: 50:50 Beam splitter for imaging and power monitoring; PD: Photodetector for 
monitoring time averaged incident power; MO1: Microscope objective for focusing and 
collecting light; SM: Sample mount; L1: Imaging lens to focus on CCD to ensure desired 
spot size and fuence of 27.9 µJ cm−2 

while the camera was used to image the sample and ensure that the 40 µm 

laser spot illuminated the full width of the grating as in previous experiments. 

In these experiments, the pump and probe beams were equivalent in both 

power and wavelength, and polarized in the y-direction. Note that the time 

averaged power of the beam that goes through the optical chopper is 1/2 that 

of the non-chopped beam. However, since the chopper alternates between 

completely open and totally blocked, during the light-on cycles the properties 

of the pump and probe pulses were identical. 

The delay stage introduces a controllable time o˙set Δt between pump 
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Figure 4.3: Interference pattern generated from two 400 nm laser pulses interacting with 
each other during time overlap in the two pulse resistance setup. 

and probe light pulses by translating the retrorefector, thus changing the 

path length of only the probe beam. The delay stage has a spatial resolution 

of 2 µm, corresponding to a temporal resolution of 6.67 fs. The position 

of the stage corresponding to pulse overlap was determined by directing the 

recombined beam into a nonlinear BBO crystal to generate a second harmonic 

(SHG) optical signal. When the beams were overlapped in time, a distinct 

peak in intensity at the SHG frequency was seen. Once the pulses were 

overlapped in time, the spatial alignment was adjusted in order to maximize 

the interference pattern generated as a result of the two pulses interacting, as 

shown in Figure 4.3. Using the generated interference pattern, this spatial-

temporal alignment process was iterated several times until good spatial and 

temporal overlap was achieved. In these measurements, Δt = 0 corresponds 

to overlap of the two light pulses. 

The samples used for these time resolved measurements were an alu-

minum µWB with a 325 nm period and a gold µWB with a 520 nm period. 
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For the aluminum sample, the plasmonic resonance was located near 560 nm 

(see Figure 2.28 left), while for the gold sample, the plasmonic resonance 

was designed to be near 800 nm. The laser wavelength of the pulses used 

to illuminate each sample corresponded to their respective plasmonic reso-

nances. The pulse fuences used were 27.9 µJ cm−2 for the gold nanograting 

and 3.7 µJ cm−2 for the aluminum nanograting. 

4.1.2 Results 

Figure 4.4 (left) shows the plasmonically induced voltage drop across the gold 

nanograting as a function of the time delay Δt (on the order of picoseconds) 

between two 800 nm light pulses with a 150 fs pulse duration τ , polarized 

in the y-direction. Each point in this electronic readout of the ultrafast re-

sistance dynamics is the average response of the µWB to approximately 107 

pulse pairs separated by time Δt. On timescales that are shorter than the 

incident laser pulses, we see a strong signal resulting from a combination 

of coherent processes [98] and electron-electron scattering that occurs dur-

ing Landau damping [90], where momentum is transferred between surface 

plasmons and hot electrons, leaving the electronic system in a highly non-

equilibrium state. For Δt > τ the second laser pulse induces a scattering of 

the bias current that depends on Δt. This is characterized by a transition 

from a shot noise regime originating from hot electron scattering [99] to the 

beginning of thermalization, where the luke-warm tail of the hot electron 

distribution couples to the phonons of the system [76]. This rapid rise in 
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Figure 4.4: Time-resolved electronic readout of plasmonic hot electron interactions. 
(Left) Power-normalized voltage drop across the nanograting induced by two consecutive 
ultrafast laser pulses with a time delay Δt. To accommodate the discrepancy in scale of 
the signal at Δt = 0 without losing detail for Δt > 0, the y axis is split into two regions. 
The arrows denote a periodic modulation of the induced voltage with a period of 30 ps, 
with a possible mechanism shown in (Right). An acoustic shock wave induced by the 
frst incident laser pulse propagates in the z-direction through the Au nanograting and is 
refected at the Au-glass interface. The shock wave then reaches the Au-air interface at 
the same time as the second incident laser pulse, leading to a periodic modulation of the 
voltage for Δt between 50 and 150 ps. Current direction is shown as blue arrows. 

electronic signal is followed by a slower decay and eventual plateau begin-

ning around 25 ps and extending for the remaining range of our optical delay 

stage. This temporal region features a modulation with a period of 30 ps, 

indicated by arrows in Fig 4.4 (left). 

Likewise, Figure 4.5 shows the plasmonically induced voltage drop across 

the aluminum nanograting as a function of Δt. As in Figure 4.4, each data 

point is the average response of the aluminum µWB to many pulse pairs 

separated by time Δt. Similar to the response of the gold µWB, when the 

pulses overlap on the aluminum nanograting, we see a peak, though in the 

negative direction, resulting from a combination of coherent processes [98] 

and electron-electron scattering, again leaving the system in a highly non-
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Figure 4.5: Time-resolved resistance data of aluminum µWB with a period of 325 nm. 
The arrow at a time delay of 17 ps denotes the position of the calculated refection of the 
optically induced thermal shock wave propagating through the Al grating. 

equilibrium state. Due to the coherent nature of the processes in this tem-

poral region, the amplitude and direction of this peak at Δt = 0 is strongly 

dependent on the sampling of the system. In the case of aluminum, there 

is also a plateau in the signal, but this plateau happens around 100 ps and 

then extends for the remaining range of our optical delay stage. While this 

plateau does not show a periodic modulation as in the gold case, there is a 

large shift in the signal around 20 ps. 

4.2 Discussion 

We attribute the modulation of the plateau in the response of the gold µWB 

to acoustic shock waves triggered by thermal expansion of the crystal lattice 

induced by the frst ultrafast laser pulse. These shock waves travel through 

the metal flm in the z-direction with a refection at the gold-glass interface, 
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as shown in Fig 4.4 (right) [100]. When the second laser pulse arrives at 

the gold-air interface at the same time as a refected propagating acoustic 

wave front generated by the frst laser pulse, the lattice constant and thus 

permittivity of the gold is altered. This in turn a˙ects the plasmonic response 

to the second pulse [42, 101, 102] and reduces the induced resistance of the 

system. This phenomenon has been well described in transient absorption 

spectroscopy of nanoparticle systems when the probe pulse is tuned to the 

plasmon resonance of the nanoparticles [103]. This modulation arises on 

timescales between 50-150 ps, a region that in optical transient absorption 

spectroscopy of plasmonic gold structures is dominated by phonon-phonon 

interactions [92]. Assuming a speed of sound of 3275 ms−1 for polycrystalline 

gold [104], a modulation of 30 ps indicates a gold thickness of 49 nm in the 

z-direction. 

Regarding the data from the aluminum sample, in looking at Figure 2.28, 

the best simulated ft for the resonance peaks indicates a flm thickness of 

43 nm. In Figure 4.5, the arrow indicates the time delay at which the refec-

tion of the shock wave induced by the frst incident laser pulse would arrive 

back at the surface, assuming a speed of sound of 5100 m s−1 [105]. There-

fore, as for the gold sample, we attribute this shift to an acoustic shock wave 

triggered by absorption of the ultrafast pump laser pulse that travels through 

the metal flm in the z-direction. However, it is unclear at this point why 

there is only one refection in the system, but from this response it seems that 

the sample underwent a permanent change as a result of this shock wave. 
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A primary result of these fndings is that this class of plasmonic detector 

shows potential as a low-impedance, CMOS compatible photodetector that 

has a time-dependent response on the order of picoseconds for a varying 

optical signal. This would allow a bandwidth near THz for applications in 

future generations of optical communications. 
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5 | Summary 

The unique combination of momentum matching requirements and ultrafast 

loss mechanisms that are capable of measurably infuencing electrical proper-

ties makes surface plasmons a strong candidate for the development of optical 

detectors with interesting properties and capabilities. In this work, we lay the 

foundation for such a plasmonic optical detector by leveraging the scattering 

and thermalization of plasmonically induced hot electrons in an applied cur-

rent. This all-electronic readout of plasmonic activity provides convenient 

access to the wavelength and polarization information that is available as a 

direct result of momentum matching considerations discussed in Section 1.3. 

Using this approach, we demonstrate direct polarization imaging in a 

fully-integrated CMOS compatible plasmonic detector, which o˙ers potential 

in applications such as remote sensing and hyperspectral imaging. Further-

more, we show that not only is a reduction in detector size desirable from an 

image resolution point of view, but it also would help minimize variation in 

detector response for the future development of plasmonic detector arrays. 

We fnd that the choice of metal is an important one, and contrary to our 
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initial hypothesis, lossier metals are not necessarily better, with a trade-o˙ 

between low electron temperature and strong phonon activity. 

In terms of the physical mechanism at work in these plasmonic detectors, 

we propose that electron scattering processes within the metal lead to the 

observed plasmonically induced resistance changes, rather than phonon scat-

tering processes which dominate in the case of DC resistance. Specifcally, 

as shown in the band structure in Figure 1.12c, the additional momentum 

from plasmonically excited hot electrons does not contribute equally to the 

overall momentum of the system due to the asymmetry of the Fermi level. 

Hot electrons generated in regions of negative kx contribute more momen-

tum in the negative x-direction than hot electrons generated in regions of 

positive kx contribute in the positive x-direction. Due to this addition of 

anisotropic momentum from plasmonically generated hot electrons as well as 

an overall increase in electron scattering interactions, we see an increase in 

the resistance of the system under plasmonic excitation. 

These ultrafast scattering mechanisms have consequences for the tempo-

ral dynamics of these plasmonic detectors. Timescales for plasmon relax-

ation range from femtoseconds for electron-electron scattering to hundreds 

of picoseconds for phonon-phonon interactions. These lifetimes are typically 

measured optically and only consider interactions within the skin depth of 

the metal, typically within a few nanometers of the surface at optical frequen-

cies. However, the thermalizaton of hot electrons propagates throughout the 

metal flm. By using a DC current to probe plasmonic activity, we can ac-
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cess information about these processes that occur within the metal, beyond 

the skin depth. These time-resolved electronic measurements lead to charac-

teristic timescales of < 1 picosecond for electron-electron scattering, tens of 

picoseconds for electron-phonon scattering, and on the order of hundreds of 

picoseconds for phonon-phonon interactions, which agree in order of magni-

tude with existing optical measurements. This inherently ultrafast nature of 

surface plasmon relaxation manifests in the electronic response of the detec-

tor as a change in resistance that is sensitive to the time delay between laser 

pulses, even when that time delay is on the order of single picoseconds. When 

combined with the structural tunability of plasmonics, this o˙ers opportuni-

ties for such a detector in optical communications where detector bandwidth 

is a limiting factor. 
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