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Chapter 1 Introduction 

 

1.1 Surface Plasmons  

Nobel metal nanoparticles possess intriguing optical properties causing the metal 

color to change with particle size. This phenomenon has been observed and utilized by 

human beings for thousands of years. Long before modern science, people have 

incorporated small metal particles into glass to create colorful stained glass windows and 

colorful goblets. The most notable example is the Lycurgus cup[6], a Roman goblet 

dating from the fourth century A.D. and now held in the British Museum (Fig. 1.1a). The 

Lycurgus cup absorbs and scatters blue and green light so that it shows a greenish hue 

when the white light is incident from the outside but appears red when the white light is 

placed inside the cup. Starting in the 1850s, the development of electromagnetic theory 

and experimental approaches have provided a physical understanding of the origin of this 

phenomenon[7]–[11], leading to the development of the research on surface plasmon 

polaritons. The research on surface plasmons, deemed plasmonics, has gathered an 

incredible amount of attention over the last few decades. 

When an electromagnetic wave impinges on a sub-wavelength size metallic 

nanoparticle, the free electrons are coherently driven by the oscillating electric field and 

form a surface plasmon (Fig. 1.1b). As a result, strong resonances occur in the metal 

nanoparticles leading to sub-wavelength scale light confinement and strong scattering and 

absorption. 
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Figure 1.1. (a) The Lycurgus cup, appears green in reflected light but red in transmitted 

light. Pictures are obtained from the British Museum with permission. (b). Schematic of 

localized surface plasmon excitation in metallic nanoparticles. 

Plasmon resonances can be tuned using the shape, size and surrounding medium 

of the particles. The development of nanoscale fabrication techniques have enabled 

scientists to precisely tailor, manipulate, and utilize plasmonic effects. Over the last 

decade, research on plasmonics has become a flourishing field[12]–[15] concerned with 

both a physical understanding of light-matter interaction at the nanoscale level and 

applications in nanoscale optics, on-chip photonics, sensing, and solar energy conversion 

systems. 

 

1.2 Plasmonics: beyond the diffraction limit 

Due to the ability to realize deep-subwavelength light confinement and 

enhancement of the optical near field, plasmonics provides a means to realize numerous 

techniques such as controlling light propagation, emission, concentration, and enhancing 

light-matter interaction at the nanoscale with numerous applications[16], [17] including 

metamaterials & metasurfaces[18], [19], sub-diffraction limited imaging[20], lasers[21], 

and cloaking[22]. Plasmonics could also be used to enhance the performance of 
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photovoltaic devices[23], [24] , photodetectors and modulators[13], [25] and 

environmental sensors[26], [27]. For example, plasmonic nanostructures can be used as 

building blocks to  create metamaterials with designer effective permittivity and 

permeability[18]. It has also been shown that the abrupt phase change provided by a 

plasmonic antenna gradient array known as metasurface can be utilized to control light 

bending and create ultracompact lenses and waveplates[19], [28]. On the other hand, 

combining a plasmonic Yagi-uda antenna and quantum dots provides a way to achieve 

directional light emission[29]. For light concentration, sub-diffraction-limit optical 

imaging has been demonstrated using a silver plasmonic superlens with a spatial 

resolution of one-sixth of the illumination wavelength[20]. Plasmonic bowtie antennae 

with feed gaps[30] can be utilized to create strong localized field enhancements and 

harmonic generation. The strong near field enhancement enabled by plasmonic antennae 

has also been demonstrated for trapping and manipulating nano-objects[31]. Plasmonics 

could also be used to enhance the performance of photovoltaic devices[23], 

photodetectors and modulators[13], [32], and environmental sensors[26].  

 

1.3 Plasmon decay mechanism 

As discussed in Section 1.1 of this chapter, surface plasmons are excited when 

coherent electron gas oscillations are formed in metallic nanoparticles. These electron gas 

oscillations can easily be damped and thus after a short existence the plasmon will start to 

decay. Following excitation, plasmons can either decay radiatively into re-emitted 

photons[33] or non-radiatively decay[34]–[36] via interband and intraband transitions, 

forming energetic hot electrons. An illustration of plasmon decay processes following 
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excitation are shown in Fig. 1.2. The hot electrons will further thermalize through 

electron-phonon and electron-electron scattering and the energy is eventually transferred 

to heat. 

 

Figure 1.2. (a) Plasmon decay mechanism: the plasmon can either radiatively decay into 

re-emitted photons or non-radiatively decay into hot electrons. (b) Hot electrons can 

release their energy into thermal energy for photothermal heat generation. (c) Hot 

electrons can also be captured by a potential barrier such as Schottky barrier for 

photoelectrical conversion. 

  

In almost all of the applications as discussed in Section 1.2, the non-radiative 

plasmon decay will serve as a parasitic process. For instance, in a plasmonic waveguide, 

the plasmon lifetime and surface plasmon propagation length will be hampered by the 

non-radiative plasmon decay. In plasmonic metamaterials the non-radiative decay process 

will lead to optical absorption in the metal and reduce the transmission or reflection. As a 

result, in recent years, a lot of work has been devoted to non-radiative plasmon decay 

mitigation such as finding alternative materials for noble metals as well as improving 
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metal quality. However, recent research has discovered new and exciting opportunities to 

take advantage of surface plasmon non-radiative decay[37], [38] such as photothermal 

heat generation[4], [39], photovoltaic devices[12], [37], photocatalysis[40]–[42], driving 

material phase transitions[43], [44], photon energy conversion[45] and photodetection[2], 

[3], [46]–[50]. For instance, the decay of hot electrons can lead to local heating of the 

plasmonic nanostructures (Fig. 1.2b), making them candidates for nanoscale heat 

sources[4], [39] for use in cancer therapy[51], plasmonic nano-welding[52], and solar 

steam generation[53][54]. Understanding photothermal heat generation in plasmonic 

nanostructures is also important in designing near field transducers for heat-assisted 

magnetic recording techniques[55], [56]. On the other hand, hot electrons can be captured 

before thermalization by an adjacent semiconductor (Fig. 1.2c), providing a novel 

photoelectrical energy conversion scheme for photovoltaics or for driving chemical 

reactions[41], [42]. In this case, carriers excited with photon energies lower than the 

semiconductor bandgap can be captured, circumventing band gap limitations and opening 

pathways for additional energy harvesting.  

 

1.4 Hot carrier physics 

1.4.1 Internal photoemission 

As discussed in Section 1.3 of this chapter, hot carriers generated in a metal can 

be collected by placing a semiconductor adjacent to the metal, forming a Schottky barrier. 

The hot carriers with energy greater than the Schottky barrier can flow into the 

semiconductor through an internal photoemission process, generating photocurrent. The 

very first attempt to quantitatively describe the photon-induced emission of electrons 
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from metals was made by R. H. Fowler[57] in the 1930s. Later in the 1950s, the overall 

hot electron generation and collection process was described by W. E. Spicer with an 

intuitive three-step model[58], [59]: (1) hot electrons are generated in the metal through 

absorption of photons, (2) a portion of the hot electrons diffuse to the metal-

semiconductor interface before thermalization, and (3) hot electrons with sufficient 

energy and the correct momentum are injected into the conduction band of the 

semiconductor through internal photoemission. Therefore, the efficiency of hot carrier 

devices depends on the initial hot carrier distribution, the transport of the carriers, as well 

as the carrier collection efficiency. Fowler’s model is perhaps the most widely used 

description of hot electron injection and is based on a semi-classical model of hot 

electrons emitted over an energetic barrier, with the critical assumption that the 

photoexcited electrons in a metal have an isotropic momentum distribution and only the 

electrons within the momentum cone of the semiconductor can transport across the 

interface due to conservation of electron momentum. In the Fowler model the internal 

photoemission efficiency, 𝜂, is given by: 

𝜂 =
(ℏ𝜔−𝜙𝑏)2

4𝐸𝐹ℏ𝜔
                                 (1.1) 

where ℏ is the reduced Planck constant, 𝜔 is the photon frequency, 𝐸𝐹 is the metal Fermi 

energy, and 𝜙𝑏  is the barrier height. The barrier height is determined by the work 

function of the metal and the electron affinity of the semiconductor but can be affected by 

the fabrication process employed. Experimentally measured Schottky barrier heights for 

numerous metals and semiconductors are presented in Table 1.1. 

 Si TiO2 GaAs Ge CdSe CdS 

Au 0.8 1.0 1.05 0.59 0.7 0.8 
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Ag 0.83 0.91 1.03 0.54 0.43 0.56 

Al 0.81 Ohmic 0.93 0.48 N/A N/A 

Ti 0.5 Ohmic 0.84 0.53 N/A 0.84 

Cu 0.8 0.85 1.08 0.5 0.33 0.5 

Pt 0.9 0.73 0.98 0.65 0.37 1.1 

Cr 0.6 0.88 0.82 0.59 N/A N/A 

Table 1.1. Experimental reported Schottky barrier height 𝜙𝑏 (eV) for typical plasmonic materials 

on an n-type semiconductor. Data adapted from Refs. [46], [49], [60]–[67]. For p-type 

semiconductors the barrier height can be estimated by subtracting the value from the bandgap 

energy of the semiconductor. 

In contrast with the electron-hole pair generation in semiconductors, the 

efficiency given by equation 1.1 predicts an increasing quantum yield at higher photon 

energy and many recently demonstrated hot electron photodetectors based on Schottky 

barriers have been shown to follow this model[3], [46], [68]. Compared with electron-

hole generation and separation in a semiconductor, the internal photoemission in a bulk 

metal/semiconductor Schottky junction is a very inefficient process. This is mainly due 

to: (1) poor light absorption, (2) a broad hot electron energy distribution[69], and (3) an 

isotropic hot electron momentum distribution. Surface plasmons can potentially boost the 

efficiency of hot electron collection by addressing these issues. Plasmonic nanoparticles 

have an absorption cross-section much larger than the physical size of the particles[70], 

yielding much more efficient hot electron generation than bulk metal. Plasmonic 

nanoparticles also produce hot carriers at a higher average energy compared with bulk 

metal[71]–[74]. Lastly, the momentum distribution of hot carriers can be modified by 

engineering the modes of the plasmonic structures. Therefore, surface plasmons provide a 

powerful tool for efficient hot electron generation and extraction. 
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1.4.2 Hot carrier generation 

Understanding initial hot electron generation and distribution, before inelastic 

relaxation, is critical to estimating the overall hot carrier injection efficiency. During non-

radiative plasmon decay, hot electron-hole pairs are created through Landau damping on 

a time scale of femtoseconds[75]. Theoretical calculations of hot electron energy 

distribution in bulk metal, based on the electron density of states approximated by a free 

electron gas model, shows a broad continuous distribution of hot electron energies upon 

excitation[69]. This broad hot electron energy distribution sets an impediment for 

realizing high efficiency in the internal photoemission process as many carriers will have 

an energy that is below the Schottky barrier[69]. In contrast with bulk metals, it has been 

shown that the hot carrier energy distribution in plasmonic nanoparticles can potentially 

be narrowband[72]–[74], [76], [77] and is strongly dependent on the particle size[73], [74] 

and geometry[76]. For instance, hot carriers are more efficiently generated in small 

plasmonic nanoparticles compared to large ones[73]. Nanoparticle geometry including 

shape[76] and aspect ratio[78] also play an important role in determining the hot carrier 

generation and injection due to carrier confinement and surface scattering[76]. In addition, 

a theoretical model for the hot carrier generation process has been developed using 

Fermi’s golden rule where the conduction electrons are described as free particles in a 

confined potential wall[72]. This model predicts that both the production rate and the 

energy distribution of the hot carriers are strongly dependent on the particle size and hot 

carrier lifetime. In addition to energy distribution, the hot carrier momentum distribution 

is also an important factor. Hot carriers are primarily generated with momentum parallel 

to the external field[72], which is generally parallel with the semiconductor interface in 
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the case of an antenna, resulting in poor injection. Moreover, hot electron generation is 

also dependent on the plasmonic material employed[79], [77], [80], [81]. Several groups 

have explored the effects of the electronic structure of the metal on the generated carrier 

distributions[79], [80] and it has been shown that in the interband transition regime the 

electronic band structure of the metal plays an important role on both the energy and 

momentum distribution of the generated hot carriers[79]. In fact, in this regime none of 

the commonly used plasmonic materials including gold, silver, aluminum and copper 

exhibit the isotropic momentum distribution assumed in the Fowler theory[79]. 

Additionally, the effects of phonons and surfaces on hot carriers have also been 

studied[82]. Therefore, one needs to take plasmonic nanostructure geometry, size, 

excitation condition, hot carrier lifetime as well as material electronic band structure into 

account when optimizing hot carrier device efficiency. 

 

1.5 Organization of the Thesis 

In this thesis, I will present my efforts to demonstrate how plasmonic 

nanostructures can be engineered to take full advantage of the non-radiative plasmon 

decay process to enhance the efficiency of photothermal heating and photoelectrical 

energy conversion systems[1]–[5]. In particular,  

Chapter 2 introduces design rationale of how plasmonic nanoparticles can be 

designed for nanoscale photothermal heat generation. I will also discuss the development 

of a nanoscale thermal microscopy technique based on thin film thermographic 

phosphors[4], [5] and how we use it to experimentally validate the proposed design 

rationale.  
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In Chapter 3, I will discuss how plasmon energy can be harnessed in the form of 

hot electrons for photoelectric conversion and photovoltaic applications. I detail an 

experimental demonstration of how hot electron device efficiencies can be greatly 

enhanced by the proposed metamaterial perfect absorber designs[3]. 

Chapter 4 demonstrates how one can realize an ultracompact circularly polarized 

light detector by combining the giant circular dichroism in chiral metamaterials with hot 

electron injection. I will also discuss how to design planar chiral metamaterial with near 

perfect circular dichroism[2]. 

Finally, Chapter 5 summarizes the highlights of this work and its long-term 

implications. The future opportunities and challenges in harvesting plasmonic hot 

electrons will also be discussed.  
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Chapter 2 Probing and Controlling Photothermal Heat Generation in Plasmonic 

Nanostructures 

 

2.1 Introduction to Thermoplasmonics 

The ability of surface plasmons to confine electromagnetic energy in deep sub-

wavelength volumes has attracted much attention in nanoscale science due to the large 

local electromagnetic fields that are generated. However, one of the drawbacks associated 

with surface plasmons is that the resistive heat loss within the metal structures can often 

limit device performance. While much effort has been devoted to minimizing this heat 

loss, in the emerging field of thermoplasmonics the focus has shifted toward engineering 

the loss to design optically-induced, nanoscale thermal sources[83]–[86]. Focusing 

electromagnetic energy down to nanoscale volumes results in high temperature thermal 

hot spots that can be used in a variety of applications including chemical catalysis[87]–

[89], heat-assisted magnetic recording[55], [56], phononic circuitry[90], and medical 

therapy[51], [91], [92]. 

Currently there are two major challenges in the field of thermoplasmonics: 

particle design and micro/nanoscale temperature measurement. Current work in particle 

design has focused on understanding the thermal response of structures such as spheres, 

disks, core-shell structures, and rods[83]–[86], [93]. In order to fully exploit the potential 

of thermoplasmonics, a better understanding is needed of how more complex geometries 

can be used to control the magnitude of heat generation in plasmonic nanostructures. 

Furthermore, current work in thermoplasmonic temperature characterization has shown 

many promising approaches, yet a robust thermal imaging technique is still lacking. 

Existing techniques rely on near-field methods, such as scanning thermal 
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microscopy[94], and far-field methods such as thermally induced refractive index 

change[95], Raman spectra[96], fluorescence emission[97], and polarization 

anisotropy[98]. However, near-field methods are inherently invasive and the far-field 

methods suffer from either complex calibration procedures or sensitivity to factors such a 

thermally induced diffusion or excitation intensity fluctuation.  

In this chapter we present a thermoplasmonic design rationale that demonstrates 

how good electromagnetic plasmonic antennae can be converted into good 

thermoplasmonic antennae with large heat source density through increasing the current 

density within the antenna. We also develop a far-field thermal microscopy technique 

using thin-film thermographic phosphors (TGP) to validate our thermoplasmonic design 

rationale. This microscopy method utilizes temperature sensitive decay lifetime as the 

sensing technique and uses a solid sensing material (phosphor) making it robust against 

intensity fluctuations and artifacts due to high surface temperatures. The demonstrated 

thermoplasmonic design rationale and TGP microscopy technique offer promising tools 

for the further advancement of thermoplasmonic devices and applications.   

 

2.2 Proposed Thermoplasmonic Design Rationale 

Heat generation in thermoplasmonic structures is governed by Joule heating, with 

the heat source density (𝑞’’’[W/m3]) given by, 𝑞’’’ = �⃑� ∙ 𝐽 , where �⃑�  is the electric field and 

𝐽  is the current density. This equation is most commonly expressed as a function of the 

incident electric field and imaginary part of the permittivity function as 𝑞’’’ =

𝜔𝜀0𝐼𝑚(𝜀𝑚)|�⃑� (𝑟)|
2
 where 𝜔 is the angular frequency and 𝜀𝑚 is the permittivity of the 

metal[83], [85], [86]. However, in plasmonic antennae exhibiting highly localized electric 
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fields, such as those with feed gaps, the maximum electric field intensity occurs outside 

the metal surface in the surrounding medium. In this case, if the surrounding medium is 

transparent then designing the antenna to have large local electric fields does not 

necessarily imply large heat source density[84], [85]. Instead we can express heat source 

density in terms of the current density inside the metal, which can be done using Ohm’s 

Law, 𝑞’’’ = |𝐽 |
2
/𝜎, where 𝜎 is the electrical conductivity of the metal. 

As dictated by Ohm’s Law, optimizing the current density in plasmonic antennae 

will lead to large heat source densities. However, for most antenna design applications, 

controlling fields rather than current densities is perhaps more intuitive. To show how the 

magnetic field is related to current density, we use Ampere’s law to describe current 

density as,  𝐽 = �⃑� × �⃑⃑� , where �⃑⃑�  is the magnetic field. Inserting the relationship for 

current density into Ohm’s Law allows us to express the heat source density as a function 

of magnetic field, 𝑞’’’ = |∇⃑⃑ × �⃑⃑� |
2
/𝜎. If 𝐽  is one dimensional, the only component of �⃑⃑�  is 

the rotational magnetic field,  𝐻𝜃, and therefore,  

𝑞’’’ ∝ 𝐻𝜃
2     (2.1) 

The proportionality of equation 2.1 shows that enhancing the magnetic field 

around a nanostructure can significantly increase heat generation inside the metal. This 

approach provides a general guideline for designing thermoplasmonic structures in which 

absorption is dominated by Ohmic loss in the metal. 

Different studies have shown that the magnetic field of a nanoantenna can be 

greatly enhanced by using the complementary configuration of a feed gap antenna[99], 

[100]. Based on Babinet’s principle, if a structure has its metal and dielectric regions 

inverted and is excited with a polarization that is rotated by 90°, a complementary optical 
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response can be expected. While this principle is rigorously valid only for perfect 

electrical conductors, the main features of the response are still preserved at optical 

frequencies where metals are no longer perfect. Following this logic, a bowtie shaped 

feed gap antenna, which greatly enhances the electric field through capacitive effects 

across its gap, can be inverted to create a diabolo antenna. This alternative structure 

enhances the magnetic field through charge funneling in its neck region[99], [100].  The 

configuration is illustrated in Fig. 2.1a-d, which shows the complementary bowtie and 

diabolo structures and the corresponding electric and magnetic field distributions directly 

above their surfaces.  

 

 

Figure 2.1. (a). Complementary antenna structures: bowtie (a) and diabolo (b) with plots 

of their electric (c) and magnetic (d) fields, respectively. (e) Evolution in geometry from 

dipole to diabolo antenna (w=50 nm). Magnetic fields were normalized to the incoming 

field intensity and each structure was made of gold and simulated on an Al2O3 substrate. 
 

Using the diabolo structure as a reference, the proposed thermoplasmonic design 

rationale of equation 2.1 was tested against other antenna designs with lesser magnetic 

field enhancements. In Fig. 2.1e we show the simulated optical and thermal response for 

an evolution in nanoantenna geometries from the diabolo antenna (flare angle: 45°) to a 
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dipole antenna (flare angle: 90°). The progressively smaller flare angle of each geometry 

funnels more charge through each structure’s neck region, an effect that increases current 

density (𝐽 ) and rotational magnetic field (𝐻𝜃). The simulated 𝐻𝜃  and 𝑞’’’  values were 

collected at 5 nm above and 6 nm inside each structure, respectively. The results 

presented in Fig. 2.1e follow the relationship of equation 2.1, thus verifying the proposed 

thermoplasmonic design rationale. Furthermore, while illustrated here for the diabolo and 

bow-tie antennae, this approach can be applied for any feed gap based antenna to 

maximize heat generation within the structure. 

For each structure in Figure 1e, the neck dimension (𝑤), resonant wavelength 

(1064 nm), and input intensity (0.42 mW/μm2) were held constant to isolate the effects to 

the varying flare angle. Consequently, equal volumes for each structure could not be 

maintained. To show that the increase in heat source density was not due to any 

volumetric effects, a dipole antenna with the same volume, resonant wavelength, and 

input intensity as the diabolo antenna was simulated. The results show that the dipole 

structure with the same volume (red markers in Fig. 2.1e) has both a decreased magnetic 

field and heat source density, confirming that the enhanced heating effect is not 

volumetric and in fact comes from carefully engineering the antenna’s shape.  

 

2.3 Thin Film Thermographic Phosphor 

Because heat source density is proportional to temperature through the heat 

diffusion equation, we were able to experimentally validate the proposed 

thermoplasmonic design rationale by measuring the temperature of optically heated 

dipole and diabolo nanoantenna arrays. To measure the temperature of the plasmonic 
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nanostructures, we developed a thermal microscopy technique utilizing TGPs as the 

temperature-sensing medium. TGPs are metal-doped ceramic materials whose 

photoluminescence decay time is temperature dependent[101]. These materials have long 

been used to probe temperatures using non-invasive optical probing and are typically 

used in environments with moving surfaces, high temperatures, or where thermocouple 

attachment is difficult[101], [102]. Because TGP temperatures are correlated with decay 

times, the measurement is insensitive to excitation intensity fluctuations and emitter 

concentration variation[103]. Also, due to the fact that the TGP is in a solid state and has 

a high melting temperature, large temperature ranges can be probed. In fact, phosphors of 

varying composition can be used to achieve temperature sensitivity from near 0 K to 

1800 K[101]. Both of these aspects make the TGP temperature measurement method 

attractive for robust thermal microscopy. 

To use TGP for measuring the temperature of plasmonic nanostructures, we 

deposited a thin film of TGP as the sensing layer. We then built the diabolo and dipole 

nanoantenna arrays directly on top of the thin TGP film, allowing for increased accuracy 

of the temperature measurement due to the phosphor layer’s close proximity to the 

antenna. 

 

2.3.1 Thin ruby film fabrication 

Here we focus on thin film deposition of ruby, which consists of an aluminum 

oxide (Al2O3) host lattice and chromium (Cr) dopants as an activator. Ruby has played an 

important role as an active laser medium, and bulk ruby has been widely studied as a 

thermal sensing material[104]–[106]. Some of ruby’s characteristic properties include a 
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relatively long photoluminescence lifetime (3.5ms at room temperature[107]), visible 

excitation (532nm) and emission (694.4nm, 692.9nm), stability at high temperature 

(melting point 2317K[108]) and a large temperature sensitivity range (0K-813K[102], 

[109]). 

To fabricate the thin ruby film, the source material for electron beam evaporation 

(ruby powder) was first prepared by a combustion synthesis process[110]. 3.0030g urea 

CH4N2O, 7.4278g aluminum nitrate Al(NO3)3·9H2O and 0.0800g chromium nitrate 

Cr(NO3)3·9H2O were dissolved in 5mL water in a cylindrical ceramic crucible. The 

chromium/aluminum ratio in reactant is set to 1.1% to achieve the strongest 

photoluminescence[111]. The crucible was placed on a hotplate at 350K and stirred for 

5h until a green-colored gel formed, upon which it was placed in a furnace at 873K for 

combustion synthesis. The gel mixture combusted in about 2 minutes and resulted in a 

light pink-colored foam occupying the whole crucible. A post-synthesis calcine step was 

then performed to form a solid evaporation source by placing the crucible in a furnace at 

1173K for 2h. Ruby powder was obtained by crushing this foam after cooling. 

The ruby powder was used as the source material for electron beam evaporation 

(Angstrom Amod) of the ruby thin films. After first melting the powder using a low beam 

current, the power of the beam was slowly increased to reach a deposition rate of 0.2A/s, 

resulting in a film with minimal surface roughness. Ruby thin films with 100nm and 

600nm thickness were deposited on transparent sapphire and fused silica substrates, and 

after deposition the films were transparent and exhibited weak photoluminescence. To 

improve the quantum yield of the thin ruby films, a thermal annealing process was 

performed by heating the as-deposited thin films in a furnace at 1373K for 2h. The 
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thermal annealing process crystallizes the film, which is initially amorphous after 

electron beam evaporation. After the annealing process, films on the fused silica substrate 

became translucent while films on the sapphire substrate remained transparent. The 

photoluminescence intensity of the annealed films was also significantly improved 

compared with as-deposited films due to improved crystallinity. In the following sections, 

we examine in detail the ruby film morphology, composition, crystallinity and 

photoluminescence intensity and lifetime. 

 

2.3.2 Thin ruby film morphology characterization 

 

 

Figure 2.2. (a)-(d), AFM image of annealed ruby films. (a) 100nm film on sapphire, inset 

is a 1μm x 1 μm scan area, (b) 100nm film on fused silica, inset is a 1μm x 1 μm scan 

area, (c) 600nm film on sapphire, (d) 600nm film on fused silica. 

Producing a high quality film is essential for the realization of a temperature 

probing platform for micro and nanoscale structures. The surface morphology of 
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annealed ruby films measured with atomic force microscopy (AFM) is shown Fig. 2.2 

Both 100nm and 600nm thick ruby films deposited on sapphire and fused silica substrates 

were inspected. In Fig. 2.2a, for the 100nm film deposited on the sapphire substrate, a 

grainy film with average feature size about 2μm is obtained. The roughness is due to the 

formation of polycrystalline islands during film growth[112], features similar to those 

found in previously studied polycrystalline -Al2O3 films[113]. Root mean squared 

(RMS) surface roughness Rq is calculated as Rq=2.35 nm for the 100 nm thick film based 

on the AFM data. The low surface roughness film provides the capability for remote 

temperature sensing of micro/nano structures built on top of this film. For comparison, 

surface morphology of 100 nm films deposited on fused silica was also investigated (see 

Fig. 2.2b, Rq=2.20 nm). No obvious crystalline features can be observed, which lead to a 

smooth but weakly crystalized film. As a result, this film exhibits a much weaker 

photoluminescence intensity compared with the film on sapphire, which will be discussed 

later.  

In the 600 nm thick ruby film on fused silica, it can be observed in Fig 2.2d that 

significant cracking occurs after the thermal annealing process. These cracks can also be 

confirmed by dark-field microscopy and illustrate why the films become translucent 

compared with the transparent as-deposited film. The cracking is due to the thermal 

expansion coefficient mismatch between the ruby film and fused silica. However, for the 

600 nm thick film on sapphire (Fig. 2.2c), a continuous polycrystalline film is obtained 

due to thermal expansion match between the substrate and film. In addition to the smooth 

film, the lattice match between sapphire and α-Al2O3 also promotes the crystallization 

process resulting in strong photoluminescence, which will be discussed in Section 2.3.5.  
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2.3.3 Thin ruby film chemical composition characterization 

 
Figure 2.3. Chemical composition of synthesized powder, 100nm as-deposited film, and 

annealed film on a sapphire substrate. 

Maintaining the stoichiometry and crystallinity of thin films compared with the 

source material is usually challenging during deposition processes. To gain an 

understanding of the stoichiometry variation during the film fabrication process, X-ray 

photoelectron spectroscopy (XPS) was used to analyze the composition of the 

synthesized powder, as-deposited films, and annealed films (Fig. 2.3). The synthesized 

powder has 6% carbon, 63.6% oxygen, and 30.4% aluminum and the as-deposited film 

shows similar composition with the exception of a significant amount of carbon (29.1%), 

which can be explained as contamination from the graphite crucible used during 

evaporation. However, the high carbon content in the as-deposited film is significantly 

reduced by the thermal annealing process resulting in the stoichiometry chemical 

composition of the annealed film being in close agreement with the ruby powder. The 

atomic percentage of chromium in the powder and films cannot be detected due to the 

sensitivity limitation of the XPS tool used. However, since strong photoluminescence is 

found in both the powder and annealed film, we assume that the chromium/aluminum 

ratio is in the range between 0.5% and 1% [111]. Also, in both the powder and the 
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annealed film, the aluminum-to-oxygen ratio is lower than the expected ratio for Al2O3 

(0.67), likely due to additional oxygen being partially bonded to the residual carbon 

atoms[114]. 

 

2.3.4 Thin ruby film crystal structure characterization 

 

 

Figure 2.4. X-ray diffraction pattern of (a) synthesized powder, (b) as-deposited film and 

(c) annealed film. The films correspond to those deposited on sapphire. 

X-ray diffraction (XRD) was used to acquire the crystal structure of the 

synthesized powder, as-deposited film on sapphire, and annealed film on sapphire to gain 
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a better understanding of the role of crystallinity in dictating the photoluminescence 

properties of the films. As observed in Fig. 2.4, the synthesized powder shows a 

diffraction pattern corresponding to -Al2O3[115] while the as-deposited film shows a 

mainly amorphous state with a few  -Al2O3 peaks. While some of the θ-phase peaks are 

still present in the annealed film, the diffraction pattern is dominated by -Al2O3. As 

shown in Fig. 2.4, recovering the -Al2O3 is critical to preserving films with strong 

photoluminescence, which will be discussed in Section 2.3.5. 

 

2.3.5 Thin ruby film photoluminescence characterization 

To investigate the photoluminescence properties of thin ruby films, the samples 

were imaged using an optical microscope (Zeiss Axio Observer A1m) and excited with a 

532nm laser modulated at 19Hz. A 50X objective is used to focus the excitation laser 

onto the film and to collect the emitted photons. Using the microscope allows higher 

excitation intensity with low laser power, increases the emission collection efficiency, 

and provides the capability to probe the local temperature in the excited area. The emitted 

photons are measured with a photomultiplier tube (PMT) with an emission band-pass 

filter and the time-dependent electric signal, which is proportional to the emission 

intensity, is recorded by a high-speed digitizer (Agilent, Model U1069A, 2Gs/s), which 

also reads the triggering signal from the chopper. The photoluminescence spectrum of 

synthesized powder, 100nm as-deposited film and annealed film on sapphire substrate are 

shown in Fig. 2.5. 
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Figure 2.5. Photoluminescence spectra of (a) synthesized powder, (inset shows a 

photograph of ruby powder), (b) 100nm as-deposited and annealed films on sapphire and 

fused silica substrates, (inset shows a photograph of a transparent annealed film on a 

sapphire substrate). 

Two ruby emission peaks (R1 line=694.4nm, R2 line=692.9nm) are found in 

photoluminescence spectra of the synthesized powder and films and are identical to the 

luminescence peaks in bulk ruby. Furthermore, the intensity of the annealed film is 

greatly enhanced compared with the as-deposited film. This observation further supports 

the XRD results that the chromium doped -Al2O3 phase is dominant in the annealed 

films, yielding strong fluorescence. As a comparison, the photoluminescence intensity of 

films with the same thickness on a fused silica substrate is also given in Fig. 2.5b. Films 

on sapphire substrates can produce a stronger photoluminescence, which further confirms 

the necessity to use the lattice-matched substrate to ensure good crystal growth. 
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Figure 2.6. (a). Unit cell of diabolo antenna array with dimensions: p=340 nm, d=150, 

w=50 nm, t=50 nm. (b) SEM image of diabolo array. (c) Unit cell of dipole antenna array 

with dimension: l=215 nm. (d) SEM image of dipole array. (e) Simulated and (f) 

experimental transmission data. The dip in transmission corresponds to the resonant 

wavelength. 

To experimentally validate the thermoplasmonic design rationale proposed in 

Section 2.2, here both dipole and diabolo antenna arrays with 250 x 250 unit cells, 

yielding patterned areas of 85 µm x 85 µm, were fabricated directly on the ruby 

temperature sensing layer using electron beam lithography (EBL), Cr/Au deposition, and 

ultrasonic lift-off. Fig. 2.6a,b shows the dimensions of each antenna array’s unit cell. Fig. 

2.6c,d shows scanning electron microscopy (SEM) images of the fabricated arrays and 

Fig. 2.5e,f shows the simulated and experimental transmission data, demonstrating good 

agreement with the spectral position of the resonant wavelength. The magnitude of the 

experimental transmission curves are slightly higher than the theory, likely due to 

inhomogeneities and surface roughness, effects that will serve to slightly lower heating 

compared to theory. 
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2.4 Thin Film Phosphor Lifetime Thermal Microscopy 

 

Figure 2.7. Thin-film thermographic phosphor thermal microscopy schematic. 

In order to measure the local temperature of the plasmonic nanostructures, here a 

novel thermal microscopy based on thin-film TGP was developed. The resonant heating 

and thermal probing of the fabricated samples were performed with the thermal 

microscopy setup shown in Fig. 2.7. A Ti:Sapphire pumped optical parametric oscillator 

(OPO) was used to generate the infrared heating beam (1064nm) and the phosphor 

excitation beam (532 nm). Both beams were weakly focused through objectives and 

spatially overlapped on the sample to achieve uniform heating and phosphor excitation 

over the area of measurement. An optical chopper was used to modulate the excitation 

beam for measuring the lifetime of TGP emission. 
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The emission of the phosphor was collected from the bottom objective lens and 

directed through a 694 nm bandpass filter. Past the filter, the emission was routed to a 

fiber-coupled photomultiplier tube (PMT) to detect the phosphor decay time. A digitizer 

recorded and averaged 400 decay readings, each lasting for 50 ms, and the profile of the 

averaged decay reading was fit to a single exponential function to obtain the decay 

time[102].  It should be noted while 400 recordings per point are utilized in the present 

data to ensure an extremely low noise level for characterizing the technique, this amount 

of averaging is in general not needed.  

Calibration of the ruby phosphor was necessary to match decay times with 

absolute local temperatures. To replicate the conditions of the actual measurement, the 

calibration was performed in the microscopy setup of Fig. 2.7. The sample was placed on 

an indium tin oxide (ITO) coated glass slide that acted as a transparent resistive heating 

element. A voltage applied to the ITO layer uniformly heated the sample and a 

thermocouple placed on top of the ruby layer measured the phosphor temperature. Metal 

objects near an emitter can drastically change the emitter’s radiative and non-radiative 

decay rates and thus the decay time[116]–[118]. To take this effect into account, 

calibration measurements (Fig. 2.8a) were performed directly on the antenna array. Each 

decay measurement was taken at steady-state temperature, which was confirmed by 

taking several measurements until the decay time stabilized. 

After calibrating the phosphor and allowing the sample to cool, the antenna arrays 

were optically heated and their temperatures were measured. For the measurements, the 

IR heating beam was polarized along the optical axis of the arrays and the power was set 

to vary from 14 mW to 125 mW. The beam was focused onto each array with a measured 
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full-width-at-half-maximum (FWHM) of 19.5 µm resulting in 2583 antennas being 

heated in this region. After reaching steady-state conditions, decay times were recorded 

on each array and fit to the calibration curve. The resulting temperature rises under 

different heating beam power are displayed in Fig. 2.8b.The observed linear relationship 

results in temperature rises (𝛥𝑇) of 30.2°C and 23.7°C in the diabolo and dipole antenna 

arrays under a 125mW heating beam (0.4 mW/µm2), respectively. This temperature rise 

come from the superposition of the heating contributions from each single antenna in the 

illuminated region. The results validate the proposed thermoplasmonic design rationale 

by demonstrating that the diabolo antenna, with its enhanced current density and 

magnetic field, generates more heat than the dipole antenna. To verify that the heating 

occurred through the resonant excitation of surface plasmons, the heating beam was 

rotated 90° to the off resonant polarization. As expected, the temperatures are only 

slightly increased due to non-resonant absorption in the metal nanostructures.  

 

Figure 2.8. (a) Calibration curve of 100 nm ruby TGP. The error bars represent the 95% 

confidence interval of 10 measurements. (b) Temperature measurements of optically 

excited dipole (square) and diabolo (triangular) arrays versus heating beam power with 

non-resonant (blue) and resonant (red) polarizations. The results from the analytical 

model for the dipole (green line) and diabolo (red line) show good agreement with the 

experiment. ΔT is temperature rise over the ambient temperature. 
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To confirm the experimental measurements, the results were compared to an 

analytical, 3-D conduction model of the system. In the model, the 𝛥𝑇 of the arrays can be 

found from the equation,  𝑞 = 𝑆𝑘𝛥𝑇 , where 𝑆  is the conduction shape factor, 𝑘  is the 

thermal conductivity of the substrate, and 𝑞 is the heat generated by the array[119]. The 

model corresponds to a heated disk on a semi-infinite slab, a good approximation of the 

experimental conditions. For the case of a uniformly heated disk (which is the case for 

laser heating), 𝑆 = 3𝜋2𝐷/16 , where 𝐷  is the heating beam diameter. Setting the 

conductivity of the substrate to the manufacturer specified value (25 W/mK) and using 

the antenna absorption loss calculated from finite difference time domain (FDTD) 

simulations, we obtain  𝛥𝑇  corresponding to the rise in the phosphor layer’s average 

temperature over ambient. The results of the model (Fig. 2.8b) are in good agreement 

with the experimentally measured values, though the experimental antennae arrays 

exhibit a slightly lower temperature rise, as expected from the increased transmission 

through the arrays compared to theory. 

 

 

2.5 Nanoparticle Superstructure with Plasmonic Lens 

To take full advantage of the diabolo antenna’s enhanced heat generation, it can 

be incorporated with a plasmonic lens to create a nanoantenna superstructure (Fig. 2.9a). 

The plasmonic lens of the superstructure allows for enhanced energy coupling to the 

diabolo antenna while retaining the antenna’s nanoscale feature sizes and highly localized 

heating[93], [120]. To determine the temperature profile around the antenna, we modeled 

the distribution using the superposition of spherical Green’s functions[121]. Because the 
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thermal conductivity of the sapphire substrate is almost three orders of magnitude larger 

than air, the air/sapphire interface was assumed adiabatic and the temperature profile was 

mapped only in the sapphire. The heat generation input to the Green’s function model 

was determined from FDTD simulations in which the absorption loss for the diabolo 

antenna as both a single structure and a superstructure were calculated. The input 

intensity in both simulations was 7.1 mW/μm2. 

The results of the FDTD simulations and thermal modeling show that the 

superstructure produces a temperature rise of 237° C while the single diabolo structure 

only produces a temperature rise of 45° C. This substantial difference in local 

temperatures is attributed to the increased energy coupling of the superstructure along 

with the scaling relationship in equation 2.1. The temperature maps (Fig. 2.9c,d) also 

show that the diabolo antenna in the superstructure still retains a highly localized thermal 

hotspot. It should be noted that the single antenna will yield a lower temperature increase 

than the antenna arrays for the same heating beam intensity. This is due to the fact that in 

the single antenna there is no superposition of the heating from neighboring antennas that 

are present in the array. 
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Figure 2.9. (a) Plasmonic superstructure made up of a diabolo antenna surrounded by 3 

circular gratings: Λ=720 nm. Diabolo antenna dimensions are the same as Figure 2a. (b) 

SEM image of fabricated superstructure. (c) Temperature profile below the superstructure 

at the center of the neck region, taken in the X-Z plane. (d,c) Temperature profile of the 

superstructure 3 nm below the surface, taken in the X-Y plane. The white dotted lines in 

the inset indicate the planes in which the temperature profiles are plotted. (e) 

Experimental measured temperature rises of optically excited superstructure and single 

structure with non-resonant (black), resonant (red) polarizations at 110 mW and 

theoretical calculation (blue). 

To experimentally validate the rationale of the proposed superstructure design, the 

superstructure and single diabolo antenna were fabricated on ruby sensing media (Fig. 

2.9b) and the TGP thermal microscopy method was applied to measure the temperature of 

both structures. An IR heating beam with power of 110 mW was focused onto each 

structure with a measured FWHM of 4.44 µm resulting in a pump intensity of 7.1 

mW/𝜇m2. The phosphor excitation beam was tightly focused onto the sample surface 

with a FWHM of 0.72 µm and spatially overlapped with both the structure and the 

heating beam. The resulting temperature rises of the superstructure (41.1°C) and single 

diabolo (6.6°C) are shown in Figure 2.9e.  

 In order to compare the theoretical and experimentally acquired antenna 

temperatures, the temperature profile acquired from the superposition model was 

averaged throughout the excited region of the TGP directly below antenna. The 

theoretical temperature increase of both structures shows good agreement with the 

experimental data, though as in the antenna arrays, the predicted temperature is slightly 

higher than the experimentally measured value likely due to surface roughness in the 

fabricated patterns. The superstructure shown here could be even further enhanced with 

the addition of more circular gratings to couple in more electromagnetic energy or the use 

of a lower thermal conductivity substrate to better insulate the bottom of the structure.  

While here we have only measured single point or average array temperatures, the 
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TGP based thermal microscopy technique can readily be extended to 2D mapping of the 

temperature profiles with a resolution given by the diffraction limit of the phosphor 

excitation beam. In our current configuration, mapping speed is limited by the 

millisecond lifetime of ruby. However, the technique can readily be utilized using 

phosphors with nanosecond lifetimes in which case the mapping speed would be limited 

by the laser repetition rate. For example, with a pixel size of 0.4 µm2, 25X decay 

averaging, and a 1 kHz laser, mapping of a 25µm x 25 µm area would take 40 s. 

 

2.6 Conclusion     

To summarize Chapter 2, we have developed a framework for both rational design 

of nanoscale heat sources as well as a technique for robust thermal microscopy. The 

scaling relationship in equation 2.1 provides a simple design criterion to realize both 

large heat source density and local temperature in thermoplasmonic structures where heat 

generation is dominated by Ohmic loss in the metal. The TGP thermal microscopy 

technique allows for probing large temperature ranges in a robust measurement scheme 

and could potentially see widespread adoption in micro/nanoscale science.  
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Chapter 3 Plasmon-induced Hot Electron Devices with Plasmonic Absorbers 

 

3.1 Introduction 

In Chapter 2, we have investigated photothermal heat generation in plasmonic 

nanostructures where the local heating comes from the decay of hot electrons. On the 

other hand, one can also use hot electrons for photoelectrical conversion by capturing the 

hot electron before it thermally decays. As discussed in Chapter 1, hot electron based 

photoelectrical conversion devices are typically formed by placing the metal surface of 

plasmonic structures in contact with a semiconductor[46], forming a Schottky barrier. 

Hot electrons generated from the non-radiative decay of SPs can transport to the 

metal/semiconductor interface before thermalization and be injected into the conduction 

band of the semiconductor, resulting in photocurrent.  In this case, the device’s bandwidth 

is limited by the Schottky barrier height, instead of the bandgap of the semiconductor. 

This allows one to harvest sub-bandgap photons compared with direct electron-hole pair 

excitation in the semiconductor, therefore can potentially provide extra photoelectrical 

energy conversion in photodetection, photovoltaics and photocatalysis. In particular for 

photodetection, this scheme allows one to do sub-bandgap photodetection, for instance 

photodetection in telecommunication band with silicon, at a potentially lower cost 

compared with existing Ge or InGaAs detectors.  

Recently, hot electron detectors have been demonstrated using a variety of 

structures including nanorods[46], [122], nanowires[123], [124], metal gratings[48], 

[125], and waveguides[47], [126], [127]. However, the main drawback of previously 

demonstrated hot electron detectors is the low photoresponsivity, typically on the order of 

a few 10 to 100 µA/W[46], [123]. Recent studies[48], [125] have reported significant 
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advances in detector efficiency by exciting propagating surface plasmon polariton (SPP) 

waves using metal gratings[48] or combining gratings with deep trench cavities[125]. For 

the latter case, the efficiency enhancement is largely due to high optical absorption and 

the use of thin metal layers, allowing the electrons to diffuse to the metal/semiconductor 

interface before thermalizing.  However, due to the use of a grating, the optical 

absorption and photocurrent will be sensitive to the incident angle in these designs and 

the photodetection bandwidth is limited.  

In this chapter, we will present an approach to greatly enhance photoresponsivity 

of hot electron detectors through the use of metamaterial perfect absorbers (MPAs). We 

propose a novel metamaterial perfect absorber design without the use of an optically 

thick ground plane. This allows us to integrate the MPA with dielectric of semiconductor 

layers that require high temperature processing or growth. The MPA architecture is 

integrated with n-type silicon (n-Si), to realize Schottky diode based hot-electron devices 

with high photoresponsivity in the near infrared region, well below the Si bandgap 

energy. We experimentally characterize numerous MPA based photodetectors with 

varying degrees of polarization sensitivity and response bandwidth. By taking advantage 

of the strong optical absorption in MPAs, combined with ultra-thin metal layers, we 

demonstrate photoresponsivities that are among the highest reported while also 

preserving an omnidirectional, polarization insensitive and broadband response. 

Specifically, we demonstrate a detector with an absorption FWHM up to 800 nm and a 

photoresponsivities larger than 1.8mA/W from 1200nm to 1500nm.  This design is also 

scalable to arbitrary wavelengths within the solar spectrum and could potentially open a 

pathway for enhancing the efficiency of hot electron based photovoltaic, sensing, and 
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photocatalysis systems. 

 

3.2 Metamaterial Perfect Absorber Photodetector 

To begin, we first examine a polarization sensitive MPA photodetector composed 

of 1D metal stripes, a schematic of which is illustrated in Fig. 3.1a. The MPA is 

composed of a pre-patterned n-type Si substrate, forming Si stripes, with a 1nm titanium 

adhesion layer and a 15nm gold film deposited on the surface. The metal film is naturally 

separated into upper and lower plasmonic stripe antennae. When the MPA is illuminated 

with TM-polarized light (E-field perpendicular to the stripe direction), localized surface 

plasmon resonances (LSPRs) are excited on the upper antennae (Fig. 3.1b). A Fabry-

Perot resonance is also present in the cavity formed from the upper and lower stripe 

antennae. By carefully designing the antenna length L, cavity height H, and periodicity P, 

the antenna and cavity resonances can be overlapped, leading to near unity absorption as 

shown in Fig. 3.1c calculated from full-wave electromagnetic simulation. 

 

Figure 3.1. (a). Schematic of the MPA unit cell with upper and lower resonators (gold) 

integrated with a semiconductor (blue). (b) Simulated electric field distribution in the 

MPA under illumination with TM-polarized light. (c) Simulated optical reflection, 
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transmission and absorption for an MPA with L=160nm, P=320nm, H=120nm metallized 

with a 1nm thick Ti adhesion and 15nm thick Au layer. 

 

Furthermore, the thickness of the plasmonic antenna is only 15nm, less than the 

hot electron diffusion length[128], ensuring that the hot electrons have a high probability 

of diffusing to the metal-semiconductor interface. It should be pointed out that, in 

contrast with most of the previously demonstrated MPA structures[129]–[131], all the 

metal constituents in our proposed MPA design are ultrathin and an optically thick 

metallic ground plane is not required here. This ensures all of the optical absorption and 

hot electron generation occur in the thin plasmonic antenna layers. This architecture also 

eliminates the need to grow a high quality semiconductor on top of a metal film, which 

would be challenging due to the high process temperatures required. 

To experimentally characterize the photodetector, fabrication began by first 

defining the stripe patterns on a double side polished n-type Si wafer using poly(methyl 

methacrylate) (PMMA) and electron beam lithography. The MPA detectors were 

patterned with an overall size of 85um x 85um. The PMMA was used as a mask for 

patterning the underlying n-type Si using reactive-ion etching (RIE). After the RIE 

process, the sample was immersed in a 10:1 buffered oxide etchant (BOE) for 1 minute to 

completely remove the native oxide. The sample was then immediately transferred into 

the evaporation chamber followed by deposition of 1nm Ti and 15nm Au layers. Three 

devices D1, D2 and D3 were fabricated (Fig. 3.2a, b) with dimensions of L = 160nm, 

170nm, 170nm and P = 320nm, 320nm, 340nm, respectively. The etching depth H for the 

three devices were all 120nm, which was measured using AFM. 
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Figure 3.2. (a). Schematic of the fabricated 1D MPA detector including a thin metal 

coating on the sidewall. Dimensions of the MPA detectors D1, D2 and D3 are L = 160nm, 

170nm, 170nm and P = 320nm, 320nm, 340nm, respectively. The etching depth, H, for 

the three devices was 120nm. (b) SEM image of a fabricated device. (c) Experimentally 

measured (solid lines) and simulated (dashed lines) absorption spectra of D1, D2 and D3 

(red, green, and blue solid lines, respectively) (d) Experimentally measured (circles) and 

calculated (lines) photoresponsivity spectra of D1, D2 and D3 (red, green and blue, 

respectively). 

 

3.3 Optical and Electrical Characterization 

The optical absorption spectrum of the device was performed by measuring the 

reflection R and transmission T in an infrared microscope coupled to a grating 

spectrometer. The reflection spectra were normalized to a silver mirror and the 

transmission spectra were normalized to transmission through air and absorption was 

calculated as A = 1 - T - R.  The optical absorption of these devices is shown in Fig. 3.2c. 

The devices show broadband optical absorption in the near IR region with a maximum 

value of 95% and a FWHM of 400nm. Furthermore, it is evident that the absorption and 
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photoresponsivity spectrum can be readily varied by tuning the dimensions of the 

structure.  

It should be noted that, although in the proposed structure the upper and lower 

metal constituents are electrically isolated, in the fabricated structure there is a thin 

coating of metal on the sidewall of the Si ridge due to the slight sidewall angle. As a 

result, the absorption peak positions of the fabricated structure are slightly blue shifted 

from the proposed structure without sidewall. However, good agreements were still 

observed between the simulated absorption spectrum with sidewall coating and the 

measured absorption spectrum (Fig. 3.2c). The connection between the upper and lower 

antennae also ensures both of the metal layers are included in the electrical circuit and 

can contribute to the total photocurrent.  

To characterize the hot-electron transfer efficiency of the devices, the sample was 

wire bonded to a chip carrier and the photocurrent measurements were performed on the 

MPA detectors across a wavelength range of 1200nm to 1500nm (Fig. 3.2d). These MPA 

detectors show a broad photoresponsivity spectrum with a peak value of 3.37mA/W, 

3.05mA/W and 2.75mA/W for devices D1, D2 and D3 without external bias, 

respectively. Furthermore, the current varies linearly with the incident power, indicating 

that non-linear processes are not playing a role in the response. These photoresponsivities 

are several orders of magnitude larger than previously demonstrated LSPR-based 

nanoantenna photodetectors[46] and over four times larger than the SPP-based metal 

grating photodetectors[48]. The photoresponsivities of the MPA detectors are comparable 

with the recently reported deep trench cavity structure[125] at short wavelengths. 

However, the MPA detectors show a broadband response with much larger 
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photoresponsivities at longer wavelengths.  

 

Figure 3.3. (a). Schematic of the hot electron transfer process over the Schottky barrier 

formed by the metal-semiconductor interface. Steps 1 to 3 correspond to hot electron 

generation, diffusion to the Schottky interface, and transmission to the conduction band 

of semiconductor. (b) FDTD simulation of absorbed power density in a 1D MPA device 

at 1250nm, 1350nm and 1500nm (plotted on a logarithmic scale for better visualization). 

(c) Calculated photoresponsivity (solid lines) and absorption (dash lines) in a MPA 

device. The total (red), upper resonator (green) and lower resonator (blue) contributions 

are plotted separately. 

The photoresponsivity of the MPA detectors can be understood by considering the 

hot electron transfer process over the Schottky barrier which is dictated by a three-step 

model[58], [59] as shown in Fig. 3.3a: (1) Plasmons non-radiatively decay into hot 

electrons (optical absorption), (2) hot electrons transport to the metal/semiconductor 

interface before they thermalize, and (3) hot electrons inject into the conduction band of 

the semiconductor through internal photoemission. Here, we analyze the two different 

components in the MPA detectors separately, the upper antenna and the lower antenna, 

which yield different hot electron generation and quantum transmission probabilities. As 

a result, the photoresponsivity spectrum of MPA detectors can be calculated as:  

𝑅(𝑣) = ∑ 𝐴1
𝑖 (𝑣)𝑖=𝑢,𝑙 𝜂2(𝑣)𝜂3

𝑖 (𝑣)                                      (3.1) 
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where u and l represent the upper and lower antenna, respectively, and ν is 

frequency. 𝐴1
𝑖 (𝑣) is the optical absorptivity of each component, which can be determined 

by the measured total absorption spectrum of the MPA detectors along with the 

absorption distribution in each antenna layer. The absorption distribution in the MPA 

devices (Fig 3.4b) were calculated numerically using the local ohmic loss, given by, 

𝑄(𝑟, 𝜔) =
1

2
𝜔Im(𝜀𝑚)|�⃑� (𝑟, 𝜔)|

2
                                      (3.2) 

 

where |�⃑� (𝑟, 𝜔)| is the local electric field and Im(𝜀𝑚) is the imaginary part of the 

metal permittivity. This allows us to determine the wavelength dependent absorptivity of 

the upper, 𝐴1
𝑢, and lower, 𝐴1

𝑙 , antenna (dash lines in Fig. 3.3c). 𝜂2(𝑣) is the probability 

that the hot electron will transport to the Schottky interface and is dependent on the 

spatial distribution and mean free path of the hot electrons[128]. 𝜂3
𝑖 (𝑣) is the internal 

photoemission of hot electrons across the Schottky interface for the upper and lower 

antenna and is calculated using the modified Fowler equation[57], [60],   

𝜂3
𝑖 (𝑣) = 𝐶𝐹

𝑖 (ℎ𝑣−𝑞𝜙𝐵)2

ℎ𝑣
                                              (3.3) 

 

where 𝐶𝐹
𝑖  is the device-specific Fowler emission coefficient,  ℎ𝑣 is the photon energy, and  

𝑞𝜙𝐵 = 0.54𝑒𝑉  is the Schottky barrier height for the MPA devices which is extracted 

from the current-voltage characteristics of the device[60]. Fitting the experimentally 

measured photoresponsivity spectrum with equation (3.1), where 𝜂2(𝑣)  and 𝐶𝐹
𝑖  are 

treated as fitting parameters, results in good agreement with the experimental data as 

shown in Fig. 3.2d. The extracted ratio of 𝐶𝐹
𝑙 𝐶𝐹

𝑢⁄  is around 3 for all three devices, 

indicating that hot electrons generated in the lower antenna have a higher quantum 

transmission probability compared with the upper antenna. This effect is mainly due to 
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the formation of a 3D Schottky interface between the semiconductor and the embedded 

bottom antenna, allowing the hot electrons to cross the interface over a larger emission 

cone[123]. While total absorption drops at longer wavelengths, the bottom antenna 

layer’s contribution remains relatively constant, resulting in photocurrent being 

dominated by the bottom layer at long wavelengths (Fig. 3.3c). Strong broadband 

absorption 𝐴1(𝑣)  and high transport efficiency 𝜂2(𝑣)  in the ultrathin metal film 

ultimately ensure high photoresponsivity over a large bandwidth. 

 

3.4 Polarization-independent and Broadband Perfect Absorber Photodetector 

In order to achieve a polarization-independent photoresponse, the 1D stripe 

antennae can be replaced by square antennae, forming a 2D MPA structure as shown in 

Fig. 3.4a and Fig. 3.4b. In this case, the upper antenna layer can still contribute to the 

photocurrent due to the thin metal sidewall coating. Experimental validation of this 

concept was accomplished using three devices D4, D5 and D6 with dimensions of L = 

185nm, 195nm, 195nm and P = 340nm, 340nm, 360nm, respectively. The etching depth 

H for three devices are all 135nm, confirmed by AFM. These polarization-independent 

MPA structures still maintain near-unity absorption (Fig. 3.4c) over a large bandwidth. 

Furthermore, the LSPR based MPA maintains a peak absorptivity above 90% for incident 

angles of up to 75° and 60° under p- and s-polarized light, respectively (Fig.3.5d). This is 

in contrast to previously demonstrated metal grating[48] and the deep trench cavity[125] 

hot electron photodetectors which rely on the excitation of propagating SPP waves 

through grating coupling, resulting in an angularly sensitive response. As a result, these 

2D MPA detectors show high photoresponsivities (Fig. 3.4e) while also preserving a 
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broadband, omnidirectional, and polarization-independent response. 

 

Figure 3.4. (a). Schematic of the polarization-independent MPA detectors. Dimensions 

of MPA detectors D4, D5 and D6 are L = 185nm, 195nm, 195nm and P = 340nm, 340nm, 

360nm, respectively. The etching depth, H, for the three devices was 135nm. (b) SEM 

image of a fabricated device. (c) Experimentally measured (solid lines) and simulated 

(dashed lines) absorption spectra of D4, D5 and D6 (red, green and blue lines, 

respectively) (d) FDTD simulation of the angularly dependent optical absorption for p 

(left) and s-polarized light (right). (e) Experimentally measured (circles) and calculated 

(lines) photoresponsivity spectra of D4, D5 and D6 (red, green and blue, respectively). 

 

Taking advantage of the high photoresponsivity and tunability of the 2D MPA 

structures, we can further enhance the absorption bandwidth by implementing MPAs with 

multiple resonator sizes. To demonstrate this, we combine two different 2D MPA unit 

cells, forming a bipartite checkerboard supercell, shown in Fig. 3.5a,b. In this case, the 

separate resonances of the two MPA unit cells result in bandwidth enhancement, though 

there is a slight decrease in peak absorption. However, the broadband MPA detector with 

dimensions L1 = 185nm, L2 = 225nm, P = 680nm, H = 160nm still maintains absorption 

over 80% from 1250nm to 1500nm (Fig. 3.5c). Although the FWHM of the absorption 
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was not measurable due to our spectrometer’s detection range, data from simulation 

shows a FWHM of over 800nm. The photoresponsivity of this broadband MPA detector 

is larger than 1.8mA/W from 1200nm to 1500nm (Fig. 3.5d), making it a candidate for 

broadband, polarization-independent and omnidirectional silicon based near-IR 

photodetectors. 

 

Figure 3.5. (a). Schematic of the broadband MPA photodetector. Dimensions of the 

MPA detector are L1 = 185nm, L2 = 225nm, P = 680nm, H = 160nm. (b) SEM image of 

the fabricated device. (c) Experimentally measured (solid) and simulated (dashed) 

absorption spectra of the broadband MPA detector. (d) Experimentally measured (circles) 

and calculated (line) photoresponsivity spectra of the broadband MPA detector. 

The performance of the MPA detector could be further improved by engineering 

the Schottky barrier height, roughing the metal semiconductor interface[126], or 

embedding the top antenna layer within the semiconductor[123]. Also, while we have 
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focused on maximizing the bandwidth of the photoresponse, the tunability of the MPA 

architecture also offers a possibility to achieve a narrowband photoresponse. For instance, 

a narrow Fano resonance can be realized in these structures by coupling a grating mode 

with the LSPR resonance, leading to an extremely narrowband absorption[132] which 

could potentially lead to a plasmonic spectrometer with direct electrical readout[48]. 

Furthermore, although the demonstrated MPA detectors work in the near IR region, they 

can be scaled to the visible regime by replacing Si with a higher bandgap semiconductor 

such as TiO2. In the visible regime, the use of ultrathin metal layers in this type of MPA 

design could be particularly beneficial due to the drastically reduced hot electron 

diffusion length[128].  

 

3.5 Plasmonic absorber design for hot-electron catalysis 

In the previous sections, we have focused on how the plasmonic nanostructures 

were engineered to enhance the efficiency of hot electron based photodetection systems. 

It should be noted that similar design principles could be directly applied to hot electron 

catalysis systems[41], [42], [133], which can potentially provide better stability and a 

broader working wavelength compared to semiconductor-based water splitting 

systems[134]. However, the overall quantum efficiency of hot-electron catalysis systems 

has remained low due to the low hot electron transfer efficiency and low optical 

absorption. To overcome these challenges the MPA design can be readily modified for hot 

electron-based catalysis. In the proposed device, a commonly used photocatalysis 

material, TiO2, is employed as the semiconductor and the plasmonic structures have been 

designed as circular disk resonators with a hexagonal lattice arrangement. This design 
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(Fig. 3.6a) offers the potential to realize large area devices with lost cost and high 

throughput techniques such as nanosphere lithography[135]–[139]. By correctly 

engineering the structure’s dimensions, one can achieve strong resonant optical 

absorption (Fig. 3.6b) in the plasmonic structures. In this case, the hot electrons need to 

diffuse to the Schottky interface whereas the holes need to diffuse to the metal surface for 

the oxidation reaction. Key to the design is ultrathin plasmonic nanostructure with a 

thickness of 15nm. The thin metallic layer is extremely important because it provides 

efficient carrier transport for both electrons and holes. Therefore it can boost the overall 

system efficiency. 

 

Figure 3.6. (a) Schematic of the proposed large-scale metamaterial perfect absorber. (b) 

Optical absorption spectra of the structure from FDTD simulation. The dimensions of the 

four simulated structures (red, green, blue, orange curves) are D=80nm, 80nm, 100nm, 

120nm, P=165nm, 155nm, 200nm, 250nm, and H=100nm, 85nm, 80nm, 100nm 

respectively. The thickness of the gold layer is 15nm. (c). Band diagram schematic of a 

plasmonic solar water splitter, illustrating the process of hot-electron based water 
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splitting system. 1. Plasmon decay into electron-hole pair. 2. Hot electron diffuse into the 

metal-semiconductor interface. 3. Hot electron inject into the conduction band of TiO2. 4. 

Hot electron transport to the semiconductor-water interface and lead to hydrogen 

reduction reaction. 5. Hot holes in gold can transport into the interface and lead to 

oxidation reaction. 

 

3.6 Conclusions 

To summarize chapter 3, we have demonstrated how hot electron photoelectrical 

energy conversion efficiency can be significantly enhanced by correctly engineering the 

plasmonic nanostructures. Realizing near unity absorption within ultrathin plasmonic 

nanostructures allows the efficiency of the hot electron transfer process to be significantly 

enhanced, resulting in hot electron photodetectors with photoresponsivities that are 

among the highest reported. Furthermore, the MPA architecture allows us to preserve a 

broadband, omnidirectional, and polarization invariant response. This ultra-compact, 

CMOS-compatible Si-based MPA detector can also be readily integrated into on-chip 

optoelectronics and can be scaled to the solar spectrum, potentially leading to enhanced 

efficiencies in hot-electron based photodetection, photovoltaic, and photocatalysis 

systems. 
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Chapter 4 Circularly Polarized Light Detection with Chiral Metamaterials 

 

4.1 Introduction 

In Chapter 3, we investigated photoelectrical conversion based on hot carrier 

generation and injection and demonstrated how plasmonic nanostructures can be 

engineered to enhance the efficiency of photodetection system. One of the unique 

benefits of hot electron-based detection is that the plasmonic geometry can be engineered 

to display a wide range of optical properties including polarization, wavelength, and 

angle of incidence selectivity. This opens up opportunities to tailor the response of a 

photodetector to realize unprecedented functionalities, such as the detection of circularly 

polarized light (CPL). 

Circularly polarized light (CPL) is utilized in various optical techniques and 

devices, ranging from quantum computation[140]–[142] and spin optical 

communication[143] to circular dichroism (CD) spectroscopy[144] and magnetic 

recording[145]. In circularly polarized light the electric field vector travels along a helical 

trajectory, either clockwise or counterclockwise[146], and it can be generated from two 

linearly polarized light (LPL) waves with perpendicular electric field vectors that are 

oscillating with a 90° phase shift. Distinguishing between the two polarizations of CPL is 

inherently difficult with conventional photodetectors due to the fact that conventional 

semiconductors lack intrinsic chirality. Interestingly, in Nature some species of mantis 

shrimp can detect CPL and use it as a private channel of communication that is 

unavailable to both predators and potential competitors[147]. The origin of this ability 

comes from specialized cells in the retina that serve as quarter-wave plates that sit atop 
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LPL sensitive photoreceptors and convert CPL into LPL[147]. This is done in the same 

manner as CPL is detected using conventional optics, namely through the combination of 

a non-chiral photodetector with a quarter waveplate and a linear polarizer. While 

ultracompact optical elements and devices including CPL sources[148], [149], quarter 

waveplates[150], polarizers[151], and beam splitters[152], [153] have been successfully 

demonstrated, the use of  multiple optical elements to distinguish CPL makes it 

challenging to realize miniature and integrated CPL detectors.  

One alternative technique is the use of chiral media as the active material in a 

photodetector. A chiral medium, one in which the unit cell cannot be superimposed upon 

its mirror image, responds differently for left-handed circularly polarized (LCP) light and 

right-handed circularly polarized (RCP) light. Chiral media exists in nature, for example 

the iridescent metallic green beetle, Chrysina gloriosa, selectively reflects LCP light but 

absorbs RCP due to structural chirality[154] while sugar molecules, acids, and proteins 

exhibit intrinsic chirality. Recently, a chiral organic semiconductor transistor has been 

demonstrated for direct detection of circularly polarized light using the intrinsic chiral 

response of helicene at a wavelength of 365nm[155].  Though this technique shows 

promise, the organic semiconductor is unstable in ambient conditions. It also has a 

limited response time and the operational wavelength is limited to the ultraviolet regime.  

Over the past decade, advances in plasmonics have provided a mechanism for 

strong light-matter interaction leading to strong field enhancement and resonant 

scattering and absorption. Furthermore, surface plasmon resonances offer new insights 

into creating artificial media, or metamaterials, with interesting optical properties such as 

strong chirality[156], [157] that is several orders of magnitude larger than that of chiral 



 48 

molecules. A number of chiral metamaterials based on plasmonic building blocks 

including spiral[158],[159], fish-scale metamaterials[160], helix[151], [161], [162], 

oligomers[163] and twisted metamaterials[164], [165] have been demonstrated to date 

using both bottom-up[161], [166] and top-down approaches[151], [163]–[165]. In 

addition, Archimedes spiral designs have been utilized to enable chiral-selective field 

enhancements in semiconductors, leading to selective photocurrent for LCP and RCP 

light, with an experimentally measured ratio of 1.13[158]. The use of plasmonic elements 

also opens the door to photon energy harvesting through hot carrier generation and 

injection[37], [38], leading to a new scheme for photodetection[3], [46], [48], [49], [126], 

[123], [124] and photocatalysis[40], [42]. Hot carriers generated from the non-radiative 

decay of surface plasmons can be captured with electron acceptors such as metal-

semiconductor Schottky interfaces[3], [46], [48], [167], [126], [123] or metal-insulator-

metal junctions[49], [124], resulting in photocurrent. This scheme enables direct 

conversion of light into an electrical signal based solely on the photo-excited carriers 

generated from the absorption in plasmonic nanostructures. The tunability of the 

plasmonic structures enables a straightforward tailoring of the response of a 

photodetector including the working wavelength, bandwidth, and polarization 

dependence[3], [46], [48], [124]. 

In this chapter, we propose and experimentally demonstrate an ultracompact 

circularly polarized light detector in which the ability to distinguish LCP and RCP comes 

from the engineered chirality in plasmonic nanostructures. Photodetection is based on hot 

electron injection into silicon with operation in the telecommunications band. 

Implementation of this CPL photodetector could lead to enhanced security in fiber and 
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free-space communication as well as emission, imaging, and sensing applications for 

circularly polarized light. 

 

4.2 Chiral metamaterial and device design 

 

Figure 4.1. (a). Schematic of the chiral metamaterial and the CPL detector. a, Schematic 

of the chiral metamaterial consisting of  the chiral plasmonic meta-molecules array, 

dielectric spacer, and metal back plane. The dimensions of the meta-molecules are L1 = 

125 nm, L2 = 105 nm, W1 = 115 nm, W2 = 85 nm, P1 = 335 nm, P2 = 235 nm. The 

thickness of the antenna, dielectric spacer and the metal back plane are 40 nm, 160 nm, 

and 100 nm respectively. b, Schematic of the CPL detector consisting of a chiral 

metamaterial integrated with a semiconductor that serves as a hot electron acceptor. The 

Ohmic contact on Si is formed by soldering indium. The circuit is formed by wire 

bonding to the silver bus bar and indium. c, Energy band diagram of the CPL detector. A 

Schottky barrier is formed between Si and the Ti interfacial layer. Hot electrons 

photogenerated in the Ag metamaterial are then injected over this barrier into the Si. 

Our proposed chiral metamaterial (Fig. 4.1a) is a periodic array of chiral meta-

molecules, with a unit cell consisting of a ‘Z’ shaped silver (Ag) antenna on top of a 

PMMA spacer and an optically thick Ag backplane. The unit cell shape of this chiral 

metamaterial allows for an inherent electrical connection among all the elements, forming 

nanowires, while a silver bus bar is used to electrically connect the nanowires (Fig. 4.1b). 

The whole device is realized by placing an n-type silicon wafer in contact with the 

antenna layer, forming a Schottky barrier (Fig. 4.1c). Light is incident on the front side of 

the Si wafer, transmitting to the back side where the chiral metamaterial absorbs photons 



 50 

of a particular handedness, generating electrons within the metal at higher energy states. 

The energetic electrons (or hot electrons) with energy higher than the Schottky barrier 

can emit over the Schottky interface, leading to a detectable current (Fig. 4.1c).  

To investigate the optical response of the device upon CPL illumination, full-wave 

electromagnetic simulations were performed using commercially available software (CST 

Microwave Studio 2013 and Lumerical). In all simulations, periodic boundary conditions 

were used along the x- and y-axis and perfectly matched layers were used along the 

propagation directions. LCP and RCP light are incident onto the front side of the silicon 

wafer, transmitting to the back side where the chiral metamaterial selectively absorbs 

light with a particular handedness while reflecting the other. For example, a left-handed 

(LH) chiral metamaterial acts as a perfect LCP light absorber at the resonant wavelength 

while reflecting nearly 90% of the RCP light (Fig. 4.2a) and vice versa for the right-

handed (RH) chiral metamaterial (Fig. 4.2b), leading to a circular dichroism (𝐶𝐷 =

𝐴𝐿𝐶𝑃 − 𝐴𝑅𝐶𝑃) of almost 0.9 (Fig. 4.2c). Replacing the antenna layer with an unstructured 

Ag film results in 95% reflection, indicating we are nearly at the Drude damping limit. 

The chiral response can also be tuned across the entire telecommunication regime as 

shown in Fig. 4.2d. The minimum and maximum working wavelength are only limited by 

the semiconductor band gap energy and the Schottky barrier height, respectively. The 

limit imposed by silicon’s bandgap is due to the fact that we are illuminating the device 

through the silicon wafer and must avoid direct absorption by the semiconductor. 

To understand the origin of the strong circular dichroism, the CPL electric field 

vector can be decomposed as two orthogonal LPL electric field vectors, 𝑬𝑥 and 𝑬𝑦, that 

are oscillating with a 90° phase shift: 
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These fields are input into a multiple reflection model in which we track the 

reflected electric field evolution as a function of the number of reflections (Fig. 4.2e,f) 

between the LH chiral metamaterial and the metal backplane. As seen in Fig. 2e and f, 

upon multiple reflections, both the reflected 𝐸𝑥  and 𝐸𝑦  fields for LCP are diminished 

(Fig. 4.2e), while the RCP fields grow (Fig. 4.2f). This highly asymmetric effect (Fig. 

4.2g,h) comes from the destructive (LCP) and constructive (RCP) interference of the 

illumination beams and relies on the fact that the planar metamaterial is lossy, 

anisotropic, and results in linear polarization conversion. More details regarding these 

requirements, the response of this specific metamaterial, and general design guidelines 

for planar chiral metamaterials can be found in Section 4.3. It is also important to note 

that while the handedness of CPL is reversed at the metal backplane the reflected light 

will see the handedness of the planar chiral metamaterial reversed as well.   
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Figure 4.2. Simulated optical response of chiral metamaterial. a,b, Simulated optical 

absorption spectra under LCP (blue) and RCP (red) illumination for LH (a) and RH (b) 

metamaterials. c, Circular dichroism spectra for both the LH (blue) and RH (red) 

metamaterial. d, CD as a function of resonator size. Dimensions of the structures (I to V) 

are L1 = 115, 125, 130, 150, 160 nm, L2 = 95, 105, 120, 130, 140 nm, W1 = 110, 115, 120, 

120, 140 nm, W2 = 85, 85, 90, 90, 100 nm, P1 = 305, 335, 370, 410, 440 nm, P2 = 230, 

235, 240, 240, 260 nm, respectively. The other dimensions are the same as Fig.1a. e,f, 

For the LH metamaterial, the reflected LPL components, Ex (red) and Ey (blue), upon 

multiple reflections for LCP (e) and RCP (f) light at wavelength of 1350 nm. g,h, 

Simulated electric (g) and magnetic (h) fields for LCP and RCP illumination at 

wavelength of 1350 nm. 

 

4.3 Circular dichroism design rationale 

In Section 4.2, we have proposed a chiral metamaterial design with near perfect 

circular dichroism response. In this section, we aim to understand the chiral optical 

response from chiral metamaterial and provide a general design rationale for designing 
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chiral metamaterial with strong circular dichroism. Due to the rotation of the electric field 

vector in circularly polarized light, directly relating the spectral position and magnitude 

of circular dichroism with the structure’s geometry is usually challenging. Therefore, we 

will first investigate the system’s optical response under linearly polarized light and then 

relate it to circularly polarized light, simply due to the fact that the CPL electric field 

vector can be decomposed into two perpendicular LPL electric field vectors, 𝑬𝑥 and 𝑬𝑦, 

that are oscillating with a 90° phase shift, as shown in equation 4.1 and 4.2. 

First, we choose a system with an array of silver stripes, without a metal 

backplane, aligned in the x direction with a unit cell shown in Fig. 4.3a. To represent a 

more general situation, we choose the background material to be PMMA (n = 1.47) to 

avoid the substrate induced reflection and symmetry breaking. We examined the 

reflection coefficients of this system under two orthogonal linearly polarized light fields 

with electric field vectors of 𝑬𝑥 and 𝑬𝑦. Both the amplitude and the phase of the reflected 

light from this system are shown in Fig. 4.3c,d. 

As can be seen in Fig. 4.3c,d, since this system is anisotropic in the xy plane, both 

the amplitude and the phase of the two reflection coefficients  
𝒓𝑥𝑥 and 𝒓𝑦𝑦 are different. 

Under CPL illumination (Fig. 4.3e,f), the reflected field in the x direction, 𝒓𝑥𝑥𝑬𝑥,
 
for 

LCP and RCP are exactly the same whereas the reflected fields in the y direction, 𝒓𝑦𝑦𝑬𝑦,
 

have a 180° phase shift when comparing LCP to RCP. As a result, the total reflected field 

intensities are the same for LCP and RCP and the material exhibits no circular dichroism 

(Fig. 4.3b). This can also be confirmed by the fact that this system is non-chiral due to the 

existence of two mirror symmetry planes in the system. 
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Figure 4.3. Optical response of silver stripes without a metal ground plane. a, Schematic 

of a unit cell consisting of a silver stripe. Dimensions are P1 = 630 nm, P2 = 440 nm, W = 

160 nm and the thickness of the silver stripes is 40 nm. Background material is PMMA (n 

= 1.47). b, Absorption spectra of LCP and RCP light. Inset shows the CD spectra. c,d, 

Amplitude (c) and phase (d) of reflection coefficients for 𝑬𝑥 and 𝑬𝑦. e,f, Vector plots of 

the reflected fields 𝒓𝑥𝑥𝑬𝑥  and  𝒓𝑦𝑦𝑬𝑦  under LCP (e) and RCP (f) illumination at a 

frequency of f = 267 THz. 

To break the mirror symmetry of system, we cut two rectangles from the two 

diagonal corners of the silver stripe in the unit cell, forming a ‘Z’ shaped antenna as 

shown in Fig. 4.4a. As a result, there is no mirror symmetry plane in the xy plane. Under 

linearly polarized light illumination (Fig. 4.4c,d), one can see that this system is capable 

of rotating a linear polarization state into its orthogonal one. The polarization conversion 

coefficients are labeled as 𝒓𝑥𝑦 and 𝒓𝑦𝑥 and represent the conversion from 𝑬𝑦 to 𝑬𝑥, and 

𝑬𝑥 to
 
𝑬𝑦, respectively. The polarization conversion coefficients for two orthogonal fields 

are identical(𝒓𝑥𝑦 = 𝒓𝑦𝑥). As a result, four reflected field components were observed: the 

unconverted scattered fields, 𝒓𝑥𝑥𝑬𝑥 ,  𝒓𝑦𝑦𝑬𝑦  and converted scattered 

fields, 𝒓𝑦𝑥𝑬𝑥, 𝒓𝑥𝑦𝑬𝑦(Fig. 4.4c,d).  
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Figure 4.4. Optical response of ‘Z’ shaped metamaterial without a metal ground plane. a, 

Schematic of of a ‘Z’ shaped antenna unit cell. The dimensions are C1 = 220 nm and C2 = 

30 nm. The other dimensions are the same as Fig. 4.3a. Background material is PMMA 

(n = 1.47). b, Absorption spectra of LCP and RCP light. Inset shows the CD spectra. c,d, 

Amplitude (c) and phase (d) of the reflection coefficients for 𝑬𝑥 and 𝑬𝑦. e,f, Interference 

between the unconverted scattered field, 𝒓𝑥𝑥𝑬𝑥,(or
 
 𝒓𝑦𝑦𝑬𝑦) and the converted scattered 

field, 𝒓𝑥𝑦𝑬𝑦,(or
 
 𝒓𝑦𝑥𝑬𝑥), under LCP (e) and RCP (f) illumination at a frequency of f = 

267 THz. 

 

When the structure is illuminated with circularly polarized light, the unconverted 

scattered field, 𝒓𝑥𝑥𝑬𝑥 ,(or
 
 𝒓𝑦𝑦𝑬𝑦 ) will interfere with the converted scattered 

field,  𝒓𝑥𝑦𝑬𝑦 ,(or
 
 𝒓𝑦𝑥𝑬𝑥 ). The reflected field with 𝑬𝑥  or 𝑬𝑦  polarization can be 

represented as,  

𝐸𝑥,𝑠𝑢𝑚 = 𝒓𝑥𝑥𝑬𝑥 + 𝒓𝑥𝑦𝑬𝑦     (4.3) 

𝐸𝑦,𝑠𝑢𝑚 = 𝒓𝑦𝑦𝑬𝑦 + 𝒓𝑦𝑥𝑬𝑥     (4.4) 

Here, we use the vector field plots to illustrate the interference for both LCP and 

RCP. As can be seen in Fig. 4.4e, for the case of LCP illumination (the phase of 𝑬𝑥 is 90° 

ahead of 𝑬𝑦) the unconverted scattered field, 𝒓𝑥𝑥𝑬𝑥, will destructively interfere with the 

converted scattered field, 𝒓𝑥𝑦𝑬𝑦 , resulting in a reduced total reflected field (𝐸𝑥,𝑠𝑢𝑚). 

However, for the case of RCP illumination (the phase of 𝑬𝑦 is 90° ahead of 𝑬𝑥) as shown 
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in Fig. 4.4f, the unconverted scattered field, 𝒓𝑥𝑥𝑬𝑥,
 
will constructively interfere with the 

converted scattered field, 𝒓𝑥𝑦𝑬𝑦, resulting in an enhanced total reflected field (𝐸𝑥,𝑠𝑢𝑚). 

The asymmetric interference results in different absorption for LCP and RCP as shown in 

Fig. 4.4b. As a result, a circular dichroism of about 0.35 for this single layer system is 

obtained.  

 

Figure 4.5. Optical response of the ‘Z’ shaped chiral metamaterial with a metal ground 

plane. a, Schematic of a unit cell of the chiral metamaterial with metal ground plane, 

same as Fig. 4.1a. b, Absorption spectra of LCP and RCP light. Inset shows the CD 

spectra. c,d, Amplitude (c) and phase (d) of the reflection coefficients for 𝑬𝑥 and 𝑬𝑦. e,f, 

Interference between the unconverted scattered field, 𝒓𝑥𝑥𝑬𝑥 ,(or
 
 𝒓𝑦𝑦𝑬𝑦 ) and the 

converted scattered field, 𝒓𝑥𝑦𝑬𝑦,(or
 
 𝒓𝑦𝑥𝑬𝑥), under LCP (e) and RCP (f) illumination at a 

frequency of f = 223 THz. 

 

To further enhance the circular dichroism, we added a metal ground plane and a 

dielectric spacer to the ‘Z’ shaped chiral metamaterial. Meanwhile, the structure’s 

dimensions were adjusted to account for the different background materials (silicon and 

PMMA), the wavelength of interest (1200 nm to 1500 nm) and the fabrication resolution 

(blend angle) as shown in Fig. 4.5a. The metal backplane blocks the transmission and 

forms a Fabry-Perot cavity leading to multiple reflections within the film. We tracked the 

reflected electric field evolution as a function of the number of reflections between the 



 57 

structure and the metal backplane as shown in Fig. 4.2e,f. The multiple reflections further 

enhance (LCP) or reduce (RCP) absorption, leading a circular dichroism up to 0.9 (Fig. 

4.5b). This can also be confirmed by investigating the reflection coefficients (Fig. 4.5c,d) 

and the interference effects (Fig. 4.5e,f) as we consider the single layer ‘Z’ shaped chiral 

metamaterial along with the metal ground plane as a single system. As can be seen in Fig. 

4.5e, for the case of LCP (𝑬𝑥 is 90° phase ahead of 𝑬𝑦), the unconverted scattered field 

𝒓𝑥𝑥𝑬𝑥 ,(or
 
 𝒓𝑦𝑦𝑬𝑦 ) will destructively interference with converted scattered field 

𝒓𝑥𝑦𝑬𝑦,(or
 
 𝒓𝑦𝑥𝑬𝑥), esulting in a reduced total reflected field for both 𝐸𝑥,𝑠𝑢𝑚 and 𝐸𝑦,𝑠𝑢𝑚. 

An opposite situation is observed for the case of RCP (𝑬𝑥 is 90° phase after 𝑬𝑦) as shown 

in Fig. 4.5f. The strong asymmetric interference effect results in different absorption for 

LCP and RCP. As a result, a circular dichroism of about 0.9 is obtained as shown in Fig. 

4.5b. 

In an ideal case, under LCP illumination, the unconverted scattered field, 

𝒓𝑥𝑥𝑬𝑥(or
 
 𝒓𝑦𝑦𝑬𝑦) should be exactly out of phase (180° phase shift) with the converted 

scattered field 𝒓𝑥𝑦𝑬𝑦 (or
 
 𝒓𝑦𝑥𝑬𝑥) while maintaining the same amplitude to completely 

cancel out the reflected field. Whereas for the case of RCP, the unconverted scattered 

field, 𝒓𝑥𝑥𝑬𝑥(or
 
 𝒓𝑦𝑦𝑬𝑦) should be exactly in phase (0° phase shift) with the converted 

scattered field, 𝒓𝑥𝑦𝑬𝑦 (or
 
 𝒓𝑦𝑥𝑬𝑥 ), to achieve maximum reflection. The field vectors 

under these ideal conditions are illustrated in Fig. 4.6. 
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Figure 4.6. Ideal conditions for maximizing circular dichroism in planar chiral 

metamaterials. Completely destructive (a) and constructive (b) interference between the 

unconverted scattered field, 𝒓𝑥𝑥𝑬𝑥, (or
 
 𝒓𝑦𝑦𝑬𝑦 ) and the converted scattered field, 

𝒓𝑥𝑦𝑬𝑦,(or
 
 𝒓𝑦𝑥𝑬𝑥) under LCP (a) and RCP (b) illumination. Dashed lines represent the 

initial incident field vectors 𝑬𝑥 and 𝑬𝑦 with a 90° phase shift. Solid lines represent the 

reflected field vectors. 

 

From Fig. 4.6, we can summarize the ideal conditions for maximizing circular 

dichroism (maximizing LCP absorption, minimizing RCP absorption) in this planar chiral 

metamaterial as: 

|𝒓𝑥𝑥| = |𝒓𝑥𝑦| = |𝒓𝑦𝑥| = |𝒓𝑦𝑦|                                             (4.5) 

𝜙𝑥𝑥 − 90° = 𝜙𝑥𝑦 = 𝜙𝑦𝑥 = 𝜙𝑦𝑦 − 270°                                   (4.6)
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For the case of maximizing RCP absorption and minimizing LCP absorption, the 

ideal conditions will be: 

|𝒓𝑥𝑥| = |𝒓𝑥𝑦| = |𝒓𝑦𝑥| = |𝒓𝑦𝑦|                                             (4.7) 

𝜙𝑥𝑥 + 90° = 𝜙𝑥𝑦 = 𝜙𝑦𝑥 = 𝜙𝑦𝑦 + 270°                                   (4.8)
 

These conditions set several requirements for the planar metamaterial. First, the 

metamaterial needs to possess linear polarization conversion to produce the converted 

field. Second, the metamaterial needs to be anisotropic in order to produce the phase 

difference. Third, the metamaterial needs to be lossy. Any planar metamaterial that 

fulfills these three requirements will exhibit circular dichroism.  

It should be noted that the ‘Z’ shaped antenna array was chosen due to the fact 

that the array needs to be electrically connected for hot electron photodetection. There are 

many alternative geometries that can produce the same optical properties. For example a 

45° tilted dipole antenna[168] can be combined with vertically aligned dipole antennas or 

three dipole antennas with varying relative displacements could be used. Each of these 

geometries can result in a circular dichroism up to 0.9. The circular dichroism is only 

limited by the material damping of the plasmonic materials.  

 

4.4 Photodetector performance 

The high circular dichroism in the chiral metamaterial directly leads to enhanced 

discrimination between LCP and RCP in the CPL photodetectors. To demonstrate this, we 

fabricated both LH and RH chiral metamaterial arrays (Fig. 4.7a,b) on the bottom side of 

a double side polished <100> n-type silicon (Si) wafer (500 μm thick, 1–10 Ωcm). The 

double-side polished wafer is chosen to allow light illumination from the front side of the 
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wafer without inducing scattering. After spin coating the substrate with 130 nm thick 

PMMA, the antennas were defined using EBL. The LH and RH arrays had an overall area 

of 70 μm x 70 μm and the VU Logo array was 90 μm x 90 μm. After cold development in 

MIBK:IPA 1:3, the sample was cleaned with an IPA rinse and dried under a N2 stream. 

The sample was immersed in 10:1 buffered oxide etchant (BOE) for 10s to completely 

remove the native oxide from the Si. It was then immediately transferred into an 

evaporation chamber followed by evaporation of 1 nm Ti and co-deposition of a 35 nm 

thick Al-doped silver film. Aluminum-doped silver was used due to the fact that it helps 

to reduce the silver film roughness and grain size while also facilitating the formation of 

an Al2O3 passivation layer that protects the silver from corrosion[169]. The silver 

deposition rate was 2 Å/s and the aluminum deposition rate was 0.2 Å/s, leading to an 

aluminum concentration of about 9%. After the co-deposition a lift-off process was used 

to yield the structures shown in Fig. 4.7a,b. The obtained meta-molecule dimensions are 

L1 = 130 nm, L2 = 110 nm, W1 = 110 nm, W2 = 80 nm, P1 = 350 nm, P2 = 230 nm. Finally, 

a 160 nm thick PMMA spacer layer was created by spin coating and followed by thermal 

evaporation of a 100 nm thick silver backplane. 

The experimentally measured optical absorption spectrum of both the LH and RH 

metamaterial reveals the same absorption bands demonstrated in the simulations. For the 

LH metamaterial there is a resonance leading to near unity absorption of LCP light at 

1340 nm, whereas RCP light is largely reflected (Fig. 4.7d). The RH metamaterial shows 

a nearly opposite optical response (Fig. 4.7e). One will notice that the off-resonant 

absorption is increased compared to the simulation. This is due to the increased material 

loss, induced by the aluminum doping of silver and an interfacial 1 nm Ti layer. Even 
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with the slightly increased off-state absorption, the metamaterial still possesses a circular 

dichroism of 0.72 at 1340 nm (Fig. 4.7f), among the highest reported for chiral 

metamaterials.  

 

Figure 4.7. (a) Experimentally measured optical absorption and photoresponsivity 

spectra. a,b, SEM images of the LH (a) and RH (b) metamaterial before spin-coating the 

PMMA spacer layer. The inset shows a unit cell of the chiral metamaterial. The scale bar 

is 500 nm. c, Schematic of experimental setup.  d,e, Experimentally measured optical 

absorption spectra under LCP (blue) and RCP (red) illumination for LH (d) and RH (e) 

metamaterials. f, Experimentally measured circular dichroism spectra for both LH (blue) 

and RH (red) metamaterials. g,h, Experimentally measured (dots) and theoretically 

calculated (solid curve) photoresponsivity spectra under LCP (blue) and RCP (red) 

illumination for LH (g) and RH (h) metamaterials. i, Photocurrent polarization 

discrimination ratio spectra of LH and RH metamaterials. The metamaterials measured 

have overall areas of 70 µm x 70 µm. 

Photoresponse spectra of the devices were obtained by illuminating the 

metamaterials with a circularly polarized laser and measuring photocurrent as a function 
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of the laser handedness and wavelength. The photoresponsivity spectrum (Fig. 4.7g,h) 

matches well with the measured absorption spectrum. The peak photoresponsivity of the 

resonant state reaches 2.2 mA/W, corresponding to a quantum efficiency of about 0.2% 

and it is comparable to other Schottky diode based LPL photodetectors working in this 

wavelength regime[3], [48]. This efficiency is two times that of chiral organic 

semiconductor transistors[155] and can be further improved with optimization[167], 

[123]. Furthermore, the large circular dichroism translates to a correspondingly large 

distinction in the photocurrent for LCP and RCP light with a polarization discrimination 

ratio of 3.4 (Fig. 4.7i) and a difference in photoresponsivity of 1.5 mA/W, demonstrating 

the ability to detect and distinguish between left and right hand CPL in an ultracompact 

detector geometry. It should be noted that the photoresponsivity of this device under non-

CPL excitation is about 1.4 mA/W, which is the average value of the resonant and off-

resonant polarization state responsivity due to the fact that LPL can be decomposed into 

two CPL beams with opposite handedness. It is also important to note that although our 

device responsivity is still low compare to the non-chiral, semiconductor InGaAs or Ge 

detector (~900 mA/W) in the similar regime, the later is not able to distinguish CPL. 

Similar functionality could also be done by integrating semiconductor with chiral 

metamaterial, leading to chiral-selective absorption in semiconductor. However, it does 

not necessarily produce high polarization selectivity[158] (Appendix B.3) even though 

higher quantum efficiency could be realized. 

The theoretical photoresponsivity spectra were calculated (solid curve in Fig. 

4.7g,h) based on the creation of energetic electrons due to the collisions with the interface 

potential wall between the metal and the silicon substrate[73], [74]. Local injection 
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current maps were calculated and the total injected current is obtained by integrating over 

the Schottky interface (Appendix B.4). The general trend of the experimental 

measurements and the theoretically calculated photoresponsivity spectra agrees well, 

although a resonance broadening is observed in the experimental results. This follows 

well with the inhomogeneous broadening of the experimentally measured optical 

absorption spectra compared to simulations and is most likely due to fabrication 

imperfections in the metamaterial.   

 

Figure 4.8. (a) Spatial scanning and bias dependent photocurrent. a, Scanning 

photocurrent map of LH (top) and RH (bottom) metamaterials under LCP and RCP 

illumination. The scale bar is 15 μm. b, Bias dependency of photocurrent of a LH 

metamaterial for LCP (blue) and RCP (red) light under a laser power of 1.5 mW. The 

green curve shows the polarization discrimination ratio versus bias. 

Photocurrent maps were also measured by scanning a focused circularly polarized 

laser across the array and monitoring photocurrent as a function of spatial position.  As 

can be seen in Fig. 4.8a, clear distinctions in photocurrent for LCP and RCP light are 

observed for both LH and RH metamaterials. The photocurrent of the chiral 

metamaterials under the off-resonant polarization is similar to the un-patterned silver bus 

bar which confirms the non-resonant behavior of the structure. The off-array photocurrent 

is within the noise level of the measurements which confirms that direct absorption in the 
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silicon is negligible. Furthermore, photocurrent measurements under different laser 

powers (Appendix B.5) show good linearity, excluding any non-linear interactions. It also 

indicates the detector’s ability to work over a wide range of incident power, overcoming 

saturation issues found in chiral organic semiconductors[155]. 

As an added benefit, Schottky-diode-based photodetectors can provide 

photocurrent tuning through the application of a source-drain bias to the device[49], 

[126], [123], [124] offering flexibility in controlling the polarization discrimination ratio 

and photoresponsivity.  As shown in Fig. 4.8b, when a negative bias was applied, both the 

LCP and RCP photocurrent were increased, leading to an increased difference in 

photoresponsivity. When a positive bias was applied, despite the decrease in absolute 

photocurrent, the polarization discrimination ratio or the selectivity can be dramatically 

increased. These measurements indicate how one can generally trade photoresponsivity 

for a larger polarization discrimination ratio, or vice versa, to meet different application 

requirements. 
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4.5 Integrated device performance 

 

Figure 4.9. CPL detector with RH and LH elements patterned into the Vanderbilt 

University logo. a, Schematic of the pattern with the LH metamaterial filling the black 

region and the RH metamaterial filling the white region. b, Camera image of the 

metamaterial under linearly polarized light with polarization along the vertical direction. 

c, Camera images of the metamaterial under LCP (left) and RCP (right) illumination.  d, 

Scanning photocurrent maps of the metamaterial under LCP (left) and RCP (right) 

illumination. The scale bar is 10 μm. 

Since the chirality of our metamaterial originates from the structure of the antenna 

layer, instead of an intrinsic material chirality, multiple meta-molecules can be 

incorporated into a single device to achieve multiple functionalities including CPL, LPL, 

and wavelength selectivity, with only one patterning step. As a proof of concept, we 

placed LH and RH chiral meta-molecules into a single array to form a spatially non-

uniform, pixelated photodetector. The fabricated array is 90 μm x 90 μm, containing 

roughly 100,621 unit cells. The array was implemented with both LH and RH 

enantiomers that were patterned to create the Vanderbilt University logo (Fig. 4.9a), 

where the LH and RH enantiomers fill the black and white regions of the logo, 

respectively. The shape of our chiral meta-molecules also allows for an electrically 

connected transition between the opposite-handed enantiomers. As a result, an image of 
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the ‘V’ logo, which doesn’t appear under linearly polarized (Fig. 4.9b) or un-polarized 

light, shows a very clear contrast in reflection under LCP and RCP light (Fig. 4.9c). The 

performance of this integrated detector was evaluated using scanning photocurrent 

measurements with focused circularly polarized laser illumination. Good contrast is 

observed in the photocurrent scanning maps for LCP and RCP (Fig. 4.9d), indicating the 

ability to integrate multiple chiral plasmonic meta-molecules into a single ultracompact 

device. 

 

4.6 Conclusion 

In summary, we have demonstrated a circularly polarized light detector based on 

the engineered circular dichroism in plasmonic nanostructures and the hot electron 

transfer process. This solid-state hot electron based chiral metamaterial CPL detector 

holds the promise of integration, robust and tunable operation[3], [46], [48], and a large 

polarization discrimination. Combining our CPL detector with current existing linearly 

polarized light hot electron photodetectors[3], [46], [48], [124] could lead to an integrated 

hot electron polarimeter with the ability to determine the Stokes parameters or the states 

of polarization of an arbitrarily polarized beam[158]. These CPL detectors could be used 

in applications ranging from encoded fiber optic and free-space communications to 

polarimetric imaging, emission and sensing applications using circularly polarized light. 

In addition, the sub-wavelength thin planar chiral metamaterials we proposed here 

demonstrated the largest circular dichroism ever reported. We can understand the origin 

of this giant circular dichroism using interference theory and have proposed a design 

rationale for designing large circular dichroism in planar chiral metamaterials, which can 
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potentially be useful in a variety of chiral selective applications. 
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Chapter 5 Conclusion and Outlook 

 

The focus of this thesis research has been to show how one can harvest the loss of 

plasmonics, which was once thought to be parasitic, to use it in plasmonic photothermal 

and photoelectrical conversion systems and how the performance can be significantly 

improved by engineered plasmonic nanostructures. In this chapter, I will summarize my 

work as well as outline several promising research directions in the field. 

 

5.1 Summary 

In Chapter 2, we proposed a design rationale for converting plasmonic 

nanoparticles into efficient nanoscale heat sources. The design rationale is based on 

Babinet’s principle, which allows one to readily convert any good electromagnetic 

antenna into a good thermal antenna. It provides a simple design criterion to realize both 

large heat source density and local temperatures in plasmonic nanostructures and can 

potentially be used in cancer therapy, heat-assisted magnetic recording and chemical 

catalysis processes. We also developed a nanoscale thermal microscopy technique based 

on thin film thermographic phosphors with a temperature dependent photoluminescence 

lifetime. This thermal microscopy method allows for probing large temperature changes 

in a robust measurement scheme and could potentially see widespread adoption in 

micro/nanoscale science. 

In Chapter 3, we detailed our efforts to enhance the efficiency of hot electron 

devices by engineering the plasmonic nanostructures with strong resonant optical 

absorption and hot carrier generation at the Schottky interface. Specifically, we proposed 
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and experimentally demonstrated a metamaterial perfect absorber geometry exhibiting 

near unity absorption of light within an ultrathin 15nm metal film. Realizing near unity 

absorption within ultrathin plasmonic nanostructures allows the efficiency of the hot 

electron transfer process to be significantly enhanced, resulting in hot electron detectors 

with photoresponsivity that are among the highest reported. The metamaterial perfect 

absorber geometry we proposed here also eliminates the need of a metal backplane, and 

therefore can potentially be used for enhancing light absorption in a wide range of 

substrate materials where a high temperature growing process is required, such as high 

quality semiconductors. The hot electron detector devices demonstrated here can also be 

translated into hot electron based photocatalysis and photovoltaic systems. 

In Chapter 4, we demonstrated an ultracompact circularly polarized light detector 

by combining the engineered chirality of chiral metamaterials and the hot electron 

injection process. We experimentally demonstrated this integrated detector’s ability to 

convert the handedness of circular polarization into electrical signals without the need for 

bulk optical elements such as a quaterwave plates and linear polarizers. This detector can 

potentially be used for chiral molecular sensing as well as enhanced bandwidth in optical 

communications. In addition, the sub-wavelength planar chiral metamaterials we 

proposed here demonstrated the largest circular dichroism ever reported. We interpreted 

this giant circular dichroism using interference theory and proposed a design rationale for 

designing large circular dichroism in planar chiral metamaterials, which can potentially 

be useful in a variety of chiral selective applications. 
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5.2 Future Outlook 

Research on plasmonics has experienced much progress over the past decade in 

controlling and manipulating light emission, absorption and propagation. While ohmic 

loss was once thought to be parasitic, in recent years, as outlined in this thesis, the focus 

has shifted toward harvesting the loss of plasmonics in the form of hot electrons or local 

heating. Despite the success, there are still many open opportunities in this area to be 

explored. Here I will briefly discuss some opportunities and challenges. 

One of the major challenges in this area is to further improve plasmonic hot 

electron energy conversion efficiency. Over the past several years, there have been 

significant efforts to improve the efficiency. However, further improvement in device 

performance is still needed to address practical applications. Progress will require 

improving the efficiency of hot carrier generation and the subsequent transport and 

injection processes. This involves both the intelligent design of plasmonic nanostructures 

as well as a better fundamental understanding of the hot carrier generation, transport and 

extraction processes. 

In terms of plasmonic design, ways to further enhance the field concentration and 

absorption in ultra-thin or small nanoparticles are needed[3], [46], [170]. In terms of hot 

carrier transport, employing higher quality noble metals[171], [172] or exploring new 

plasmonic materials[77] could potentially result in longer hot carrier diffusion lengths. 

Hot electrons can also experience significant reflection as a result of the large wavevector 

contrast at the metal-dielectric interface.  As such, more work is needed in the design of 

plasmonic nanostructures that support the generation of hot electrons with a momentum 

distribution that matches well with band structure of the semiconductor.  
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At the same time, a more fundamental understanding of hot carrier generation, 

transport and emission is still needed for designing efficient hot carrier devices. For hot 

carrier distribution, while much work has been devoted to providing theoretical 

predictions of hot carrier distribution in plasmonic nanostructures[72]–[74], [76], [77], 

more experimental work is needed to validate these models. There have also been 

experimental demonstrations indicating that plasmon-induced hot carriers result in 

higher-energy electrons than direct excitation[71], that are in need of a theoretical model. 

In addition, a better understanding of the hot carrier relaxation timescale[78], [128], [173] 

in various materials, as well as the transport dynamics in nanostructures would provide 

more valuable information for designing plasmonic devices with efficient hot carrier 

transport to the Schottky interface. Lastly, engineering the metal-semiconductor interface 

on the atomic level could also lead to improved hot electron transfer efficiencies[174], 

[175]. Recent report on efficient hot-electron transfer by a plasmon-induced interfacial 

charge-transfer transition has shown an internal quantum efficiency up to 20% 

independent of incident photon energy[174]. I believe that advances in these areas should 

lead to a wealth of opportunities and scientific breakthroughs in the future. 
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Appendix A: Perfect Absorber Hot Electron Detector 

 

A.1 Device fabrication 

In contrast with previously reported metamaterial perfect absorber 

structures[129], [130], [176] which require a pre-deposited dielectric spacer and optically 

thick metal backplane, our device was fabricated using single step planar lithography and 

reactive ion etching of the substrate.  A double side polished <100> n-type silicon (Si) 

wafer (500mm thick, 1–10Ωcm) was used as substrate. After spin coating the substrate 

with 60nm PMMA, the reverse patterns were defined using EBL. Each metamaterial 

array was defined as 85um x 85um. After cold development in MIBK:IPA 3:1, the sample 

was cleaned with an IPA rinse and dried under an N2 stream. The PMMA was then used 

as a mask for RIE with an (radio frequency) RF power of 70W, pressure 25mW and SF6 

gas flow of 10sccm. The sample was immersed in 10:1 buffered oxide etchant (BOE) for 

1 minute to completely remove the native oxide. It was then immediately transferred into 

the evaporation chamber followed by evaporation of 1nm Ti and 15nm Au with a shadow 

mask. The entire process is summarized in Fig. A.1. 
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Figure A.1. (a) PMMA spin coating on the n-Si substrate. (b) EBL patterning using 

PMMA as the resist. (c) Reactive ion etching. (d) PMMA and native oxide removal. (e) 

Metal deposition. 

 

A.2 Optical characterization of the metamaterial perfect absorber 

The optical absorption spectrum of the device was performed by measuring the 

reflection R and transmission T in an infrared microscope coupled to a grating 

spectrometer (Horiba, iHR320). The reflection spectra are normalized to a silver mirror 

and the transmission spectra are normalized to air. The absorption spectra were obtained 

by subtracting reflection R and transmission T from unity. The experimentally measured 

reflection and transmission spectra for the 1D, 2D, and broadband MPA devices are 

shown in Fig. A.2. 
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Figure A.2. Experimental measured reflection, transmission and absorption spectrum of 

(a)-(c) 1D MPA detectors D1, D2, D3, (d)-(f) 2D MPA detectors D4, D5, D6 and (g) 

broadband MPA detector D7. 

 

A.3 Optical absorption and hot electron distribution calculation 

Full-wave electromagnetic simulations were performed using a commercially 

available software (CST Microwave Studio 2013). The unit cell of 1D, 2D, and 

broadband MPA detectors were investigated. Periodic boundary conditions were used 

along the x and y-axis and perfectly matched layers were used along the propagation 
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directions. The optical parameters for Au and Ti were taken from Johnson and 

Christy[177], [178] and the damping was increased by three times to better match 

experimental thin film parameters. The optical parameters of the n-type Si substrate were 

taken from ellipsometry measurements. 

To understand the optical absorption and hot electron generation distribution in 

the upper resonator and lower resonator in the MPA devices, we calculated the local 

Ohmic loss in the metal resonator layers using, 

𝑄(𝑟, 𝜔) =
1

2
𝜔Im(𝜀𝑚)|�⃑� (𝑟, 𝜔)|

2
            (A.1) 

where the local Ohmic loss 𝑄(𝑟, 𝜔) is a function of the local electric field intensity, 

�⃑� (𝑟, 𝜔) and the imaginary part of the metal permittivity, Im(𝜀𝑚). Using this treatment we 

can calculate the absorption of upper and lower resonator layers, respectively, as well as 

the total absorption of the MPA device (Fig. A.3). This data is used for the theoretical 

photoresponsivity calculation in equation 3.1 in Chapter 3. As an example, we plot the 

absorption of the device D1 (Fig. A.3a) and the contributions from the upper and lower 

resonators (Fig. A.3b). The total absorption, obtained from S-parameter calculation as A = 

1 - R - T is also shown in Fig. A.3a, showing an excellent agreement with the ohmic loss 

calculation. 
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Figure A.3. Total optical absorption of MPA device obtained from ohmic loss and S-

parameter calculation. (b) Absorption contribution in the MPA devices for the upper and 

lower resonator layers. 

 

 

A.4 Incident angle dependent absorption spectra of MPA devices 

We have shown the absorption spectrum of 2D MPA devices as a function of the 

incident angle in Fig. 3.4. Here, the absorption spectrum of the 1D MPA device (Fig. 3.1) 

for incident angles from 0 to 90 degrees for both p and s-polarized light are provided in 

Fig. A.4. 

 

 
Figure A.4. Incident angle dependent absorption spectrum for the proposed 1D MPA for 

both (a) p-polarization and (b) s-polarization. 

 

A.5 Electrical characterization 

Here, we investigate the dependence of the photocurrent on the illumination 

power. The power-dependent photocurrent measurements was performed on device D2 

with laser powers from 10uW to 5mW. A linear relation between the photocurrent and 

laser power was obtained as shown in Fig. A.5, indicating the absence of non-linear 

processes. 



 77 

 
Figure A.5. Power dependent photocurrent of an MPA photodetector  

 

An Ohmic contact on the n-type silicon substrate was achieved by indium 

soldering prior to the metal film deposition to prevent thermal damage to the thin metal 

film. After deposition, the sample was wire bonded to a chip carrier to perform the 

electrical characterization. The current-voltage measurements and photocurrent 

measurements were performed using a microscope, tunable laser, digital source meter 

(Keithley 2400), and lock-in amplifier (SR830). All of the photoresponsivity data 

reported in the manuscript were obtained without external bias. The Schottky barrier 

height, 𝑞𝜙𝐵, is extracted as 0.54eV from current-voltage curve (Fig. A.6) of the MPA 

device using thermionic emission theory[60]. 

 
Figure A.6. Current-voltage characteristic of MPA device.   
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Appendix B: Circularly Polarized Light Detector 

 

B.1 Circular conversion dichroism 

 
Figure B.1. Circular conversion dichroism of the chiral metamaterial. a, Under LCP 

illumination, the LCP reflection (blue) and LCP to RCP conversion (green) both go to 

minimum at the resonant wavelength, leading to the minimum total reflection field and 

maximum absorption. b,  Under RCP illumination, the RCP reflection (green) is still 

minimum. However, there is a strong broadband polarization conversion from RCP to 

LCP (green). These simulations are performed on a LH metamaterial. 

 

Here, we reexamine the proposed chiral metamaterial that is shown in Fig. 4.1a in 

Chapter 4. At the resonant frequency under RCP illumination (𝑬𝑦 is 90° phase ahead of 

𝑬𝑥) the phase of the reflected field, 𝐸𝑥,𝑠𝑢𝑚, will be about 90° ahead of 𝐸𝑦,𝑠𝑢𝑚 
while the 

amplitudes of the two beams are roughly identical (Fig. 4.5f). As a result, the total 

reflected field becomes LCP. Therefore, there is a strong circular polarization conversion 

from RCP to LCP. However, in the case of LCP illumination, due to the destructive 

interference, conversion from LCP to RCP is not observed. Therefore, the strong 

asymmetric interference can also be viewed as the strong asymmetric conversion between 

LCP and RCP[160], [179], or circular conversion dichroism, as shown in Fig. B.1. 
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B.2 CD spectra versus incident angle 

 

Figure B.2. Incident angle dependent circular dichroism for two different incidence 

directions. a, For incident light in the yz plane, the position of the CD peak is well 

maintained for all incident angles. b, For incident light in the xz plane, the CD spectra is 

maintained for a ~10° incident angle and further increasing the incident angle will shift 

the CD peak position. These simulations are performed on a LH metamaterial. 

 

 

B.3 Chiral-selective absorption in semiconductor 

It should be noted that the ability of distinguishing and detecting circularly 

polarized light can also be achieved by integrating a chiral metamaterial and a regular 

photodetector, leading to chiral-selective absorption and photocurrent in semiconductor. 

However, this approach does not necessarily produce high polarization selectivity even 

though higher quantum efficiency could be realized. To further expand on this point, we 

integrated our chiral metamaterial design with a semiconductor photodetector and 

investigated the direct absorption in the semiconductor. Specifically, we replaced the 

PMMA dielectric spacer with germanium, which serves as the semiconductor. We 

examined the total absorption as well as the absorption in germanium for LCP and RCP 

light, the simulation results are shown in Fig. B.3. 
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Figure B.3. Absorption spectra of the chiral metamaterial integrated with germanium. a, 

Schematic of the chiral metamaterial unit cell integrated with germanium. The 

dimensions are L1 = 100 nm, L2 = 110 nm, W1 = 120 nm, W2 = 80 nm, P1 = 260 nm, P2 = 

340 nm. The thickness of the antenna, dielectric spacer and the metal back plane are 40 

nm, 280 nm, and 100 nm respectively. b, Total absorption spectra of the chiral 

metamaterial for LCP (blue) and RCP (red) light. c, Absorption in germanium for LCP 

(blue) and RCP (red) light. 

As we can see from Fig. B.3, the chiral metamaterial integrated with germanium 

can be designed to have the same type of resonance as we shown in Fig. 4.2 in Chapter 4. 

However, the absorption difference in germanium for LCP and RCP light is less than 0.05 

at the resonance wavelength and the polarization selectivity is only about 2.5 based on 

the simulation. As a comparison, the simulated polarization selectivity of the chiral 

metamaterial (Fig. 4.2 in Chapter 4) is about 10. The relative low selectivity in this 

direction absorption mode compared to hot electron injection is mainly due to two 

reasons: 1) for the resonant polarization state, there is a competing process between the 

semiconductor absorption and the metal absorption. 2) for the non-resonant polarization 

state, there is still non-negligible direct absorption in semiconductor. 
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B.4 Photo-injection current calculation 

 
 

Figure B.4. Calculated maps of the local injection current. a, The local injection current 

map for a RH metamaterial under LCP illumination. b, The local injection current map 

for a RH metamaterial under RCP illumination. The theoretically modeled local injection 

current maps are given by the local normal electric field at the Schottky interface. The 

currents were calculated using, 𝑗𝑝ℎ𝑜𝑡𝑜−𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛(𝑟) ∝ |𝐸𝑛𝑜𝑟𝑚𝑎𝑙|
2 . The total injection 

current is obtained by integrating over the Schottky interface. In this simulation, optical 

parameters for Al-doped silver were taken from ellipsometry measurements. 

 

The photo-injection current calculation is carried out by our collaborator 

Professor Alexander Govorov at Ohio University. In the theoretical treatment, 

photocurrent arises from the hot electrons that are generated near the metal-

semiconductor interface by the plasmonic electric field that is normal to the interface[73], 

[74]. The total injected current from the unit cell is given by  

𝐼𝑝ℎ𝑜𝑡𝑜−𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 = 𝐶 ∙ (ℏ𝜔 − ∆𝜙𝐵𝑎𝑟𝑟𝑖𝑒𝑟)
2 ∙ ∫ |𝐸𝑛𝑜𝑟𝑚𝑎𝑙|

2𝑑𝑠
𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑛𝑔 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑜𝑛𝑙𝑦

     (B.1) 

where the integral is taken over the metal-Si interface within the unit cell, 𝐶 is a material 

constant depending on the Fermi energy and the injecting barrier height, and (ℏ𝜔 −

∆𝜙𝐵𝑎𝑟𝑟𝑖𝑒𝑟)
2 is a factor reflecting the Fowler law. The barrier height was measured to be 

0.54 eV and the constant 𝐶 is treated as a wavelength independent fitting parameter that 

takes into account non-idealities in the barrier. 
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Figure B.5. Comparison of the absorption and photocurrent spectra. a, Normalized 

experimental measured absorption (black) and photocurrent (red) spectra for a RH 

metamaterial under RCP illumination. b, Normalized theoretical calculated absorption 

(black) and photocurrent (red) spectra for a RH metamaterial under RCP illumination. 

 

As can be seen in Fig. B.5, we plot the normalized absorption and photocurrent 

spectra to compare their shapes. We see an interesting and strong effect of the asymmetry 

of the spectra.  Both peaks in the absorption and photocurrent are somewhat asymmetric.  

The absorption peak exhibits relatively weak asymmetry and is slightly larger on the red 

side, whereas the photocurrent peak is clearly asymmetric and clearly smaller on the red 

side.  Using our modeling, we can understand such asymmetries. The almost symmetric 

absorption peak comes from the strong plasmon resonance and was calculated from the 

Maxwell’s equations incorporating the smooth Drude-like dielectric function of metal in 

this wavelength interval.  The asymmetry of the photocurrent peak comes mostly from 

the involvement of the Fowler law in the equation for the photocurrent given in the 

Methods section. This equation for the photocurrent has the field factor and the Fowler-

law factor, (ℏ𝜔 − ∆𝜙𝐵𝑎𝑟𝑟𝑖𝑒𝑟)
2, that is a strongly asymmetric function of the wavelength.  

The Fowler law takes into account the fact that some of the generated hot electrons do not 

have the proper momentum and energy to cross the interface into the silicon. 
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B.5 Linear relationship between photocurrent and incident laser power 

 

Figure B.6. Power dependent photocurrent for different polarization and wavelength. 

Unbiased photocurrent of the LH metamaterial was measured as a function of incident 

laser power for different polarization (a) and wavelength (b). Good linearity was 

observed in both cases, excluding any non-linear interactions. It also indicates the 

detector’s ability to work over a wide range of incident power, overcoming saturation 

issues found in chiral organic semiconductors. The device area for this measurement is 70 

μm x 70 μm. 

 

 

B.6 Photoresponse under elliptical light illumination 

 
Figure B.7. Photocurrent response of the CPL detector under elliptical light.  
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