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Abstract 

 

Conversion of light into direct current is important for applications ranging from energy 

conversion to photodetection. However, there are still many challenges to reach high conversion 

efficiency and broad spectral coverage. Overall, photodetection through conventional procedures 

is based on light absorption by a material with a matching bandgap. This traditional approach 

limits the range of wavelengths that can be detected, it is not sensitive to polarization, and loses 

accuracy in the infrared range because of thermal noise. In order to design and optimize a 

photodetector that can overcome those limitations, I first built an instrument to evaluate the 

functionality of the proposed devices. Different devices and structures were fabricated and tested 

by means of photodetection in order to clearly identify the origin of the detected photovoltages. 

Further investigations on rectenna configurations and nonlinear optical rectification process 

showed promising results for photovoltage generation in a broadband scheme. 

A photodetector that combines polarization sensitivity and circularly polarized light sensitivity in 

the near infrared region was fabricated using an ITO-Au hybrid layer. Furthermore, the sensitivity 

of the device was significantly increased by adding a poled molecular-glass film in a capacitor 

configuration. The resulting device is capable of detecting light below the ITO-bandgap at 

ambient temperature without any bias voltage. It does not rely on the photoelectric effect, which 

is at the origin of the photovoltaic effect in semiconductor devices. It works based on hot electron 

emission in plasmonic nanostructures. This photodetector, which is amenable to large-area 

fabrication, can be integrated with other nanophotonic and nanoplasmonic structures for operation 

at telecom wavelengths. 

I then show how an array of aligned plasmonic nanorods covalently coupled to molecular 

rectifiers can also be used as optical nanoantennas to harvest the light and convert it into a DC-

potential difference, which may be practical for energy production. I discuss the design, 
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rectification processes, and propos two antenna fabrication procedures: electrochemical 

deposition and e-beam lithography.  
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Chapter 1 

Introduction 

Applications ranging from energy conversion to photodetection are critically related to how 

electromagnetic radiation is collected and converted into direct current (DC). However, there are 

still many challenges related to the development of a broadband device that can convert 

electromagnetic radiation into electrical energy, spanning from the infrared (IR) through to the 

visible spectrum.  

Furthermore, there is a large demand for a source of energy that is environmentally safe, 

renewable, economic and available worldwide. Light energy can be converteddirectly usable 

energy in the form of electricity; usually relying on the photovoltaic (PV) effect. In the most PV 

devices, each photon that is absorbed into the material or structure generates an electron-hole 

pair, providing electrical power. Hence, the efficiency is limited by the band gap energy of the 

active layers, where energy is lost due to low-energy photons passing right through the material, 

and through heat loss from the high-frequency photons. Modern technologies have presently a 

maximum of 13% efficiency for organic photovoltaics and 32% for single junction thin film 

semiconductors (the Shockley-Queisser limit). Overcoming the efficiency limitations is possible 

to some extent by using new multiple technologies such as quantum dots, tandem/multi-junction 

cells, photon up-conversion and down-conversion structures, but result in complex and 

potentially expensive devices. In today’s PV cells, which are mainly based on silicon, sunlight is 

absorbed, converting photons into electron-hole pairs. Then the built-in electric field at the 

junction causes electron and hole separation. These carriers then must be conducted to the cell 

electrodes. Silicon that must perform all these tasks simultaneously, require a very high purity 

that is still costly to make and resulting in expensive silicon-based solar cells fabrication process  

[1,2].  
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Recent approaches have attempted to circumvent these limitations via different processes such as 

using plasmon-induced hot electrons [3]. Metal–semiconductor Schottky junctions have been 

reported as the most efficient structures to collect hot electrons [4] and generate a signal in 

photodetectors. Another proposed solution is to design versatile photodetectors based on optical 

rectification induced photovoltage [5]. These proposed devices are more attractive than classical 

photodetectors because they do not rely on band to band transitions. 

Herein, we have investigated plasmonic nanostructures that can generate energetic “hot” electrons 

from light in a broadband fashion depending on their shape, size and arrangement. Such 

structures have a promising use in photodetectors, allowing high speed, broadband, and 

multicolor photodetection. Because they function without a bandgap absorption, photon detection 

at any energy would be possible through engineering of the plasmonic nanostructure. A compact 

hot electron-based near-infrared (NIR) photodetector was fabricated using an ITO-Au hybrid 

layer [6], and tested at telecom wavelength (1550 nm). As NIR broadband photoresponsive 

devices have broad applications ranging from photovoltaics and renewable energy to 

photodetection for military and civilian purposes [7,8,9,10,11], the effectiveness of those 

photosensitive devices is defined based on several factors including photoresponsivity, 

fabrication process, and cost [7,12]. Moreover, the spatial resolution of IR photodetectors can be 

significantly improved by simultaneously sensing the intensity and polarization of the incident 

light [13]. As polarization sensing is important for magnetooptical data storage [14] and imaging, 

it is desirable to integrate polarization selectivity and detection in a single-device structure for 

applications such as surveillance, optical communications and quantum computing [15,16,17].  

Previously reported photodetectors based on hot electron generation can be very technologically 

demanding to fabricate and may not be suitable for large-scale fabrication. In this work, we 

demonstrate that ITO-Au nanostructures can indeed be used to fabricate a NIR photodetector 

using the rectification effect induced by dipole orientation in an added poled Azo molecular glass 
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thin film. Our designed device structure allows the fabrication of hot electron-based 

photodetectors that are highly sensitive in the NIR range, sensitive to polarization, and easy and 

cost-effective to fabricate. The approach developed represents a significant milestone towards the 

development of energy conversion devices based on hot electrons and plasmonics, which could 

be beneficial to integrated optoelectronics. 

Identification of the origin of the photovoltage detected under intense illumination can still 

sometimes be confusing due to the competition between several nonlinear processes. Examples of 

such processes are optical rectification, multiphoton absorption, and photothermal heating, all of 

which may result in the detection of a DC photovoltage in a capacitor configuration. Differences 

between the resulting photovoltage from these processes are analyzed, and techniques are 

proposed to distinguish between optical rectification-induced DC-photovoltage and the 

photovoltage resulting from alternative effects. 

 

Organization of the Thesis. 

The dissertation is organized as follows:  

Chapter 2 describes the background information relevant to the materials and devices used in this 

work as well as key points that are important to understand the photosensitive devices fabricated 

here. 

Chapter 3 presents the custom-built data acquisition apparatus with sufficient details on used 

techniques and instruments. 

Chapter 4 delivers a comprehensive study on the resulting DC photovoltage in thin film 

structures. The device fabrication methods, tests, result and discussions provide a systematic 

procedure to investigate the possible origins of the detected DC photovolatge in a capacitor 

configuration under intense illumination. 



 

4 

 

Chapter 5 discusses a simple unbiased hot-electron polarization-sensitive near-infrared 

photodetector built in the rectenna configuration. The fabrication, characterization and 

functionality of the photodetector are presented. The photosensivity of the device is improved 

using the results of studies provided in chapter 4.   

Chapter 6 consists in two main methods known as electron beam lithography technique and mass 

production process of electrochemical deposition, and both are used to improve the nanoantenna 

structure needed for broadband photodetector presented in chapter 5.  
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Chapter 2 

Background 

This chapter provides a brief introduction to key concepts and effects used throughout the thesis, 

including fundamentals of nonlinear optics, plasmonics, light conversion into electricity, and 

photovoltage sources at locally intense illumination. 

2.1  Fundamentals of Nonlinear Optics 

Nonlinear optical (NLO) interaction is an important branch of optics that describes the behavior 

of light in nonlinear media. Nonlinear media are media in which the dielectric polarization P 

responds nonlinearly to the electric field E of the illuminating light. If the light intensity is large, 

nonlinear effects can occur and create interactions between beams propagating within the media. 

The first evidence in the history of optics of a purely optical nonlinear effect was shown by Peter 

Franken et al. 1961, in an experiment where a quartz crystal was irradiated with a laser beam 

from a ruby laser, generating a second harmonic wavelength [18]. Soon after their work, diverse 

nonlinear optical effects were discovered and reported, including stimulated Raman scattering 

(1962) [19], optical rectification (1962), optical third harmonic generation (1962), and optical 

difference frequency generation (1963) [20,21,22,23].  

The time- and frequency-domain expressions for the polarization and susceptibility of the 

nonlinear medium, and their symmetries, can be defined by the solutions to Maxwell’s equations. 

They provide different forms of nonlinear wave equations for light propagation in isotropic and 

anisotropic media [24]. Following the solutions, the relation between the electric field E and the 

vector D (electric displacement) that reveals the optical properties of a dielectric medium can be 

given as (in SI units): 

0 ( )

t

d  


  D E J         Equation 2-1 
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where J is the induced current density and the physical constant ԑ0 is the permittivity of vacuum. 

Formally, the current density J can be represented as a series expansion in multipoles [25] 

( . ) ( )
t

c


   J P Q M        Equation 2-2 

where c is the speed of light, M is the magnetic dipole vector, and P and Q are the electric dipole 

vector and electric quadrupole tensor polarizations, respectively. In the electric dipole 

approximation, we keep only the first term on the right-hand side of Equation 2-2. In view of 

Equation 2-1, this gives the following relation between the D, E, and P vectors: 

0 D E P            Equation  2-3 

The dipole moment per unit volume (polarization P), which depends on the material’s electric 

susceptibility (χ) and the available electric field, is given by:  

0

0

,

(1 )

 

  



  

P E

D E E
                                                                                                Equation  2-4 

where ε≡ (1+χ)ε0 is the material permittivity.  is usually a second-rank tensor in anisotropic 

materials, which reduces to a scalar in isotropic materials (liquids and gases) and cubic-lattice 

solids. Then, K= ε/ε0 is the dielectric constant (SI unit), identical to what is usually called ε in cgs 

units. If the light intensity is strong, the material susceptibility will depend on the field. Then the 

total polarization at frequency ꞷ will be the sum of the linear and nonlinear polarization parts as: 

L NL P P P            Equation  2-5 

Let us assume that the propagating light wave in a nonlinear material can be defined by a plane 

wave at frequency ω travelling in the r direction  

( . )1
( , ) [ ( ) . .]

2

i k r tr t E e c c  E         Equation  2-6 
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In the complex expressions, the addition of the c.c. ensures that the overall expression is real. 

Because of the material-light interaction, the linear polarizability has the general form of   

( ) (1)

0( ) . ( )L t t P E           Equation  2-7 

where χ
(1)

 is the linear susceptibility, a second rank tensor (with 9 elements). The instant 

nonlinear optical response is then described by generalizing Equation 2-4 to express the 

polarization P(t) as a power series in the field strength E(t):  

( ) (2) (3)

0

(2) (3)

( ) ( : ( ) ( ) : ( ) ( ) ( ) ...)

( ) ( ) ...

NL t t t t t t

t t

    

  

P E E E E E

P P
     Equation  2-8 

The quantities χ
(2)

 and χ
(3) 

are third- and fourth-rank tensors (with 27 elements and 81 elements) 

known as the second- and third-order nonlinear optical susceptibilities, respectively. 

2.1.1 Second-Order Optical Nonlinearities 

A quadratic NLO medium, which could be defined by the second-order nonlinear polarization 

from Equation 2-8 gives rise to sum- or difference-frequency generation (SFG or DFG), second 

harmonic generation (SHG), optical rectification (OR), and the linear electro-optic effect (Pockels 

effect). Let us now consider a circumstance in which a monochromatic laser beam whose electric 

field strength is represented by Equation 2-6 is incident upon an NLO medium characterized by 

χ
(2)

. The second-order contribution to the nonlinear polarization in such a medium is given 

according to Equation 2-8 as: 

(2) (2) * (2) *0

(2) 2 (2) 2

{ ( , ) ( , ) ,[ ]
4

( , ) ( , ) } ,[ ]

i ijk j k ijk j k

i t i t

ijk j k ijk j k

P E E E E OR

E E e E E e SHG 


     

       

   

   

    Equation  2-9 

The lowercase Latin alphabet subscripts denote the Cartesian coordinates, which, according to the 

Einstein notation, are summed up when repeated in a product. In these expressions, both positive 

and negative values are possible for the frequencies. The negative values of the frequencies are 



 

8 

 

given physical meaning through the following relations for nonlinear polarization describing SFG 

responses to input fields at ꞷ1 and ꞷ2: 

*

3 1 2 3 1 2

*

1 1

*

2 2

( ) ( ) ,

( ) ( ) ,

( ) ( ) ,

i i

j j

k k

P P

E E

E E

     

 

 

     

 

 

     Equation  2-10 

where ꞷ3 is the output response frequency. 

We see from Equation 2-9 that the second-order polarization consists of a component with a 

frequency of zero and a contribution at frequency 2ω. The latter contribution can give rise to a 

phenomenon known as frequency doubling or SHG, in which, through a single quantum 

mechanical process, two photons of frequency ω are destroyed and one new photon is 

simultaneously formed at frequency 2ω. The theory of second harmonic generation is fully 

developed by Boyd [20]. However, the first contribution in Equation 2-9 does not lead to any 

electromagnetic wave radiation and corresponds to the generation of a static (non-time-varying) 

polarization density. Similar to what is seen in conversion of a sinusoidal AC voltage into a DC 

voltage in an ordinary electronic rectifier, here the creation of the steady (DC) polarization is 

named as the optical rectification (OR) process.  

In order to describe the general interaction of three optical waves for each combination of 

frequencies, all 27 complex components of the third-rank tensor of χ
(2)

 need to be specified. 

However, due to symmetries that relate the various components of χ
(2)

, usually fewer components 

are needed to describe the nonlinear coupling. The following are descriptions of the most 

common symmetries valid throughout this study, where the discussions will surround the second-

order susceptibility, but can readily be extended to the higher-order susceptibilities [20]. 

(i) Intrinsic permutation symmetry: According to this symmetry, it does not matter which field 

the first one is written in the susceptibility equation, the contribution will stay unchanged with ω1 
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interchanged with ω2 while j is interchanged with k. This symmetry condition is always valid and 

is just introduced as a convenient way of dealing with such equations as: 

(2) (2)

1 2 1 2 1 2 2 1( , , ) ( , , )ijk ikj                 Equation  2-11 

(ii) Symmetries for lossless media: In the case of a lossless nonlinear medium, all components of 

the susceptibility tensors are real. Moreover, the complete permutation symmetry is valid, which 

means one can freely interchange all frequency components of the nonlinear susceptibility (no 

matter if the frequency is an input or output frequency) if the simultaneous interchanges of the 

corresponding Cartesian indices are considered. Note that the signs of the frequencies must be 

corrected if the first frequency is interchanged with the others, as it is always the sum of the latter 

two as: 

(2) (2)

3 1 2 1 2 3( , ) ( , )ijk jki                 Equation  2-12 

 (iii) Kleinman’s symmetry: If the optical frequency is much lower than any resonant frequency 

of the material, the nonlinear susceptibility will no longer be frequency dependent. Due to 

Kleinman’s symmetry, the indices of the susceptibilities can be arbitrarily permuted without 

permuting the frequencies. 

For any particular medium, the form of the linear and nonlinear optical susceptibilities can be 

derived by considering the explained symmetries plus any appropriate spatial symmetry. We find 

that in a lossless medium and for physical fields, where intrinsic permutation and Kleinman’s 

symmetries are valid, the χ
(2)

 can be fully described by 10 independent numbers. In the case of 

centrosymmetric materials, when considering the electric-dipole approximation, the bulk second-

order nonlinear response vanishes. Since the bulk inversion symmetry is broken at a surface or an 

interface, the electric-dipole second-order nonlinear optical effects are then valid [26,27].The 

effects originating from the quadrupole and magnetic dipole mechanisms are always allowed, 



 

10 

 

even for materials with bulk inversion symmetry: however they are normally weaker than effects 

initiated by electric dipole interactions.   

2.1.2 Third-Order Optical Nonlinearities 

All materials, regardless of their spatial symmetry, own third-order optical nonlinearity to a 

greater or a lesser degree. In a medium with a third-order dominant nonlinear susceptibility, the 

third-order nonlinear polarization, as shown in Equation 2-13, is responsible for the four-wave 

mixing (FWM), stimulated Raman scattering, two-photon absorption, and Kerr-effect-related 

phenomena, including self-phase modulation (SPM) and self-focusing. 

(3) (3)

4 0 4 1 2 3 1 2 3( ) ( ; , , ) ( ) ( ) ( )i ijkl j k lP E E E             Equation  2-13 

In a simple case, such as the applied monochromatic field in Equation 2-6, the third-order 

nonlinear polarization component at frequency 3ω is: 

(3) 3

0

1
(3 ) ( 3 ; , , )

4

i t

i ijkl j k lP E E E e               Equation  2-14 

The numerical factor 1/4 considers all possible permutations of the electric fields on the right-

hand side of the Equation 2-14 [28]. The process, known as third harmonic generation (THG), can 

also be achieved via SHG followed by sum-frequency generation of the fundamental and second 

harmonic waves.   

2.1.3 Multiphoton Absorption 

The optical susceptibility (χ) includes the real and imaginary parts as 
R Ii  . The real part is 

directly related to the refraction index of the linear material and nonlinear processes as explained 

in  2.1.1 2.1.2. The imaginary part is related to the absorption of light by the medium via linear and 

nonlinear multiphoton contributions. The possibility of multiphoton absorption, that is the ability 

of a system to absorb two or more photons simultaneously, was originally theorized by Goeppert-

Mayer [29] in 1931. Following her work, two-photon absorption was first shown experimentally 
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by Kaiser and Garrett (1961). Later in 1967, Pantell et al. published the theoretical expressions 

and experimental results of three- and four-photon absorption [30].  

To understand the multiphoton absorption process, I start by calculating the average change of the 

absorbed energy per unit volume for a non-magnetic medium using the electric-dipole 

approximation [31,32]: 

(1) ( 2) (3)

( ) .

. . . ...I I I

absorbed energyd
dt volume

time

t t t

  

  



   
P P P

J E

E E E
    Equation  2-15 

where PI is the imaginary part of the polarization, corresponding to the imaginary component of 

the optical susceptibility. Under monochromatic fields, during the time-averaging procedure, the 

contribution from even-order polarizations will cancel out. The remaining odd-order polarizations 

correspond to one-photon and higher multiphoton absorptions. The following highlighted terms in 

the expansion of the absorbed energy rate are expressing one-, two-, and three-photon absorption 

processes known as OPA, TPA, and 3PA, respectively [33]. 

(1)
(1) *

0. 2 Im[ ( ; ) ]I

ij i jt
E E    




 

P
E       Equation  2-16  

(3)
(3) * *

0. 6 Im[ ( ; , , ) ]I

ijkl i j k lt
E E E E      




  

P
E     Equation  2-17 

(5)
(3) * * *

0. 20 Im[ ( ; , , , , ) ]I

ijklmn i j k l m nt
E E E E E E        




   

P
E   Equation  2-18 

The attenuation of a light beam propagating in the z-direction through a nonlinear medium 

experiencing OPA, TPA, and 3PA may be expressed as: 

2 3dI
I I I

dz
              Equation  2-19 

where I is the light intensity, calculated as 
20

2

cn
I E


 . c and n are the speed of the light and 

linear refractive index of the material, respectively. This assumes that the material is isotropic, 
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otherwise in an anisotropic medium the refractive index for monochromatic plane waves will be 

defined as a function of their direction of polarization. 

The α, β, and γ are the one-, two- and three-photon absorption coefficients, which can be 

identified from Equations 2-16 to 2-19 as [20,34]:  

(1)4 Im[ ( ; )],ijcn
       

2 2
0

(3)24 Im[ ( ; , , )],ijklc n




          

3 3 2
0

(5)160 Im[ ( ; , , , , )].ijklmnc n




             

2.2 Fundamentals of Plasmonics 

The connection between electromagnetic radiation and electronic oscillations is given the name of 

plasmonics. Recently, plasmonics-related research has received much attention due to its 

potential use in such diverse fields as nanophotonics [35,36], photovoltaic applications [37,38], 

catalysis [39,40], nanomedicine [41,42], and biosensing [43]. Moreover, plasmonic coupling and 

propagation can be used to design miniaturized integrated electro-optical devices that can operate 

at very high speeds and process enormous amounts of data [44,45]. 

Since the optical properties of metals are discussed in several textbooks [46], I will just provide a 

cursory review to promote understanding of surface plasmon resonances (SPRs) and their related 

applications.  

2.2.1 Bulk Plasmon 

Maxwell’s classic equations of macroscopic electromagnetism can still be used to describe the 

interaction of metals with electromagnetic (EM) waves. In the limit of isotropic, linear, and 

nonmagnetic media, the electric and magnetic flux densities D and B are related to the field 

intensities E and H via the so-called material dependent constitutive relations as 

0( ) ,   D E B H         Equation  2-20 
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where µ0 is the permeability of free space and the material dielectric function (ε) is frequency 

dependent and complex. The imaginary part of the dielectric function determines the amount of 

absorption inside the medium. A good description of the metal’s bulk optical properties and 

dielectric function can be achieved via the plasma model over a large frequency range, as 

proposed in the early 1900s by Paul Drude [47]. In this model, it is assumed that the valance 

electrons will freely move in metal in the presence of a background of positively charged ions. 

The metal’s dielectric function is then derived as  

2 2( ) 1 / ( )m p i              Equation  2-21 

where m and γ are the electron effective mass and characteristic collision frequency, respectively. 

The characteristic collision frequency (γ) is given by the inverse of the relaxation time of the free 

electron gas (τ), which is typically in the order of 10
-14

 s corresponding to γ = 100 THZ at room 

temperature. ωp is the bulk plasma frequency, which is given by 
2 2

0/p Ne m  . Here e and N 

are the electron charge and density, respectively. The plasma frequency can be understood as the 

natural frequency of a metal’s electron sea. The quanta of these charge oscillations are called 

plasmons. As seen, ωp is proportional to the electron density, and for most metals, it is in the 

ultraviolet range [48].  

The optical properties of a free electron gas can be determined and summarized in three different 

regions. (a) The low-frequency region where ωτ << 1: this leads to a negligible real dielectric 

constant. Incident on a metallic specimen, the optical beam at this frequency range penetrates 

only a short distance below the surface before it is totally absorbed by the media. (b) The 

frequency range where ωτ >> 1 and ω < ωp: this leads to ԑ < 0, which causes the metal to exhibit 

perfect reflectivity. (c) The higher subregion, related to part(b), where ω > ωp: this leads to ԑ > 0, 

which causes the metallic medium to acts like a non-absorbing transparent dielectric. 
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However, up to this point, we assumed we had an ideal metal with just free electrons, which in 

the case of a real metal is not a valid assumption throughout the whole frequency spectrum. We 

will now briefly describe the dielectric response of real metals, which are important to the field of 

plasmonics studies in the visible and near-infrared range. These metals are known as noble metals 

(e.g. Au, Ag, Cu). The Drude model can only describe the optical response of a real metal below 

the interband threshold. The interband threshold is the critical frequency (energy) necessary for 

an electron to transit from a filled electronic state below the Fermi level to the one above it. In 

such a transition, the energy and momentum have to be conserved. As the photon’s wave vector is 

much smaller than the electron one, it cannot change the electron’s wave vector negligibly. So, 

the interband transition between the two bands n and n’ can be summarized and formulated as: 

' ( ) ( )n nE E  k k . Where k and  are the angular wavenumber and reduced Planck constant, 

respectively. To reproduce the interband absorptions, the Drude expression for free electron 

metals is modified into the “Drude-Lorentz model” by adding the Lorentzian terms, which 

represent the classical picture of bound electron resonances [49]. 

Next, the electromagnetic properties of metal-dielectric interfaces will be discussed briefly. The 

science of such interfaces, with their unusual properties and applications, has attracted a great 

deal of attention over the past decades, dating back to the works of Gustav Mie (1908) and Rufus 

Ritchie (1957) on small metal particles and metallic surfaces. 

2.2.2  Surface Plasmon Polaritons (SPPs) 

The electromagnetic waves propagating along the interface, but confined evanescently in the 

perpendicular direction between a dielectric and a metal, are known as surface plasmon polariton 

(SPP) waves [50,51]. The decay length of the field in the dielectric medium is of the order of half 

the wavelength of light involved, whereas this length in the metal is defined by the skin depth 

[52]. Therefore, SPPs can confine light energy in the subwavelength scale.  



 

15 

 

Let us consider a system with three different layers: A metal film with a complex, frequency-

dependent dielectric function ԑ2(ω) is sandwiched between a dielectric medium with a real, 

positive dielectric constant (εs) on one side, and the air (
1 1  ) on the other side (Figure  2-1). The 

possible SPP waves at the air-metal and metal-dielectric interfaces are shown in Figure  2-1(a). 

The dispersion relation of the SPP waves at both interfaces, which connects the frequency ω of 

the wave and its wavenumber k, is also plotted schematically in Figure  2-1(b). The exact 

derivations of the dispersion relation can be found in many textbooks [53]. Note that as only 

transverse magnetic (TM) waves can couple to the SPPs, the dispersion relations of a p-polarized 

wave propagating in the air and in the dielectric medium are added to Figure  2-1(b). As there is 

not any intersection between dispersion relations of SPPs at air-metal interface and dispersion 

relations of propagating EM waves in air, light illuminating a metal cannot directly couple to 

SPPs at the interface of air-metal, thus the only possibility is to couple it to the light propagating 

in the dielectric medium (usually glass). This special arrangement can provide the necessary wave 

vector conservation.  

The most common methods to match photon and SPP wave vectors use either photon tunneling in 

the total internal reflection geometry (Kretschmann and Otto configurations) or diffraction effects 

[54]. However, on a randomly rough surface and in the near-field region, the diffracted light 

includes all components of light, with all wave vectors; thus the SPP excitation conditions are 

readily satisfied. Therefore, direct SPP excitation is possible on rough metallic surfaces [55].The 

propagation length of the SP mode can be defined by considering the loss in the metal. For 

example, the propagation length of a mode with wavelength of 500 nm in a relatively absorptive 

metal, such as aluminum, is about 2 µm. This range will be increased for a low loss metal, such as 

silver, to be 20 µm for the same wavelength. For the slightly longer wavelength in the telecom 

region (1.55 µm), the propagation length further increases towards 1mm [56]. 
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(a) (b
 

 

Figure  2-1. A system of metal, air, and dielectric: (a) SPPs on metal film interfaces with air 

on top and dielectric medium on the bottom sides (b) Solid lines show dispersion relations of 

SPPs at air-metal and metal-dielectric interfaces separately. Angled dash lines show 

dispersion relations of propagating EM waves in air and dielectric media separately 

(Adapted from [57]).  

 

2.2.3  Localized Surface Plasmon Resonances (LSPR) 

Localized surface electromagnetic excitations can exist in bounded geometries, such as metallic 

nanoparticles, which are smaller than the incident wavelength. The resonant frequency of these 

localized plasmon oscillations depends on the composition, size, geometry, dielectric 

environment and separation distance of nanoparticles (NPs). The localized surface plasmon 

modes exist in the frequency range in which the dielectric function of the metal is negative, so 

their range is less than the bulk plasma frequency of the metal, i.e. in visible range. Numerical 

solutions of Maxwell’s equations for a gold nanoparticle with r=20 nm in vacuum reveal an 

absorption cross section peak, caused by LSPR, in the visible region, as shown in Figure  2-2. 

Since an LSP mode has a very small volume confined to the particle’s surface, there will be a 

significant electromagnetic field enhancement at the surface of the small metallic particle [58]. 



 

17 

 

 

Figure  2-2 Absorption cross section of a gold nanoparticle with r=20 nm (Adapted from 

[59]). 

In an ensemble of metallic particles, the overall extinction spectrum is derived from the 

interaction between the individual LSPRs, which also results in a very strong electromagnetic 

field enhancement [60]. Moreover, on rough surfaces, if the LSP resonances are close to the SPP 

frequency, then the LSPR can decay into SPPs and, in return, can be excited by SPPs.  

2.3  Light conversion into electricity 

Many applications, ranging from photodetection to solar energy, are reliant on the efficient 

conversion of optical power into electricity. Different technologies have been developed in recent 

years to accomplish this process; however, each have their own limitations. Here, we will review 

a couple of commonly used technologies, which were used in this thesis as well.  

2.3.1 Photovoltaic technologies 

The most mature and standard method of harvesting light energy and converting it into electricity 

is photovoltaic (PV) technology. This technology, available since the mid-1970’s, generates 

electricity via the optical excitation of doped semiconductor materials.  
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In the photovoltaic effect, photons are first absorbed by a semiconductor material where they 

excite negatively charged electrons and generate an electron-hole pair known as an exciton. In the 

next step, the generated charges are separated spatially by a built-in electric field at a junction. 

Mostly, the junctions are formed at the interface of two different semiconductor materials, such as 

p-type and n-type semiconductors, or donor and acceptor materials in solid-state devices or 

organic PV cells.   

Finally, the separated charges at the interface create a voltage difference across the interface, 

which may result in a charge carrier flow through the external circuit, as schematically shown in 

Figure  2-3. Although the most available PV cells in the current market are silicon-based devices, 

there are other growing PV technologies, such as dye-sensitized solar cells (DSSCs) [61], organic 

PV cells [62], and low-cost (printed) versions of existing inorganic thin-film technologies [63]. 

Note that all of these photo energy conversion devices have the same working principles and 

consequent physical limitations. 

 

 

 

 

 

 

 

 

Figure  2-3 Charge carrier generation in, (a) a semiconductor p-n Junction, (b) an organic 

photovoltaic cell. 

 

 

(b) (a) 
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2.3.2 Rectenna 

William C. Brown first demonstrated the rectifying antenna, termed a ‘rectenna’, as a microwave 

power transmission-receiver in 1964. Increasing demand for photovoltaic energy has triggered 

research into the use of rectenna devices as a means of harvesting solar radiation. This interest 

was driven by theoretical evidence that, unlike PV devices, rectenna devices are not limited in 

efficiency by the Shockley–Queisser limit [64]. Unlike conventional PV cells, the function of a 

rectenna device is based upon the wave nature of light [65]. Therefore, the only limitation is the 

cut-off frequency of the device, and any frequency higher than this limit can be harvested. It has 

been shown that rectenna technology could convert EM waves to DC current at optical 

frequencies with a conversion efficiency of about 85% [66].  

A diagram of a rectenna device is shown in Figure  2-4. The antenna, attached to a rectifier device, 

will collect wireless energy and deliver it to the load through filters and a matching circuit [67]. 

The rectifying technology converts the received energy into a DC power.  

 

 

 

 

 

 

 

 

 

Figure  2-4 Rectenna (rectifying antenna) circuit (Adapted from [68]). 

 

Theoretically, it is possible with rectenna technology to have a device that is highly efficient over 

a broad spectrum. However, the necessary rectifier would need to do the task efficiently for 

electric fields oscillating at 10
14

-10
15 

Hz frequencies, which are much higher than the working 

spectrum of available efficient rectifiers. As a result, the bottleneck of the technology’s 
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advancement remains in the rectification process [67]. Note that there is still no agreement on an 

optimized model for characterizing the performance of a rectenna; however, it has been shown 

that to use all potential capabilities of the solar rectenna concept, each of its fundamental parts 

must be improved beyond their current best performances. The existing nanometer-scale 

antennas, the rectifier, and the impedance matching solutions between the load and the rectifier 

must all work in the petahertz range at a high efficiency. Solving these challenges would result in 

a device with higher efficiency than current PV cells.  

 

Optical Nanoantenna. 

Optical antennas function by coupling incident light waves into a confined region of sub-

wavelength size, and, through antenna-like resonances or SPRs, generating higher field intensities 

than those of the incident waves. In the simplest form, an antenna is a quarter-wavelength-long 

metal pole mounted on a conducting plate known as monopole antenna. In recent years, much 

nanophotonic research has focused on the optical properties of metal nanoparticles and their 

structures with the objective of developing optical antenna. Modern technologies and advances in 

nanofabrication have enabled manufacturing of a variety of metallic nanostructures, such as a 100 

nm metal pole working as the tip of a near-field scanning optical microscope [69,70,71]. The 

enhancement of the electric field in an optical antenna is caused essentially by surface charge and 

resonance. The resonance condition, which holds for radio and microwave antennas, does not 

apply directly to optical antennas [72]. At optical frequencies, metal is a highly dispersive 

material with finite conductivity. Therefore, the resonance conditions of optical antennas will be 

affected by the dispersion relation of SPPs. The local plasmon resonance will also significantly 

modify features of a conventional antenna such as size and shape. In conclusion, one cannot 

simply shrink down a radio antenna to make an optical antenna. The properties of optical 
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antennas are still under intensive study, with much attention going to the relation between 

plasmonics and subwavelength optical antennas. 

From classical dipole antenna theory, metal antennas should have a length of approximately 

(2n+1)λ/2 (n=0, 1, 2,…) to resonate with an incoming wave of wavelength λ. At resonance 

conditions, the incident electric field (E-field) will be intensified locally at the antenna’s ends by 

its charge distribution. At optical frequencies, an antenna no longer responds to the classically 

calculated wavelength, but to a shorter effective wavelength, 𝜆𝑒𝑓𝑓, that depends on the material’s 

properties. This new effective wavelength may be derived [72]: 

1 2[ / ],eff pn n            Equation  2-22 

where 𝜆𝑝 is the plasma wavelength and n1, n2 are coefficients with dimensions of length that 

depend on antenna geometry and static dielectric properties. Equation 2-22 is only valid for the 

antenna comprised of linear segments with radii R << λ and using materials that can be described 

according to the free electron gas Drude model.  

In the extinction spectra of the metallic nanorods, there are two visible peaks corresponding to the 

plasmon absorption caused by the oscillation of free electrons along and perpendicular to the long 

axis of the rods [73]. For example, the transverse mode for gold nanorods shows a resonance at 

around 520 nm (in H2O), while the resonance of the longitudinal mode occurs at a higher 

wavelength and strongly depends on the aspect ratio of the nanorods [74]. As the aspect ratio is 

increased, the longitudinal peak is red-shifted. Increasing the aspect ratio also may cause a small 

shift in the transverse resonance peak into shorter wavelengths. The best approximation that 

would allow characterizing the optical properties of nanorods is to treat them as ellipsoids where 

the Gans formula (extension of Mie theory) is applicable. The longitudinal and transverse 

plasmon resonances can be computed as a function of the aspect ratio either by using the 

analytical expression put forth by Gans in 1912 or by using numerical techniques such as FDTD 

(finite-difference time-domain).  
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Although absorption losses can be analytically derived with some approximations for a single 

nanorod, E. Castanié et al. highlight in their paper that the environment plays an important role. 

Using a scattering theory based on the dyadic Green’s function formalism, they show that the 

light absorption of lossy metallic particles is not an intrinsic property of the metallic particle, but 

rather depends on its surrounding environment [75]. Because of their derivations, absorption 

losses of metallic particles can be decreased as the local density of photonic states increases 

around the particle. We know from recent research that the absorption can benefit from changes 

in the optical density in an array of metal nanorods. This makes the process of light absorption 

more efficient. A. V. Kabashin and et al. fabricated an array of parallel gold nanorods oriented 

normally to a glass substrate. They showed that when the distance between the nanorods is 

smaller than the wavelength, this layer of metamaterial supports a guided mode with the field 

distribution inside the layer determined by plasmon-mediated interaction between the nanorods 

[76]. Moreover, they show that large changes in the optical density (OD) are possible due to the 

nonlocality of the longitudinal plasmon modes in the nanorod metamaterial [77]. 

 

Rectifying Technology. 

A rectifier is a nonlinear device, such as a diode, used to convert the AC input voltage from an 

antenna into a usable DC voltage. The efficiency of diode rectifiers decreases dramatically over 

their cut-off frequency ( f c), which changes with the type of rectifier. Incorporation of Schottky 

barrier diodes in rectenna devices from the early 1960s pushed the limits of efficient rectification 

to frequencies of a few terahertz. Later, in 2002, B. Berland showed that the metal-insulator-metal 

(MIM) configuration can be an operational rectifier at 150 THz [78], which even may potentially 

exceed this and reach the visible regime [79]. Barrier asymmetry in MIM devices causes variation 

in the quantum electron tunneling rate through the ultra-thin insulator layer, which results in a 

rectification current.   
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2.4 Overview on Photovoltage Sources at Locally Intense Illumination  

Examples of electro-optical effects in a thin film that can generate sensible photovoltage in a 

capacitor configuration are the photon-drag effect [80,81], current injection [82], shift current 

[83], the photo-Dember effect [84], thermally-induced photovoltage [85], and optical rectification 

[86].  

2.4.1 Photon Drag Effect 

The photon drag effect (PDE), was first observed in 1970 [87]. In the PDE, as the laser beam 

travels through the media, it can be partially absorbed; in this process, currents or electric fields 

can be generated due to the transfer of momentum from an incident light beam to the charge 

carriers. This effect causes a detectable potential difference between the electrodes that is 

measurable through an external load resistance (DC electric current). The PDE is more significant 

in semiconductors; however, it is weak in bulk metals and usually considered in the terms of a 

light pressure mechanism. The energy band structure and relaxation processes of the material, 

plus illumination wavelength, polarization and incidence angle, will affect the PDE magnitude 

and sign. Utilizing the amplitude and sign of the PDE-induced photovoltage is of interest for the 

development of fast, angle-sensitive photosensors. The PDE photoinduced current, in theory, can 

be estimated as:  

sin(2 )
2

e P
j A

mc


         Equation  2-23 

where A is the absorbance, θ is the incident angle, P is the power density of the incident light, and 

τ is the electron scattering time [54].  

An important case of PDE is the plasmon drag effect (PLDE), which was discovered in 2005 

[81]. In metal films and plasmonic nanostructures, and under conditions of surface plasmon 

resonances (SPRs), electron-plasmon coupling introduces a huge enhancement of PDE known as 

the plasmon drag effect [88,89]. In PLDE, the polarity of the photoinduced electrical signal is in 
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the direction of SPP propagation, and not the direction of light pressure force (electrons are 

dragged in the direction of SPP propagation). Moreover, the PLDE-induced photosignal has a 

higher value than that of the PDE, and this signal is maximized while SPP resonance conditions 

are satisfied.  

2.4.2 Shift and Injection Currents 

For optical excitations with photon energies above the band gap, there is a possibility of an 

interband transition from the valence to the conduction band. In real space, absorption processes 

immediately lead to the spatial position shift of the electron wave packet. The position shift, 

related to the Bloch wave functions of the two involved bands, is non-zero only in non-

centrosymmetric materials. Shift current, the net current associated with the change of state, is 

known as the source of the bulk photovoltaic effect [90]. The direction of the photocurrent 

depends on either light polarization or on the anisotropy of the material [90]. Shift current is 

associated with the second-order nonlinear optical process [91] that in nature is quite different 

from the conventional photocurrent generation processes, and is not dependent on the interface 

conditions such as p-n junctions. 

Injection current generation is another second-order nonlinear photogeneration process for optical 

excitation above the band gap [92,93]. In order to produce injection current, the two involved 

electric fields need to have perpendicular polarization, such as the fields in a circularly polarized 

light. When a non-centrosymmetric crystal is photoexcited by the right optical illumination, there 

are different excitation pathways for horizontal and vertical polarizations. The quantum 

interference between these two different absorption events leads to an asymmetric distribution of 

carriers in k space, hence a current is generated. 
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2.4.3  Photo-Dember Effect 

If an ultrafast laser pulse illuminates the surface of a semiconductor, the photoexcited charges 

result in a photovoltage perpendicular to the surface. This effect, known as the photo-Dember 

effect, arises due to the difference in the diffusion rates of holes and (the usually faster) electrons. 

The generated carrier gradient and its built-up space charge field is proportional to the intrinsic 

absorption coefficient of the semiconductor at the excitation wavelength. Although the photo-

Dember polarization is usually known to be normal to the surface, it has been shown that in an 

engineered structure, where a partially covered semiconductor surface is under illumination, a 

strong carrier gradient can be achieved parallel to the surface [94].  

While the photo-Dember effect has been studied mostly in semiconductors with a narrow band 

gap, there are reports about metals where an excitation occurs near Fermi energy [84]. Note that 

the sign of the faster diffusing species determines the sign of the Dember photovoltage. 

Moreover, the azimuthal angle dependencies of the generated photocurrent can be used to study 

the attributed effect and distinguish it from the previous discussed effects [95].  

Note that if the hot carriers are thermally generated instead of being photogenerated, the mobility 

difference between the electrons and the holes would cause a measurable voltage known as the 

Seebeck effect [96].  

2.4.4  Light-induced Thermionic Emission  

Thermionic energy converters that can directly convert heat into electricity function due to 

thermionic emission [97]. In the thermionic emission process, the heated surface causes a 

broadening of the electron distribution such that some electrons acquire the minimum energy 

required to escape the surface. Thus the surface of the material can be used as a cathode in front 

of a cooler anode in a circuit to detect the thermally generated current. However, the necessary 

surface heat can be implemented by the pulsed laser [85] or even solar radiation [98], resulting in 
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photo-induced thermionic emission. The thermionic current density (J) is calculated by the 

Richardson-Dushman equation as: 

2 expJ AT
kT

 
  

 
        Equation  2-24 

where T is temperature, φ is the material work function, and A is the material’s specific 

Richardson constant.  

2.4.5  Optical Rectification (OR)  

When the illumination frequency is below the absorption edge of the material, there is no electron 

excitation, and no real electron-hole pairs are generated. However, in this condition, an ultrafast 

optical process known as optical rectification can develop a DC polarization. Bass et al. reported 

the first observed OR-induced DC photovoltage in potassium dihydrogen phosphate (KDP) and 

potassium dideuterium phosphate (KDdP) crystals in 1962 [99]. Note that the OR-induced 

photosignal in all media is always due to a nonlinear polarization generation, and never due to a 

photoconductive process [86]. As already discussed in  2.1.1, the OR may be a second-order 

nonlinear optical process, which is forbidden in centrosymmetric materials. However, using a 

single-wavelength femtosecond laser excitation, and through a third-order nonlinear process, the 

OR photovoltage is still detectable in materials with inversion symmetry. This is called electric-

field-induced optical rectification (EFIOR), where a DC electric field or the depletion field at the 

interface is needed to break the symmetry [100,101]. Therefore, EFIOR is, in fact, an χ
(3)

 process, 

where in Equation 2-13, two fields are provided by a monochromatic field and the third is 

delivered through a static DC field. As a result, an effective second-order susceptibility can be 

specified as:  

(2) (3)

eff DCE          Equation  2-25 
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In this case, like with conventional OR, the amplitude of the generated photovoltage varies 

linearly with the intensity of the pump beam.  

The idea of EFIOR lead to the design of customized nonlinear media, such as metamaterials, with 

large and electronically tunable effective second-order optical susceptibility [100].  
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Chapter 3 

InstrumentationandExperimentalSetup 

The objective of this chapter is to focus on techniques and instruments that have been used for the 

experimental studies. The goal is to provide sufficient information to allow replication of this 

research, without overwhelming the reader with too many details.  

3.1 Custom-Built Photovoltage Scanning Apparatus 

As it is discussed in the previous chapter, there are different possible origins for a detected 

photovoltage generated by a nonlinear process in a thin film. Therefore, it is important to have a 

reliable procedure to validate the true origin of the measured photovoltage; otherwise, it would be 

possible to misinterpret the data. In the OR photovoltage detection for instance, the validity of the 

signal is usually checked by the linear electro optic (EO) measurement [102,103]. In the linear 

EO effect, also known as the Pockels effect, the refractive index is proportional to the applied 

electric field. Theoretically, if EO and OR effects have the same optical nonlinear origins, their 

susceptibility values will be the same. However, EO and OR experiments cannot be run 

simultaneously. While the experimental setups and conditions are different in OR and EO 

measurements, the detected signals could be attributed to different origins on the same sample. 

Practically, it is important to provide a condition in which the validity test can be done in the 

same configuration as the photovoltage measurement.  

In order to address these concerns about true vs artifact origins of the OR-photovoltage detection, 

we ended up building a photovoltage scanning apparatus, shown schematically in Figure  3-1. The 

custom-built apparatus, which was used for data acquisition, allows us to detect photovoltage, 

second and third harmonic generation (SHG, THG) signals, simultaneously. A similar 

configuration has also been applied to study the polarization dependence of the detected signals.  
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Figure  3-1. The measurement setup (a) Schematic representation (b) Digital photo of the 

setup  

 

(a

(b
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A motorized continuous rotation mount is used as the wave plate’s holder to generate an even 

polarization changes during the whole experiment. An infrared detector, InGaAs photodiode by 

Hamamatsu, is used to monitor the fundamental light after reflection from the sample.  

The specifications of some other instrumentation under used are as follows:   

Femtosecond Laser. 

Figure  3-2 shows a FemtoFiber Scientific (FFS) ultrafast erbium fiber laser system by Toptica 

Photonics used as the light source in most of experiments. The FFS system has two laser outputs 

with specifications as declared in Table  3-1. 

Table  3-1. FFS system outputs 

Specification Output 1 Output 2 

Peak wavelength (nm) 1542 782 

Bandwidth, FWHM (nm) 56.3 8.4 

Pulse duration (fs) 100 150 

Repetition rate (MHz) 90±10 90±10 

Average output power (mW) 180 65 

 

The active medium of the laser is a core-pumped fiber doped with erbium ions. With the high 

gain available from the erbium fiber oscillator, the optical power extracted from the system can 

feed two optical amplifier, simultaneously. A frequency doubling module is directly connected to 

one of the amplifiers to generate a synchronized doubled frequency laser on the second output.  
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Figure  3-2. Femtosecond Laser; 1) FFS system main output at peak wavelength of about 

1550 nm, 2) FFS system SHG output at peak wavelength of about 775 nm, 3) FFS Rack to 

control the laser         

 

Lock-In Amplifier. 

The Zurich Instruments UHFLI, which is shown in Figure  3-3 is a digital lock-in amplifier 

covering the frequency range from DC to 600 MHz. The lowest possible demodulation time 

constant offered by UHFLI is about 30 ns, resulting in a demodulation bandwidth of more than 5 

MHz. The input impedance can be set to either 50 Ω or 1 MΩ in order to measure the current or 

voltage, respectively. 

 

1 

2 
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Figure  3-3. UHF lock-in amplifier  

 

A lock-in amplifier is simply a phase sensitive amplifier to facilitate the measurement of 

quantities that would otherwise be overwhelmed by noise. It has two inputs; one is the signal 

needed to be measured (Vi) and the other one is a periodic reference signal (Vr). Only the portion 

of the input signal that is at the reference frequency with a fixed phase relationship is passing 

through the amplifier and the rest will be rejected by the system. 

Considering a sinusoidal input and a reference signal as shown in Equation 3-1:  

0( ) sin( )

( ) sin( )

i

r

V t V t

V t t

  

 
        Equation  3-1 

The working scheme of a lock-in amplifier can be explained simply by calculating the product of 

these two signals as an output: 

0( ) ( ) {cos[( ) )] cos[( ) )]}
2

i r

V
V t V t t t            Equation  3-2 

When ω and Ω are different frequencies, this product has an average value of zero in time. 

However, if the input signal has the same frequency as the reference frequency, Equation 3-3 

produces a sinusoidal output signal offset by a DC voltage as: 

0( ) {cos( ) cos(2 )}
2

out

V
V t t           Equation  3-3 
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To measure the exact amplitude of the input signal, the DC component of Equation 3-3 can be 

extracted using a low pass filter. The phase difference (φ) can easily be adjusted through UHFLI 

system by the operator.  

As it is shown, the only requirement for a noisy signal to be measurable by a lock-in amplifier is 

to oscillate at Ω. This has been done by implementing a mechanical chopper in the laser line. The 

chopper generates an electronic signal with the exact frequency of the chopping frequency that is 

considered as the input reference signal of the lock-in amplifier. 

 

Spectrometer. 

An Ocean Optics USB2000 fiber optic spectrometer that is shown in Figure  3-4 was used as the 

UV/Vis spectrometer in the experimental setup of this study. The system resolution is about 1.5 

nm. The light is coupled to the spectrometer via an appropriate optical fiber. There is a 

collimating mirror in the spectrometer, which focuses the light entering the spectrometer towards 

a diffraction grating. The grating splits and diffracts light into several beams and directs them 

onto a focusing mirror, which can focus the light onto a CCD detector. We used the latest 

generation of the operating software of Ocean Optics spectrometer (OOIBase32) that has 

advanced acquisition and display capabilities. We could control all system parameters, collect and 

display data in real time, and perform time acquisition experiments. Its capabilities to integrate 

the signal over a specified time period was helpful in order to detect low level signals.   
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Figure  3-4. UV/Vis spectrometer                 

 

3.2 Thin Film Deposition System 

As the thin film morphology plays an important role in the most of the experiments associated 

with this study, the exact conditions of thin film deposition that is useful for the future 

reproduction of the results presented here.  

The metals were deposited by a vacuum thermal evaporation system (Kurt. J. Lesker), as shown 

in Figure  3-5. The joule effect causes metal heating inside the crucible resulting in the metal 

evaporation. The deposition processes are recorded and controlled by the Sigma software. A 

quartz crystal microbalance (QCM) is also monitoring the film deposition rate. 

The required low vacuum for the deposition that is usually about (< 10
-6

 Torr) is easily supplied 

by the roughing and turbo pumps. However, if it is needed to heat up the substrate inside the 

chamber, the vacuum decreases rapidly. Therefore, it is suggested to pump down the system 

overnight to reach as high vacuum as possible (<10
-7

 Torr) prior to the actual deposition process 

started.  

We used rotational stage to get a uniform film all over the sample, as there is a small angle 

between metal source and the normal axis of substrate. 
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Figure  3-5. Kurt J. Lesker vacuum thermal deposition system (Photo is taken from inside of 

vacuum chamber) 

 

3.3 Characterization Techniques 

The UV-Vis spectrum of thin films was recorded by a Lambda 20 spectrometer (PerkinElmer) 

and the IR spectrum measurements was done by M-2000V spectroscopic ellipsometer with 

extended IR capabilities (equipped by J.A. Woolam).   

Scanning electron microscope (SEM) images are recorded with a field emission microscope LEO 

1530 (Zeiss Gemini) with an incident beam energy in the range of 0.2-30 kV. In order to improve 
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the electrical conductivity and the image resolution, all samples were mounted on a carbon tape 

and wrapped with a copper tape before installing inside the microscope. 
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Chapter 4 

SearchingforEvidenceofOpticalRectification:Optically-Induced

NonlinearPhotovoltageinaCapacitorConfiguration 

 

4.1 Introduction 

Optical rectification is a second-order nonlinear optical process that is responsible for the 

generation of DC polarization in nonlinear media. This process has been used in many recent 

reports to convert light directly DC voltage [104,105,102,20,106]. The ultrafast response time of 

the second-order nonlinear OR and its broadband response spectrum at optical frequencies make 

it a good candidate for the development of next generation energy conversion devices [5] that can 

overcome present limitations of semiconductor photovoltaic cells. The remarkable properties of 

plasmon enhanced OR effect can lead to possible applications in room temperature IR 

photodetectors, which do not suffer from the same limitations as current technologies, such as 

high noise level, slow response time, and spectral restrictions [107]. In the near future, optical 

rectification may also be combined with optical nanoantenna to build efficient solar energy 

converters: the so-called ‘rectenna’ solar-cells [64,108,109,110].  

However, OR-based applications will not be efficient without enhancing the OR process, which is 

not achievable without a precise knowledge of the source and nature of the contributions. The 

optical rectification process generates a bound charge distribution which is detectable only in a 

capacitive coupling. There have been several reports of induced DC photovoltage in a capacitor 

configuration that was interpreted as the nonlinear OR process [103,111,112]. However, 

theoretical studies [113], as well as our own experimental investigations [114], show that in most 

cases OR cannot be the true explanation for DC photocurrent that has been detected in a capacitor 

configuration. Plasmon absorption [115], nonlinear multiphoton absorption [114], and built-in 
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potential due to work function differences [116] are some possible artifacts providing alternative 

explanations.  

In this chapter, we present a method and the related apparatus to study the differences between 

the generated photovoltage through optical rectification process and some other nonlinear 

processes in thin films. The method effectiveness is examined through three different 

experimental conditions: the first experiment dealing with the multiphoton absorption (MPA) 

process as the dominant nonlinear process in samples under study, in the second experiment the 

thermally-induced work function variations is the dominant process, and in the third one the hot-

electron injection originated OR process is designed to be the predominate process. Our 

experiments open directions to revisit some of the previously reported experimental results.  

 

4.2 Optical Rectification Background 

In the framework of nonlinear optics, the relationship between the induced polarization (P) in a 

lossless and dispersion-less medium and the incident electric field strength (E) was described 

in  2.1.  

As seen in Equation 2-9, the DC polarization of the material depends on the square of the incident 

electric field. Considering the first-order in χ
(2)

, a static charge distribution will be created inside 

the nonlinear material, which will be linearly proportional to the polarization induced by OR. 

Since the induced charge is a surface charge which remains bound, only capacitive coupling will 

make it possible to detect the OR signal as a photovoltage inside a material or structure. A 

capacitor configuration can be used as shown in Figure  4-1. The induced voltage across the 

electrodes can be expressed as 
2(2)

0V E   , where ρ is the static charge distribution inside 

the material [113]. 
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Figure  4-1. Capacitor configuration to detect OR in the nonlinear material (Adapted from 

[117]). 

 

4.3 Experiments and Discussions 

Since the optical rectification process is naturally weak for a thin film and practically impossible 

to detect in the case of a continuous-wave optical illumination [113], we used a chopped 

continuously mode-locked femtosecond laser with about 30 kW-peak power. However, in such 

excitation scheme there is a strong possibility to trigger other nonlinear photovoltage-generating 

mechanisms. In the remainder of this paper, we focus on the characteristic analysis of the OR-

process and its differences with some similarly induced nonlinear DC-photovoltages in the 

capacitor configuration. Although not the entire manifold of nonlinear effects can be addressed in 

this study, it allows shedding some light on effects that may and do influence the detection of 

OR-induced photovoltage. 

4.3.1 Induced Photovoltage via Bulk Multiphoton Absorption (MPA) 

One of the possible processes that may generate photovoltage in a medium under an intense 

femtosecond laser is nonlinear multiphoton absorption (MPA). Inspired by previous experiments 

on organic photodetectors in our group, we performed MPA measurements with ultrafast laser 

pulses illuminating a nonlinear semiconducting polymer device.  Our goal was to clarify the MPA 

signal characteristics in order to distinguish it from OR signal.  
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The nonlinear medium chosen was P3HT (3-hexyl-thiophene), which is a widely explored 

semiconducting polymer in research involving organic field effect transistors, solar cells [62], 

organic light emitting diodes [118], nonlinear optical devices [119], and flexible IR detectors 

[120]. Devices with slightly different fabrication procedures were investigated at this step to show 

the two- and three-photon absorption processes. 

 

Organic Photodetector Fabrication 

The devices were fabricated using a transparent indium tin oxide (ITO) coated glass electrode as 

the substrate. A 120 nm Ag-thin film was used as the top electrode. The active layer of the 

photodiode was a thin film of a P3HT:PCBM ([6,6]-phenyl C61 butyric acid methyl ester) bulk-

heterojunction [62]. The main fabrication process steps and an image of the photodetector are 

shown in Figure  4-2(a) and (b), respectively. 
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Figure  4-2. Organic photodetector: (a) Main process flow used for the fabrication of organic 

photodetector, (b) Photo of two cells fabricated on an ITO substrate.  

 

A glass slide, that is coated with 120-160 nm indium tin oxide (ITO) layer with a sheet resistance 

of 9-15 Ω/sq from Lumtec (Luminescence Technology Corp.) used as the substrate and cathode 

of the photodetector. The ITO slide was patterned to make the top electrode connection possible 

on the same substrate. The ITO glass slide surface was covered with a tape except for the region, 

where the ITO is to be etched out. The sample is then immersed into a 2M hydrochloric acid for 

about 5 minutes. We may add a small quantity of zinc powder to the solution, which works as a 

(b) 

(a) 
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catalyst for the etching process. The slide was then quickly taken out and dipped into the sodium 

carbonate, a strong base, to stop the etching process. After rinsing in water, the tape was removed 

from the slide.  

The ITO slide was cleaned with soapy water, deionized water, isopropanol (IPA), and acetone by 

sonication in an ultrasonic cleaner for 10 min in each solvent. The slide was dried with a stream 

of nitrogen. A thin film of zinc oxide (ZnO) was used on top of the ITO electrode as the interface 

layer to create a more efficient charge transfer path. A solution of 0.75 M zinc acetate dihydrate 

in 0.75 M monoethanolamine in 2-methoxyethanol was stirred for about 12 hours. The solution 

was then spin-coated on the patterned ITO on a glass slide at 2000 rpm for 40 s to get a layer 

thickness of about 40 nm. The slide was then baked on a hot plate for 5 mins at 275 ˚C, and then 

rinsed with deionized water, isopropanol, and acetone. The slide was dried under a jet of nitrogen 

and the solvent was removed by heating at 200 ˚C for 5 mins. This slide was then ready to be 

spin-coated by the active layer of P3HT: PCBM. A solution of P3HT: PCBM (1:1 wt. ratio) in 

1,2-dichlorobenzene was stirred for about 12 hours. The solution was then filtered through 0:2 

μm PTFE filter to remove any aggregates and stored in a vial. In fact, it is advised to sonicate the 

solution briefly just before spin-coating the layer. The layer was spin-coated on top of the ZnO 

layer at 600 rpm for 1 min, to get a layer thickness of about 250 nm. Following spin-coating, the 

slide was annealed at 110 ˚C for about 10 mins. A 120 nm thick silver thin film was deposited by 

vacuum thermal evaporation at a chamber pressure of ∼10
−6

 Torr and a deposition rate of 1.5 Å/s 

as the anode. 

 

Discussion 

The absorption spectrum of the P3HT/PCBM layer as shown in Figure  4-3, shows a peak at about 

500 nm, which is a characteristic of P3HT, and negligible absorption in the near infrared region. 

The dip at 300 nm is due to the ordinary glass substrate. A three-photon absorption (3PA) 
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resonance that is shown schematically in Figure  4-4, occurs at wavelengths three times longer 

than the single-photon absorption peak, which creates favorable conditions to observe a 

photovoltage generated in the cells at 1550 nm. The mechanism of photovoltage generation in a 

donor-acceptor junction is already explained in Ref. [62]. 

 

 

Figure  4-3. Absorption spectrum of the P3HT:PCBM blend on the ITO substrate (Adapted 

from [114]). 

 

 

Figure  4-4. Schematic representation of the three-photon absorption process (Adapted from 

[114]).  

 

A custom-built photovoltage scanning apparatus, shown schematically in Figure  3-1, was used for 

data acquisition. The samples were illuminated with the laser source-generating polarized light 

pulses centered at 1550 nm-wavelength. The sample was placed at the focal plane of a focusing 
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lens. The photodiode generated voltage versus the input illumination power is shown in 

Figure  4-5. Different samples show slightly different photoresponses; these differences are 

attributed to the fabrication and annealing conditions as well as to aging of the samples. The 

measured 3PA photovoltage can be correlated with the short circuit current JSC delivered by the 

same samples under 100 mW/cm
2
 solar simulation conditions. Results are collected in Table  4-1, 

which shows that JSC follows the same trend as the 3PA short-circuit photocurrent J3PA. 

Table  4-1. Short circuit currents JSC under 100 mW/cm2 solar simulation and J3PA under 60 

mW IR laser excitation. 

Samples under study sample1 Sample2 Sample3 

JSC (mA.cm
-2

) 7.5 2 2.5×10
-3

 

J3PA (μA.cm
-2

)* 0.24 0.04 0.005 

* The 1000 μm
2
 area of the laser beam at focus was used to extract J3PA 

 

As it is shown in Figure  4-5, the slope of the experimental data is very close to 3 decades of 

photovoltage per decade of optical power in a log-log scale, which can be described by Equation 

2-18. There, it is clear from the time averaging that only the odd orders of polarization can 

contribute to the absorption process under a monochromatic field. Consequently, a three-photon 

absorption process is proportional to the fifth-order nonlinear polarization and the absorbed 

energy is proportional to the cube of the light intensity. Thus, checking the dependency of the 

output photovoltage versus the pump power can be considered as the simplest measurement test 

for any multiphoton absorption source versus optical rectification one.  
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Figure  4-5. 3PA photovoltage for three different samples under study. The points show the 

experimental data and the solid lines correspond to the 3PA model -3 decades of 

photovoltage per decade of optical power in a log-log scale (Adapted from [117]) . 

 

What can we conclude if the dependency of the output photovoltage versus the pump power is not 

explainable by the bulk absorption spectrum? To explain this situation, our next set of 

experiments reveals additional evidence about the multiphoton absorption process and its 

differences from the OR mechanism. 

4.3.2 Induced Photovoltage via Deep States Multiphoton Absorption 

Another possibility to study multiphoton absorption is through the deep trap absorption of the 

P3HT blend, which is different from the bulk absorption. Various reports confirm the presence of 

localized states within the interface band gap [121,122], where a direct excitation from the 

highest occupied molecular orbital (HOMO) of the donor to the lowest unoccupied molecular 

orbital (LUMO) of the acceptor via deep states (traps) is expected. This kind of absorption often 

known as charge transfer (CT) excitation.  
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Some variations in photodiode fabrication conditions, like the presence of oxygen, can increase 

the density of available deep traps. Figure  4-6 shows the evolution of the generated photovoltage 

versus light power for newly fabricated photodiodes. The slope of the curve is very close to 2 

decades of photovoltage per decade of optical power in a log-log scale, which shows that the 

dominant MPA in these cells is two-photon absorption (TPA). The TPA behavior of photodiodes 

can be explained by the localized states within the band gap at interface of P3HT and PCBM 

[123].  

 

Figure  4-6. TPA photovoltage for two different samples under study. The points show the 

experimental data and the solid lines correspond to the TPA model - 2 decades of 

photovoltage per decade of optical power in a log-log scale (Adapted from [117]). 

 

However, to confirm that these observations are due to the actual TPA and not to other possible 

photo-generation events, we investigate the effects of the polarization state of the incident light 

on the intensity of the detected signal. The TPA photoresponse to the polarized light shows 

almost a constant dependence versus linear polarization and some oscillatory dependence versus 

circular polarization, as seen in Figure  4-7. Small variations from the linear fit in Figure  4-7 for 

linearly polarized light is just due to the change in Fresnel coefficients at the air-glass interface 
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with a maximum at p-polarized light. It has been identified that the measured TPA photovoltage 

for the circularly polarized incident light versus the linearly polarized one is very close to the 

ratio of 2/3. This ratio is expected for an isotropic nonlinear material [20]. Therefore, polarization 

study is another meaningful analysis to distinguish between MPA and OR-photovoltages. 

However, this is not always a feasible test due to the experimental limitations like the coupling of 

surface plasmon [103].  

 

 

 

Figure  4-7. Polarization dependence of the TPA photovoltage. The points show the 

experimental data and the solid lines correspond to the linear and 22 cos (2 )  models in 

half-wave-plate (HWP) data, and (c) quarter-wave plate (QWP) data, respectively (Adapted 

from [117]). 

 

4.3.3 Thermally-induced Photovoltage 

To proceed with the investigation on similar photovoltages to OR photosignal, we considered 

thermal effects in a capacitor configuration. In capacitor devices, there is a possibility to detect 

photo-signal generated through changes in the relative work functions (WF) of the electrode 
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surfaces. Work function of a given surface depends on the surface’s Fermi level and the 

electrostatic potential in the vacuum near the surface. Therefore, the space between two dissimilar 

conductor surfaces will experience a built-in electric field, which can be measured by different 

techniques [124]. However, even for two similar electrodes, as soon as one of the pair’s WF 

changes, a potential difference will become detectable [116].  

Metal’s WF variations versus temperature are a consequence of several mechanisms, such as 

thermal expansion, atomic vibration, chemical potential variation, spontaneous volume change 

[125], and oxygen adsorption [126].  

To better understand light-induced heating and its related WF-variations in a capacitor 

configuration, we performed an experiment on a gold thin film. The prepared sample was similar 

to samples used in earlier OR detection experiments [103]. A 20 nm thick gold thin film 

deposited directly on a cleaned ITO substrate by vacuum thermal evaporation at a chamber 

pressure of about 10
−6

 Torr via a deposition rate of 1 Å/s. The gold thin film sample is 

sandwiched in a capacitor geometry used for photovoltage measurements. 

To make the capacitor configuration, we need another cleaned conductive ITO glass slide. After 

identifying the conductive side, the bottom ITO glass-Au electrode and the top ITO glass 

electrode were assembled into a sandwich-type cell using a 60 μm thick sealing film as a spacer 

(SX1170-60, Solaronix, Switzerland) between them. It is needed to cut out a rectangular sealing 

gasket from a sheet of hot-melt film with a knife as shown in Figure  4-8(a). Next, the two ITO 

slides can be kept together with two small binder clips, and put in an oven at 120 ˚C for 10 

minutes (The hot-melt film needs heat and pressure). Be sure to put the sealing film around the 

gold thin film as shown in Figure  4-8(b). The gap between the electrodes was filled with air. 
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Figure  4-8. (a) Sealing material (b) Capacitor configuration incorporating the gold sample.   

 

The capacitor incorporating the gold sample is illuminated by the femtosecond source, as seen in 

the setup shown in Figure  3-1, away from the focal point to intentionally reduce the chance of 

generating OR nonlinearity. The measured photovoltage was a few microvolts (less than 10 µV). 

A polarization study on the signal shows no changes while the polarization status is changing 

linearly or elliptically. In addition, the detector connected to the spectrometer shows almost zero 

SHG and THG signals. These results are in contradiction to the specifications of the OR-induced 

photovoltage corresponding to the nonvanishing nonlinear susceptibility tensor elements at the 

gold’s surface. However, based on the observed photovoltage characteristics, the mechanism that 

most explains the detected photovoltage is a thermally activated process.  

The laser-induced temperature variation on the sample and its related WF changes can be 

estimated as follows: the surface temperature rises ( )T t  with the heat caused by a square-shaped 

laser pulse of duration t0 calculated using the procedure from D. Burgess et al. [127]. 

1
2

1
2

1 1
2 2

0
0

0
0 0

( ) 2 ( ),

2 [ ( ) ] ( ).

F k
T t t t

K

F k
t t t t t

K





  
    

  

  
     

  
     Equation  4-1 

(a) (b



 

50 

 

Where, K and k are thermal conductivity and diffusivity, respectively, t0 is the laser pulse 

duration, and F0 is the maximum absorbed laser power density (MW/cm
2
) calculated as: 

0 ( ) / , exp( ),out

in out

in

P
F P P A X

P
          Equation  4-2 

where Pin and Pout are the incident and transmitted light powers for each individual layer of the 

sample, correspondingly. α is the absorption coefficient, X is the layer thickness, and A is the area 

of exposure, which was about 10
-4

 cm
2
. 

 

Table  4-2. ITO [128] and gold [129, 130, 131,132] thermal coefficients 

Material K (w/cm.K) k (cm
2
/s) α (cm

-1
) at 1.5 μm 

ITO coating 0.04 0.012 35000 

Gold 

3.17 (bulk) 

1 (20 nm thin film) 

1.29 (bulk) 

1.15 (20 nm thin film) 

867320 

 

The absorption coefficient of the substrate’s ITO layer is calculated based on transmission 

experiments carried at 1.5 μm with the bare ITO glass. Using the laser peak power of about 30 

kW, the solutions to Equations 4-1 and 4-2 yield temperature changes of 110 K and 56 K in the 

ITO and gold layers, respectively. In total, the temperature variations of the ITO/gold electrode 

for a laser pulse should be about 166 K.  

According to literature, the WF variation rate depends on the material, as different procedures are 

involved in each case. Published values show that the work function of gold may change as much 

as 0.7 eV at 770 K due to high oxygen absorption at high temperatures [126]. However, a 

different mechanism suggests that the work function of silver changes about 0.2-0.3 eV at 700 K 

[133]. These numbers suggest that the work function of the electrode consisting of a thin gold 
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layer on top of ITO glass will decrease by a couple of tenths of an electron volt for a one-

hundred-degree temperature increment. 

The capacitance of the capacitor shown in Fig. 4(b) was measured using a BK Precision 

LCR/ESR-meter, model 885 to be about 70 Pf. Considering the fraction of the illuminated area to 

the total area of the capacitor, the detectable photovoltage, relative to work function changes of 

about one-tenth of an electron volt, would be in the µV-range. The calculated photovoltage 

through the thermal effect is in total agreement with the experimentally detected photosignal.  

Based on the above discussions on different capacitor configurations, we argue that several 

reported optical rectification signals could have just been a misinterpretation of the experimental 

results. In most cases, owing to experimental setup limitations, there was no possibility to check 

for the validity of the reported claims.  

Other examples of electro-optical effects in a metallic thin film that can generate sensible 

photovoltage in a capacitor configuration are: the photon-drag effect [80,134], current injection 

[135], drift current [136], photo-Dember effect [137,84], and light-induced thermionic emission. 

However, most of these effects are not relevant to the response of the capacitor structure under 

study. 

4.3.4 Induced Photovoltage via the Optical Rectification Process at the Metal-

Semiconductor Interface 

In this section, we apply the same methodology as previous sections to study the OR generated 

photovoltage via a nanostructured metallic thin film. Despite the large number of reports on metal 

surface and bulk contributions to SHG [138,139], there are not so many reports on studying the 

optical rectification process in nanostructured metallic thin films [140], and to our knowledge no 

OR voltage could be detected for bare metallic thin films.  
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In our study, several silver and gold thin films were prepared on ITO and FTO (Fluorine-doped 

tin oxide) glass substrates in order to optimize the process and parameters for generating a 

plasmonic nanostructure with significant absorption at 1550 nm [141,142,143,144]. 

Two examples of prepared metallic nanostructured thin films, which show interesting 

specifications, are given in Figure  4-9 and Figure  4-10.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  4-9. 14 nm-thick silver thin film deposited on ITO glass substrate (a) SEM image 

that shows an array of randomized silver nanoparticles. (b) Optical absorption spectrum  

 

(a

(b
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Figure  4-9(a) and Figure  4-9(b) show the scanning electron microscope (SEM) image and the 

optical absorption spectrum of a 14 nm silver thin film, respectively. The sample was prepared on 

an ITO substrate that was cleaned with water, isopropanol, and acetone by sonication in an 

ultrasonic cleaner for 10 min in each solvent. A silver thin film was deposited by vacuum thermal 

evaporation at a chamber pressure of about 10
−6

 Torr via a deposition rate of 0.5 Å/s. The silver 

source was 99.99% silver wire (diameter: 1.5 mm) from Goodfellow. The ITO glass substrate 

was heated at 180 °C before and during the deposition process inside the vacuum chamber to 

achieve the appropriate nanostructured silver film. The absorbance spectrum shows a peak close 

to the resonance of an individual spherical particle in the visible range [145] as shown in 

Figure  2-2. The SEM image shows the formation of ensembles of particles that are distributed 

randomly in space. It is a very dense distribution known as closed-packed spherical particles in 

contrast to dilute system of random particles known as random gas of particles. The dipole-dipole 

interactions (dipolar collective modes) in those kinds of structures are long-range and delocalized 

all over the structure. In the system of well separated spherical particles, there is no resonance 

mode at long wavelengths at all. Therefore, the collective modes are also in visible range and the 

absorption spectra shows a peak centered at a nanoparticle resonance frequency in visible range.  

In contrast to the plasmonic nanostructure shown in Figure  4-9 with absorption spectrum in 

visible region and zero absorption in near-infrared (NIR) range, the gold nanostructure presented 

in Figure  4-10 shows a significant absorption peak at NIR frequencies. The broadened absorption 

spectrum covering the near-infrared (NIR) region plus the SEM image confirm that the rough thin 

film consists of isolated Au nano-islands with strong interparticle interaction between 

neighboring particles [6,60]. The gold thin film was deposited by the same method as the silver 

thin film using the vacuum thermal evaporation system on preheated ITO glass substrate. The 

deposition rate was about 0.32 Å/s. More detail discussion on this nanostructure will be given in 

Chapter 5.  
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A capacitor device built from the gold sample in the same configuration represented in 

Figure  4-8(b) was used for photovoltage measurements. The dependency of the output 

photovoltage versus the illumination power was tested as the first suggested measurement in 

4.3.1, to identify any sources of OR photovoltage. The result as illustrated in Figure  4-11(a) 

shows a linear dependence on the laser source irradiance, which is expected for an OR induced 

photovoltage as described by 

 

(2) (2) * (2) *0

(2) 2 (2) 2

{ ( , ) ( , ) ,[ ]
4

( , ) ( , ) } ,[ ]

i ijk j k ijk j k

i t i t

ijk j k ijk j k

P E E E E OR

E E e E E e SHG 


     

       

   

   
    

Equation  2-9.The polarization dependence of SHG, THG, and OR signals under 1550 nm 

illumination is illustrated in Figure  4-11(b), 4-11(c), and Figure  4-12, respectively. The Data 

acquisition setup is explained in detail in chapter 3. To investigate the nonzero components of the 

second- and third-order nonlinear susceptibility tensors, each signal is plotted as a function of the 

incident linear polarization direction.  
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Figure  4-10. 14 nm-thick gold thin film deposited on ITO glass substrate (a) SEM image 

that shows aggregation of particles. (b) Optical absorption spectrum 

 

Simultaneous observations of OR photovoltage, SHG and THG signals show that the sample is 

very close to the focal point of the laser. This positioning at the highest light intensity allows for 

the detection of different nonlinear optical effects from the sample.  
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Figure  4-11. Light power and polarization dependence of the nonlinear signals generated 

through a 14 nm gold nanostructured thin film on top of an ITO substrate. (a) Photovoltage 

measurement showing dependency on the illuminated laser power, with the linear fit 

denoted as a black line. (b) SHG intensity, (c) THG intensity (Adapted from [117]). 
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The photovoltage variation versus linear polarization confirms that the voltage is neither due to 

multiphoton absorption nor to thermal processes. The physical mechanism responsible for the 

measured photovoltage can be explained via the polarization activities seen in Figure  4-11(b) and 

(c), and Figure  4-12. 

The SHG signal is enlarged and diminished while the sample is excited with a wave that is 

polarized parallel and perpendicular to the incidence plane (p- and s-polarized pump laser), 

respectively. As is known, in a centrosymmetric material and according to the dipole 

approximation, the second-order bulk nonlinear susceptibility must vanish [20]. Therefore, the 

detected SHG signal is due to the broken inversion symmetry at the interface, where the only 

three nonvanishing independent second-order susceptibility tensor components are: 

,zzz zxx zyy    and xxz xzx yyz yzy       [146]. 
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Figure  4-12. OR photovoltage generated through a 14 nm gold nanostructured thin film on 

top of an ITO substrate and schematic representation of the measurement configuration 

(Adapted from [117]) 

 

In the illumination configuration shown in Figure  3-1 and for an s-polarized incident light, the χzzz 

component, which is the largest surface nonzero second-order susceptibility element [137] 

doesn’t contribute to the SHG emission.  

Unlike the SHG signal, which only arises in non-centrosymmetric materials, the THG is allowed 

in all materials, since the third-order susceptibility χ(3) is nonvanishing regardless of the 

symmetry of materials. Interestingly, owing to the non-phase matched conditions of the process, 

the largest contributions to THG will come from the interfaces [147]. Considering the most 

common symmetries explained in  2.1.1, there are 21 nonzero elements left for the third order 
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nonlinear susceptibility tensor of an isotropic media from which only three are independent. The 

main relation between these nonzero elements is: yyyy xxxx zzzz zzyy zyzy zyyz         

[148,149,86]. Since, the ITO/Au interface is affected by the gold nanostructure and its optical 

activity, the relation between susceptibility elements at the interface is a little changed for the 

sample under study. It has been shown that the plasmonic nanostructure represented in 

Figure  4-10, has the maximum NIR absorption at s-polarized light, where the light’s electric field 

is parallel to the plane of nanostructure [6]. As a result: 

yyyy zzzz           Equation  4-3 

Surprisingly, the DC photovoltage polarization plotted in Figure  4-12 shows a similar behavior to 

THG emission, and not to the SHG one. This indicates the SHG and OR signals have different 

origins [150] in this sample. The process, which can also explain photovoltage enhancement 

under s-polarized illumination, is explained below. 

The polarization giving rise to the OR signal needs not necessarily be second-order in the pump 

light’s electric field. It has been shown that when suitable combinations of frequencies and static 

fields are used, higher-order nonlinear polarizations can also lead to rectification [151]. In this 

situation, the rectification process is via a third-order nonlinear optical process called electric-

field-induced optical rectification (EFIOR) that is explained in more detail in  2.4.5. 

(0) (3) ( ) ( )

0 (0; , , ) DC

i ijkz j k zP DC E E E          Equation  4-4 

Where 
DC

zE , is the DC electric field normal to the surface, proportional to the static depletion 

field. It has been shown that at the ITO/gold interface, a local depletion forms due to hot-electron 

injection from gold into the ITO layer [152], which leads to a local rectifying Schottky barrier. 

Therefore, the features of the DC photovoltage shown in Figure  4-12 can be explained using the 

same tensor components as for THG and both are related to the (3)

ijkz  elements.   
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The detected THG intensity is proportional to the incident light electric field and third order 

nonlinear susceptibility elements that can be expanded for s- and p-polarized light as follows: 

(3) 4

0 yyyyTHG signal for s polarized light E       Equation  4-5 

(3) 4 (3) 4

0

(3) (3) (3) 2 2 4

[ sin( ) cos( )

2( )cos( ) sin( ) ] .

zzzz xxxx

zzxx zxzx zxxz

THG signal for p polarized light

E

    

    

   

    

          Equation  4-6 

Where θ is the angle between the incident light ray and the sample normal axis. The detected 

field-induced OR photovoltage also can be expanded as a function of the incident light electric 

field and third order nonlinear susceptibility elements as follows:  

(3) (3) (3) 2 2

0( )zyyz zyzy zzyy DCOR Photovoltage for s polarized light E E        Equation  4-7 

(3) 2 (3) (3) (3) 2 2 2

0[ sin( ) ( )cos( ) ] .zzzz zzxx zxzx zxxz DC

OR Photovoltage for p polarized light

E E      

 

  
   Equation  4-8 

As shown earlier, the summation in Equation 4-7 is equal to 
(3)

yyyy . Accordingly, Equations 4-5 to 

4-8 show that THG and OR signals are following the same optical behavior of the gold 

nanostructure, which represented by Equation 4-3.  

We believe that our proposed method of study could reveal the true origin of the detected 

photovoltage from the metallic nanostructure under intense illumination to be EFIOR but not 

simply the expected one as second order nonlinear OR process. We also used discussions in 2.4.1 

to 2.4.4, to investigate other possible sources of induced photovoltage for our case of study. The 

polarity of the photosignal is in the direction of SPP in plasmon drag effect and the induced 

photovoltage changes versus the s-polarised light incident altitude angle variations; however, both 

are in contradiction with our experimental data. Drift and injection currents are only generated in 
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non-centrosymmetric materials, which is not the case of our study. The constant azimuthal angle 

dependencies of the generated photocurrent show that the detected photosignal cannot be 

attributed to the photodember effect. 
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Chapter 5 

UnbiasedHot-ElectronPolarization-SensitiveNear-Infrared

PhotodetectorBasedonGoldThinFilm 

 

5.1 Introduction 

 

Photodetection through conventional procedures is based on light absorption by a material with a 

matching bandgap. However, this approach limits range of wavelengths that can be detected, is 

not sensitive to polarization, and cannot be used accurately in the infrared range because of 

thermal noise [7,153,15]. Recent approaches have attempted to circumvent these limitations [3]. 

In particular, recent studies have shown that plasmonic structures are promising elements to 

convert light into electrical energy directly by generating energetic (“hot”) electrons 

[3,154,155,156,157,158,159]. These hot electrons can be generated by nonradiataive plasmon 

decay via electron-electron collisions through surface scattering processes in metallic surfaces 

and nanostructures [156,160], or at metal/semiconductor interfaces [161]. This allows one to 

achieve broadband hot electron generation, even in the near infrared (NIR) range, simply by 

controlling the shape, size and arrangement of the nanostructures [162]. 

Metal–semiconductor Schottky junctions have been reported as the most efficient structures to 

collect hot electrons [4,163,164,165] and generate a signal in photodetectors. However, 

previously reported photodetectors based on this methodology, including the ones using nanorods 

[166,167] nanowires [168], metal gratings [169], and waveguides [170,171] are very costly to 

fabricate, and not suitable for large-scale fabrication. Furthermore, some reported instances of 

hot-electron-based photodetector devices are extremely sensitive towards the incident angle 

[167,172], or their responsivity depends on an external bias, which limits their efficiency.   
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Recent studies show evidence of hot electron injection into the ITO layer in an ITO-Au hybrid 

[152]. The highly conductive ITO-Au interface provides a very short Schottky barrier height, 

which causes no depletion region in the ITO, as electrons can tunnel across this barrier, leading to 

an ohmic behavior. However, a local depletion at the interface can be formed under specific 

conditions [152], which leads to a local rectifying Schottky barrier. These observations inspired 

us to strategically exploit this local depletion formation to design a device based on ITO-Au 

nanostructures for NIR photodetection. Herein, we demonstrate that ITO-Au nanostructures can 

indeed be used to fabricate an NIR photodetector.  

The formation of depletion regions is known to be enhanced by applying an external electric 

field. It is therefore envisaged that in the current devices, generating a permanent local electric 

field with a thin layer of an organic material where the dipoles of the molecules are permanently 

aligned would provide a way to enhance device performance. Although organic small molecules 

are appealing materials for thin film applications, because they can easily be processed from 

solution, it is important for such purposes that the film morphology be controlled appropriately, 

and that the dipoles of the molecules be properly oriented and remain indefinitely in the desired 

orientation. Recently, a series of glass-forming azo chromophores was reported, all of which 

showing the ability to form high-quality amorphous thin films from solution [173,174]. While 

their dipoles can be conveniently oriented by a corona poling process, azo chromophores tend to 

reorient due to a series of light-triggered fast cis-trans isomerizations [175,176]. Fortunately, one 

benzothiazole-based material, called Azoglass-530, showed a very small decay of its orientation 

over time, as it is known to undergo slow isomerization [176].  

Herein, Azoglass-530 was used as an additional layer in the devices to generate a permanent local 

electric field to enhance hot electron collection. The resulting structure has been used in a 

lithography-free, large area fabricated, and visible-semitransparent device that utilizes the hot 

electrons from plasmon decay and the nonlinearity of ITO to directly generate a photovoltage 
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from light exposure. We demonstrate how self-affine Au thin films could be beneficial in 

generating hot electrons in the NIR region, and how a permanent oriented dipole such as poled 

Azoglass-530
 
[176] could enhance the device performance as a photodetector.  

This device structure allows the fabrication of hot electron-based photodetectors that are highly 

sensitive in the NIR range, that are sensitive to polarization, and that are easy and cost-effective 

to fabricate. The approach developed represents a significant milestone towards the development 

of energy conversion devices based on hot electrons, which could be beneficial in integrated 

optoelectronics. 

5.2 Experiments and Results 

Although Plasmon-induced carrier generation favors the excitation of electrons from near the 

Fermi energy (Ef), the population of the hot electrons generated by plasmon decay exhibits a 

plateau in the region between the low-energy Drude electrons and the highest possible energy, Ef 

+ ħω, where ω is the photon frequency [177]. In TiO2-Au and Si-Au junctions, which are the 

mostly studied hot electron collector junctions, a Schottky barrier of about 1 eV and 0.81 eV is 

formed at the interfaces, respectively. Therefore, these Schottky barriers prevent any electrons 

with lower energies to pass through the junction, and only the high-energy electrons will have 

sufficient kinetic energy to overcome the barrier. It means that a portion of the generated hot 

electrons will not have any chance to be captured before thermalization in Au. However, for an 

Ohmic contact, where either no barrier or just a narrow barrier exists, low-energy electrons also 

have a chance to be collected by the junction. Theoretically, in an Ohmic junction with no barrier 

height, the detection window would be expected to cover the entire short-wave infrared spectral 

range, which is not limited by the Schottky barrier height. Moreover, the energetic hot electrons 

lose more energy through Schottky barriers than Ohmic junctions, so theoretically less voltage is 

generated. 
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Following by the discussion on Schottky and ohmic junction, and inspired by experiments 

described in the literature on the plasmonic nanoantenna-ITO hybrid, we fabricated gold 

nanostructure arrays on top of ITO glass, which is the principal component in our NIR 

photodetector device design. The ITO glass is optically transparent, which is beneficial in the 

fabrication of transparent detectors integrated with other optical elements. Moreover, the ITO 

layer which is part of the junction to collect electrons at the interface also constitutes the back 

electrode, thereby removing the need for an extra layer during fabrication. Figure  5-1 

schematically depicts the device geometry based on a thin gold film in an air-gap capacitor 

configuration.  

 

Fabrication of NIR Photodetector 

A transparent commercial ITO-coated glass substrate (Lumtec) with a 160 nm thick ITO layer 

with sheet resistivity of 15Ω/square was used as the bottom electrode. The ITO slide was cleaned 

with water, isopropanol, and acetone by sonication in an ultrasonic cleaner for 10 min in each 

solvent. The slide was dried with a stream of nitrogen. A simple random gold nanostructure array 

was fabricated by depositing a 14 nm-thick gold thin film using Physical Vapor Deposition 

(PVD) system represented in  3.2 at a chamber pressure of ~ 10
-6

 Torr and a deposition rate of 

0.32 Å/s. The ITO glass substrate was heated at 180 °C before and during the deposition process 

inside the vacuum chamber. The process and parameters were optimized to generate a gold thin 

film with an appreciable absorption at 1550 nm. A 4.4 mM solution of Azoglass-530 which was 

prepared according to the literature [174] in dichloromethane was prepared and stirred for one 

hour. A thin film of Azoglass-530 was then deposited on top of the gold layer by spin-coating at 

4000 rpm for about 40 seconds. One of our group members has studied and published the long-

term stability of four different poled Azo-glass compounds under both dark and light [176]. The 

material that we have used in our photodetector, Azoglass-530 (see Figure  5-2), shows a very 
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good stability in that study, with less of 10% signal loss after 160 h under illumination. Moreover, 

illumination did not result in a faster signal decay than when the material is in the dark.  

Afterwards, the molecular re-alignment of the Azoglass-530 thin film was performed using a 

custom-built corona poling station.  

 

 

Figure  5-1. Schematic representation of the Azoglass-Au-ITO based integrated NIR 

photodetector (Adapted from [6]).  

 

Corona poling also known as electric-field poling is described in detail in many literatures [175]. 

The sample was heated on a hot plate at a temperature above the Azoglass-530 transition 

temperature (Tg) while an electric field was applied (see Figure  5-2). Temperature was controlled 

using Cole-Parmer Digi-Sense temperature controller. The heating temperature was about 90 °C 

and the electric field of 8 kV was applied for 20 min. The metallic hot plate surface acts as one of 

the electrodes in poling setup, while the other electrode was a thin metallic wire, which was 

positioned 0.9 cm above the hot plate and parallel to it. A Hippotronics High-Voltage DC power 

supply used as the corona discharge voltage supplier and the current was monitored using a Fluke 

multimeter. After 20 minutes, the sample and poling fixture were cooled down to room 
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temperature using a fan while the electric field kept on. The orientation of molecules can be 

reversed by reversing the electric field direction. 

 

Figure  5-2. Corona poling setup to induce a permanent dipole orientation of the Azoglass-

530 layer on top of the gold nanostructure (with polarities shown appropriate for producing 

a negative corona), (Adapted from [6]). 

 

The capacitor geometry utilized for the photovoltage measurements is as follows. The ITO-Au-

Azoglass-530 bottom electrode and the top ITO electrode were assembled into a sandwich-type 

cell and sealed with a hot-melt spacer in between the electrodes (see Figure  5-1). The 60 μm-thick 

spacer (Meltonix 1170-60PF, Solaronix, Switzerland) was placed around the Au-Azoglass-530 

thin film.  

For this sample, we can not use the same method as we have used in  4.3.3 and heat the sample 

inside the oven. The Azoglass-530 has a glass transition temperature (Tg) at about 85 °C and any 

heating above its Tg increases its molecular mobility that results in a molecular random 

reorientation. To avoid heating the Azoglass-530 thin film, we placed a shaped spacer on the right 
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spot on the top ITO electrode and heated the electrode on a hot plate at 105 °C for 2 minutes. 

Next, the top and bottom ITO electrodes can be kept together with binder clips until the spacer 

cool down completely. The gap between the electrodes was filled with air. 

 

Results and Discussion 

A simple random gold nanostructure array was fabricated by depositing a 14 nm-thick gold thin 

film using Physical Vapor Deposition (PVD) on top of a preheated commercial ITO-coated glass 

substrate. A Scanning electron microscopy (SEM) image of the deposited gold thin film is shown 

in Figure  5-3. The resulting random gold-insulator (air) composite has a fractal morphology 

which could be characterized by a self-affine surface model. The capacitor designed for 

photovoltage measurements was completed by using a second ITO glass plate as top electrode. 

Photovoltage detection was performed using Lock-in amplification. 

As optical nonlinearities were observed in the photoresponse of the fabricated photodetector 

[114], a custom photovoltage scanning apparatus was used for detailed data acquisition, in which 

the second and third harmonics generated are also detectable along with the generated 

photovoltage. The photovoltage response of the devices was measured under a local light 

illumination in the near-infrared (NIR) region at a selected wavelength of 1550 nm. The 

measurement setup has been discussed in more detail in  3.1. 
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Figure  5-3. Photograph showing the transparency of the Au-ITO photodetector. The inset 

shows a Scanning electron microscopy (SEM) image of a 14 nm-thick Au thin film deposited 

on top of a heated ITO glass substrate revealing a self-affine structure (Adapted from [6]). 

 

In order to evaluate the effect of adding a permanent local electric field on device performance, 

devices were built with an additional thin layer of an organic compound into which the dipoles 

were permanently oriented (Figure  5-2). In the present study, Azoglass-530, a recently 

synthesized molecular glass that contains an azobenzene chromophore with a benzothiazole 

group, was used. Azoglass-530 was selected owing to its significantly stable dipole moment 

under ambient light after corona poling for 20 minutes and strong optical nonlinearity [176]. As 

shown in Figure  5-4(a), the measured photovoltage shows a nearly linear dependence on the laser 

source irradiance below 60 mW average power.  

The photoresponse as a function of time during illumination, for devices both with and without a 

layer of Azoglass-530, is illustrated in Figure  5-4(b). 
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Figure  5-4. (a) Photovoltage measurement showing dependency on the illuminated laser 

power, with the linear fit denoted by a red line. (b) Photoresponsivity at λ=1550nmas a

function of time of the ITO-Au detector, with and without a layer of poled Azoglass-530 (c) 

Repetitive on/off cycles of laser light. The green and yellow curves represent the rise and 

decay curve fits (Adapted from [6]). 

 

As observed, the devices show a photoresponse upon irradiation that rapidly (0.5 s) reaches a 

steady state, which is stable once saturation is reached, showing their potential as NIR 

photodetectors. In the Figure  5-4(c), there is residual signal when the illumination is off. We have 

used an optical chopper in the photovoltage measurement setup. In the chopper, an optical switch 

which incorporates a LED is used to get the reference signal when the chopper blades pass 

(c) 

(a) (b) 

(c) 
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through and interrupt the beam path. Our assumption is that when we connect our photodetector 

which has a capacitor configuration to the lock-in amplifier through wires and connectors, this 

combination works as a receiving antenna. Therefore, it collects the chopper optical switch signal 

at some extent and as it is in the same frequency of the LIA’s reference signal, it is amplified and 

showed as the residual signal for no illumination conditions. As it was a negligible signal, we 

disregarded it. However, we believe that it can be removed or decreased by improving our 

electrical circuit insulations and using more caution to avoid the formation of ground loops.  

A 4-fold enhancement in photovoltage is observed upon integration of the poled Azoglass thin 

film on top of the gold layer. This enhancement in photoconversion efficiency indicates improved 

charge transfer efficiency in the presence of the local electric field generated by the permanently 

aligned dipoles of the Azoglass-530 molecules. To show the impact of permanent polarization 

direction on the generated photosignal, a series of devices was fabricated with either a positively 

poled layer (with positive charges oriented towards the Au layer), or a negatively poled layer 

(with negative charges oriented towards the Au layer) of Azoglass-530. A comparison between 

both sets of poled devices with unpoled devices (Figure 5-5) reveals that the signal enhancement 

is not triggered by Azoglass-530 itself, but rather by the presence and direction of the permanent 

dipole. Indeed, the photosignal is suppressed by a local permanent positive polarization generated 

by positively poled Azoglass-530 molecules, enhanced by an inverted local polarization direction, 

and unaffected by unpoled Azoglass-530.  
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Figure  5-5. Photoresponse of ITO-Au detectors, without or with a layer of Azoglass-530 

either unpoled, positively poled, or negatively poled, as a function of light polarization 

changes (Adapted from [6]). 

 

Although the devices incorporating the Azoglass-530 layer show enhanced photoresponse, it is 

desirable that this photoresponse does not continue once illumination ceases, and that device’s 

performance stays constant over extended periods of time. To confirm this, the photoresponse of 

the devices under repetitive On/Off illumination cycles with the NIR light source were performed 

(Figure  5-4(c)). A rapid increase or decrease in photovoltage is observed when the light source is 

turned on or off, respectively. The fitted curves confirm the exponential time dependence, 

yielding estimated rise and decay constants of 219 and 197 ms, respectively. The millisecond 

time scale photoresponse can be attributed to the time constant of the low-pass filter of the lock-in 

amplifier used to characterize the device. More detailed discussion on other contributing slow 

speed photoresponse mechanisms can be finding in next section. 
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Importantly, the photosignal exhibits strong polarization dependence, as shown in  

Figure  5-6, where the photovoltage is plotted as a function of the incident light polarization 

direction for both linearly and circularly polarized light. The laser was set with linear 

polarization, and a half-wave plate was used to rotate the polarization direction.  

 

Figure  5-6. Polarization-sensitive photoresponse of the photodetector upon irradiation with 

a linearly or circularly polarized laser with a power of 60 mW. The polarization dependence 

with linearly polarizedlightwasmeasuredatanincidentangleθ≈30˚(polarizationangles

of 0° and 45° correspond to p-polarized and s-polarized incident light, respectively), while 

the polarization dependence of the photoresponse to circularly polarized light was 

measured at normal incidence. A schematic of the illumination of a thin layer of gold 

nanostructure for polarization dependence is shown in inset (Adapted from [6]). 

 

Hereafter, p-polarization is referred to a wave polarized parallel to the plane of incidence, defined 

with the incident wave at an angle of θ with the sample surface, whereas s-polarization indicates a 

wave polarized perpendicular to the plane of incidence. As is seen in Figure  5-6. The experiments 
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conclude that, no matter the angle of incident LPL (α) relative to the incident plane, CPL always 

yields the largest photosignal from the photodetector.   

Two more test series have been done to check the device photoresponse variations caused by the 

device aging and illumination with a laser power less than 60 mW (see Figure  5-7). The results 

confirm that the device characteristics such as photovoltage linear dependency on the illuminated 

laser power and the polarization dependence of the photoresponse at circularly polarized light are 

not changed in case of a circularly polarized light and illumination with a laser power of 33 mW, 

respectively. Moreover, Figure  5-7(a) and (b) show that the aging of the device may change the 

photodetection sensitivity, but it is not affecting the device characteristics.   

 

 

 

 

 

 

 

Figure  5-7. (a) Photovoltage measurement showing dependency on the illuminated 

circularly-polarized laser power on a device aged for one year. The linear fit is indicated 

with the red line, (b) Polarization dependence of the photoresponse at circularly polarized 

light at normal incidence for illumination average power of 33 mW, with a device aged for 

one year (Adapted from [6]). 

 

5.3 Theory and Interpretation. 

Understanding the mechanism responsible for the generated DC voltage in the ITO-Au 

photodetector is critical in order to improve its sensitivity for integration into practical 

applications. As previously reported in the case of nanostructured metals and metal surfaces, 

(a) (b) 
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which were illuminated with femtosecond laser pulses, detecting the second order nonlinear 

polarization in the forms of second harmonic generation (SHG) [178] and terahertz emission 

(THz) [179] is highly expected. However, an in-depth analysis of our data reveals that the 

second-order nonlinearity of the gold thin film is not responsible for the generated signal in the 

ITO-Au detectors. Compared to previously reported gold thin film second order nonlinearities, 

the metal surface second order susceptibility tensor components (χ(2)) extracted from our data 

show significant differences. It has been shown both analytically and experimentally [139] that at 

metal surfaces, the component χzzz
(2)

 is much greater than χzxx
(2)

= χzyy
(2)

. However, our results in 

Figure 5-6 show that the detected DC voltage reaches a maximum for the case of an in-plane 

optical excitation. Another remarkable difference is the effect of metal surface contamination on 

the nonlinear optical activities from the nanostructured metal surface [179]. The effect of poling 

on the Azoglass-530 layer on top of the gold surface is shown in Figure 5-5, which clearly 

represents the significance of metal surface contamination on the generated photovoltage. Simply 

adding a layer of nonlinear optical Azoglass-530 has a negligible impact on the signal 

characteristics, hinting that the signal is not generated at the Au surface. Finally, the reported gold 

thin film THz electric field amplitude as a function of incident energy density [140] does not 

show any offset on the incident laser power which is in contradiction with the signal 

specifications shown in Figure  5-4(a). Actually, the signal’s laser power offset observed with the 

reported device cannot be explainable by the OR process at the gold layer. These observations 

show that the gold layer by itself is not the source of the generated signal, but rather the structure 

composed of the gold layer and its interface with the ITO layer. 

It is believed that the morphological development of vapour-deposited gold films under 

nonequilibrium conditions will present a self-affine fractal form, i.e. a scale-dependent surface 

roughness [180,181,182]. To describe geometrical objects or functions which are scale invariant, 

the theory of fractal structures can be used. There is no united theory that would describe all 



 

76 

 

fractals. However, properties such as self-similarity over different scales, fine and detailed 

structure at arbitrary small scales and fractal dimension are common between all fractals. Detailed 

discussion on fractal analysis can be found in several textbooks [183,184].   

Basically, a self-affine surface is a feature of a fractal structure whose pieces are scaled by 

different amounts in the x and y directions. Therefore, the optical properties of self-affine thin 

films are, in many respects, similar to those of fractal aggregates, such as possessing dipolar 

eigenmodes distributed over a wide spectral range, which is different from randomly (non-fractal) 

close-packed spheres, in which the absorption peak is always close to the individual palsmonic 

resonances of the individual particles [144]. The surface morphology of the gold thin film which 

is shown in Figure  5-3 is described in greater detail, using a height–height correlation function 

(HHCF) [185]. It is possible to determine the fractal dimension of an structure using an image‐

based technique. There, the quantified data on a fractal object can be obtained from its digital 

image (gray scale image), which includes some details about the structure as well as its surface 

roughness. The most common techniques to investigate the fractal structure from an image are 

box-counting technique and detrended fluctuation analysis (DFA) [186,187]. There have been 

many image analysis and image processing software developed for fractal analysis applications 

that are commercially available. We have used a MatLab code developed by one of our 

collaborators in University of Angers (Dr. Regis Barille) to determine some fractal characteristics 

of vapor deposited metallic thin films [188,189]. The code is stablished based on a bidimensional 

multifractal detrended fluctuation analysis (MFDFA), which is described in detail in Ref. [189].  

The fractal analysis on the SEM image of Figure  5-3, reveals the multifractal spectrum as shown 

in Figure  5-8. The q is the moment order and Dq and hq that are functions of q, are order 

singularity dimension and q-order singularity exponent, respectively. As the bandwidth of the 

multifractal spectrum of the Au nanostructure is very narrow, it reveals a surface close to a 

monofractal surface. 
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Figure  5-8. Multifractal spectrum of the Au nanostructure (Adapted from [6]). 

 

The height-height correlation function (HHCF) describes a statistical analysis of the 

characteristics of the surface roughness in detail, and in the case of self-affine surfaces, it can 

reveal the fractal properties of the surface. Note that a power-law behavior for a lateral correlation 

function may imply a self-affine scaling behavior for the surface. For an isotropic self-affine 

surface, the correlation function H(r), Hurst function, has the following scaling form [190].  

 
2

2( ) 2 1 exp rH r



     

           Equation  5-1 

Where ω is the surface roughness, r is the horizontal distance between two points, ξ is the 

correlation length, and α is the roughness exponent (Hurst parameter) describing the texture of the 

roughness. A larger α value closer to 1 corresponds to a locally smooth morphology. For a plane, 

the roughness exponent α is linked to the fractal dimension by (Df = 3-α). The Hurst parameter 

characterizes the short-range roughness. The sizes of the surface lateral and vertical mounts or 

valleys are defined by the values of ξ and ω, respectively. 
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The autocorrelation function or height–height correlation function, which are not independent 

[191], can give a quantitative information about the surface morphology. Experimentally, one of 

the most common methods to quantitatively obtain those functions about a surface is to use one of 

real-space imaging techniques such as SEM imaging [192,193]. Using a MatLab code, the height-

height correlation function has been calculated based on measurements done on the SEM image 

shown in Figure  5-3 and plotted in Figure  5-9.  

 

Figure  5-9. Red points show the height–height correlation function (HHCF) calculated 

based on measurements done on Au nanostructure SEM image. The continuous black line 

shows the Hurst function fit (Adapted from [6]). 

 

The fractal properties of the presented surface were extracted by fitting the Hurst function, plotted 

in Figure  5-9 to the calculated HHCF data and presented in Table  5-1. 

 

Table  5-1. Fractal properties of the gold thin film shown in Figure  5-3. 

ω (nm) ξ (nm) α Df 

15.66 nm 13.63 0.97 2.03 
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The discrete dipole approximation (DDA), that was originally developed by Purcell and 

Pennypacker [194], and developed later by Shalaev to calculate the optical responses of self-

affine structures [60], has been used to explain the absorption spectra of the deposited gold thin 

film (Inset of Figure  5-3). Self-affine films can be modeled by point dipoles placed in the sites of 

a cubic lattice with period a (much smaller than the size of any spatial inhomogeneity). The film 

is thus simulated as a set of N virtually spherical particles. We assume that the characteristic size 

of the system is much lower than light wavelength λ = 2π/k, and that the incident electric field is 

equal at each particle, which are limitations corresponding to a quasi-static approximation. 

Therefore, the electric field can be denoted simply as E0exp(-iωt). The linear polarizability of any 

particular monomer i is given by the Lorentz-Lorentz formula: 

(0) 3

0 [( ) / ( 2 )]i i i h i hR               Equation  5-2 

Where Ri is its sphere radius Ri = (3/4π)
⅓
a (chosen in order to satisfy the equality between the 

total volume of all spheres and the total volume of the object under study), εi and εh are the bulk 

dielectric permittivity of the film material and host medium, respectively. In the case of fractal 

clusters, there may be aggregated spheres monomers that form a cluster, so the sphere radius 

should be smaller than the assumed Ri here. However, theoretical [195] and experimental results 

show that in the case of very close monomers the dipole field generated by one monomer is not 

homogeneous inside the adjacent particle and reaches a maximum near the point of contact 

between the monomers. Therefore, in fractal structures, either utilizing a higher-order multipole 

expansion (more than just dipole moments), or using a model in which neighboring spheres are 

allowed to intersect geometrically
 
[196] was suggested. 

Now this allows us to treat the film as a cluster of polarizable monomers that interact with each 

other via light-induced dipoles. We denote the dipole moment of the i
th
 monomer located at 

position ri, as di, which can be written in terms of the incident field and all scattered fields by the 

other dipoles. Therefore, a coupled-dipole equation (CDE) can be used to express the dipole 
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moments di as a function of the coupling of monomers with the incident field and between each 

other: 

, 0 , ,
ˆ( )[ ( ) ]

N

i inc i j j

j i
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        Equation  5-3 
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         Equation  5-4 

where Wαβ(rij) is the quasistatic dipole-dipole interaction operator between particles, the Greek 

subscripts denote the Cartesian components, δαβ is a delta function, and rij = ri - rj. The solution of 

Equation 5-3 gives the local electric field, Ei,α and polarizability tensor αi,αβ of the i
th
 dipole as 

follows: 

1 1

, 0 , 0 , ,i i i incE d E               Equation  5-5 
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        Equation  5-6 

where |n> and ωn are 3N eigenvectors and eigenfrequencies of the interaction matrix W. The 

absorption cross-section of the cluster is proportional to the imaginary part of the average cluster 

polarizability: 

,Im[ ( ) ] Im[(1/ 3 ) [ ]],abs i

i

N Tr             Equation  5-7 

where N is the number of particles in a cluster. Note that considering the definition of fractal 

structure including a power law dependence of N on the cluster's gyration radius (which implies a 

spatial scale-invariance), and the density-density pair correlation function (which depends on 

fractal dimension) limits the available system eigenmodes for fractal clusters. These restrictions 

mean that there are always close neighbors for any particle in a fractal cluster that cause strong 
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interactions between the neighboring particles, resulting in the formation of wide spectral range 

modes which can be excited by a homogeneous field. For example, the eigenmodes of gold 

fractal cluster aggregates span the visible and infrared parts of the spectrum, which is in 

agreement with the observed broad absorption spectrum of our deposited thin film in Figure  4-10. 

In contrast, for a non-fractal random media such as closed-packed spherical particles, where the 

correlation function is constant, modes are confined to a narrow range close to the resonance of 

an individual particle, happening for a spherical particle at εi = -2εh. Note that as we considered 

the roughness feature of the gold thin film as an array of metalic nanoparticles, where the 

resonance (polarizability) is associated with collective electron oscillations called surface 

plasmons, it is meaningful to name the eigenmodes of the gold fractal surface the “plasmon’s 

wavefunction”. Equation 5-5 can then be used to express the local electric field in terms of the 

eigenfunctions and eigenfrequencies of the interaction operator. Note that in fractals, the 

interaction between the resonance dipoles (light-induced plasmon oscillation) induced in particles 

is short-ranged in nature. This results in spatial localization of the optical excitations at various 

random locations in a fractal cluster and its surface. Those areas are known as “hot” spots where 

the electromagnetic energy is accumulated, because the dilation symmetry operator that 

characterizes self-affine surfaces does not support plane running waves. Close to this discussion 

about fractal metallic nanostructure, is the work of Lepeshkin et al. [197]. Their measurements 

indicated a large enhancement (> 500) of the third order nonlinearity (χ3
) for fractal aggregates 

compared to isolated silver nanoparticles. The authors interpreted the results as a consequence of 

the field fluctuations and hot spots in fractal nanostructures. 

An optically driven plasmonic nanostructure has two relaxation channels: nonradiative decay and 

radiative decay. Radiative decay is the release of plasmon energy via a photon, also called 

scattering. Nonradiative decay refers to all other processes unrelated with photon emission and 

can take place in metal nanostructures through interband (5d and 6sp for gold) or intra-band 
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transitions (in 6sp for gold). The nonradiative decay rate of a plasmon in a nanostructure shows 

contributions from both bulk (γb) and surface (γs) decay rates. The bulk term that is naturally 

appearing from the expression of the bulk dielectric constant of a metal can be split in two terms 

as follows: 

int ,b Drude erband            Equation  5-8 

where γDrude is the Drude relaxation constant contributing to the metal dielectric constants and 

which is responsible for friction-like dissipation. γinterband is the interband transition that is active 

in silver and gold, mostly in the UV-Vis part of the spectrum which is not part of the current 

discussion. On the other hand, as the plasmon-induced perturbing potential is near field, it is 

localized to the surfaces of the nanostructures, and thus surface contributions to the decay process 

will be important. The collisions of a nanostructure’s free electrons with its boundary (electron-

surface contribution) can be formalized within the phenomenological theory of Kreibig [198] as:  

smfp

,
L

F
s

v
           Equation  5-9 

where Lsmfp and vF are the surface mean free path and the Fermi velocity of the metal, 

respectively. The quantum mechanical origin of the surface collision damping (Landau Damping) 

and the related spectrum broadening (γs) can be explained by direct transitions between two free 

electrons with different k vectors. It is well-established that the vertical intraband transition in 

metals is forbidden due to the momentum conservation [199]. However, collisions with metal 

surfaces where the transitional symmetry normal to the surface is broken provide recoil, thereby 

invalidating momentum conservation, and a surface plasmon polariton with energy (ħω) equal to 

the energy difference between two electrons can then be absorbed to drive a direct intraband 

transition. Note that since in the quantum mechanical picture, only electrons at the Fermi surface 

contribute to conductivity (free electrons), the surface relaxation time of plasmons can be defined 

as a function of Fermi velocity and mean free path between memory-canceling collisions as 
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Equation 5-9. We should note that in nanostructures with hot spots (dimers, fractal structures, 

etc.), this process may occur not only near the surface, but also in hot-spot regions in the bulk 

(where again the momentum is not conserved). The Lsmfp for fractal nanostructures also depends 

on the size of the nanostructures and on the geometry of the hot spots. 

In summary, plasmon-induced carrier generation at the surface and within hot spots favors the 

excitation of electrons from the Fermi energy, resulting in substantially higher-energy electrons 

than the Fermi energy, referred to as “hot electrons” (their formation is illustrated in Figure  5-10). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  5-10. Hot electron generation and injection at the gold nanostructure/ITO interface 

(Adapted from [6]). 

 

In such generation of hot carriers, an electron can pick up the photon with energy ħω localized 

through the plasmon waves at the surface, and reach the higher free conduction band of the metal, 

up to Ef + ħω. This allows substituting the surface-scattering process by a more general hot-

electron mechanism as: 
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.hot electron

s

plasmon

Rate

E


          Equation  5-10 

Where Ratehot electron and Eplasmon are the rate of generation of hot electrons and the energy stored in 

the coherent motion of the electrons in a localized plasmonic wave. We have to mention that, in 

the excitation spectrum of our study at 0.8 eV, the bulk interband transition of gold is not a 

possible channel for plasmon decay. Therefore, hot electron generation through the surface and 

hot spots, which are distributed all over the bulk of fractal media, have a high probability to 

constitute the main channel for plasmon decay in our thin film.  

Combining Equations 5-9 and Equation 5-10, we get: 

.
,

.

F plasmon

hot electron

smfp

v E
Rate

L 
        Equation  5-11 

Eplasmon in the classical limit is related to the local dielectric function and the electric field is 

derived from Equation 5-5. The spatial distribution of high local fields also defines Lsmfp. The hot 

electron generation process and mechanism was described in a more detailed fashion in several 

studies [200,201,177].  

At this point, we should note that as the thickness of the plasmonic nanostructure is 14 nm, which 

is smaller than the hot electron diffusion length [202], there is a high probability of hot electrons 

diffusing through the gold-ITO interface. 

There at the interface, an ohmic semiconductor-metal junction is formed between the gold and the 

ITO which is a heavily n-doped semiconductor (n+) with a lower workfunction than gold. 

Although there are some chemical changes at interface which may affect interfacial 

workfunctions, still we can estimate the junction barrier height using values from literatures. Gold 

reported work function is in the range of 5.1 to 5.5 eV
 
[203] and the work function of a high 

conductive ITO substrate is about 4.7 eV [204]. This yields a potential barrier height range of 

about 0.4 to 0.8 eV. Moreover, hot electron population exhibits a plateau in the region between 
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the low-energy Drude electrons and the highest possible energy as described before [201]. As 

shown in Figure  5-11(a), gold hot electrons can then tunnel through the junction barrier known as 

field emission or flow over the potential-energy barrier known as thermionic emission depending 

on their energy. The effect of the polarization generated by the poled Azoglass-530 layer is 

pictured in Figure  5-11(b). One method of tuning the metal workfunction is using an array of 

dipole moments in direct contact with the metallic layer [205]. Owing to the consequent 

interfacial electric field, the vacuum level outside the metal will be shifted higher or lower 

depending on the orientation of the dipoles relative to the metal surface, that implies a new 

effective work function [205]. A dipolar thin layer with a net dipole directed away from the gold 

(Inset of Figure  5-2) is required to reduce the gold effective workfunction and consequently 

shorten the barrier at the ITO-Au junction.  The Fowler–Nordheim (FN) tunneling theory
 
[206] 

for ohmic contacts predicts an increase in the tunneling flow due to the barrier height reduction in 

conjunction with the more likely thermionic emission of hot electrons through the junction with a 

shorter barrier. The signal enhancement shown in Figure  5-4(b) is the consequence of the 

permanent polarization at the Au surface. 
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Figure  5-11. Schematic of the tunneling effect at the interface of highly doped n-type ITO-

Au junction. EfITO: ITO fermi level energy, EfAu: gold fermi level energy, Φau: gold 

workfunction, ΦITO: ITOworkfunction, Φb: barrier against electron flow between metal 

and N-type semiconductor,andΦlocal: local potential caused by poled molecules. (a) Au-ITO 

(b) Negatively poled Azoglass-530/Au-ITO.  

 

Thereafter, there are two different possible processes which can contribute to the detected DC 

voltage. The first mechanism is composed of the hot electron tunneling current through the 

(b) 

(a) 
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barrier, which generates a detectable surface charge on the cell’s electrodes. The detected offset 

in Figure  5-4(a) can be explained by this tunneling effect. The photovoltage in Figure  5-4(a) is 

simply V = σ*e*t/ε, in which σ is the surface density of hot photoelectrons and t is the average 

distance through which the hot electrons travel through the junction (e is the electron charge and ε 

is the dielectric permittivity of ITO). 

The second possible process is the electric-field induced optical rectification (OR), a χ
(3)

 process 

where one of the electric fields is provided by the static depletion field at the interface. Due to the 

depletion region at the ITO/Au interface, a DC electric field 𝐸𝑧
(𝐷𝐶)

 is generated into the ITO. The 

large third order nonlinear optical susceptibility of ITO at the selected wavelength (1500nm) 

[207] can be related to the surface depletion field-induced optical rectification as shown in 

Equation 4-4. 

As a result, a static polarization P
(0)

 is formed inside the ITO at high illumination intensity. The 

slight deviation from linearity at high pump power (Figure  5-4(a)), may be attributed to the 

optical rectification at the depletion region. 

Experimentally, we do not detect any photoresponse for areas of the ITO substrate devoid of 

gold, which shows that the effect is entirely induced by the symmetry-breaking surface depletion 

field at the interface between the ITO and gold nanostructure layers.  

The linear polarization sensitivity of the NIR photodetector can be explained by the strong 

dichroism between s- and p- polarized light at the Au nanostructure. As mentioned earlier, the 

proper solution of Equation 5-6 would result in Im(α||≡½<αi,xx+αi,yy>) which describes the 

absorption of s-polarized light (in the x-y plane) and Im(α┴≡<αi,zz>) which is proportional to the 

absorption of p-polarized light (in the normal z direction). Analyzing the two spectra of α|| and α┴ 

for a self-affine film shows a clear dichroism [208]. α||, which corresponds to longitudinal modes, 

shows larger values at longer wavelengths, whereas transverse modes with α┴ are located in the 

short-wavelength part of the spectrum. This can be explained by the mean polarizability per 
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particle which is mostly related to the dipole coupling between islands, and is different for in-

plane and out-of-plane excitations. If we consider dipole-dipole interactions in the film, such as 

short-distance asymmetrical dimer interactions, where longitudinal and transverse modes will 

correspond to excitation along (bonding type) and perpendicular (anti-bonding type) to the 

interparticle axis, respectively. Therefore, as it has been shown for gold dimers [209], a red and 

blue shift of plasmon resonances, corresponding respectively to bonding and anti-bonding 

interactions, is expected. 

Furthermore, to explore the circular polarization sensitivity of the detector, a series of z-scan 

measurements has been carried on ITO glass slides. 

Z-scan method is a sensitive method that was developed in 1998 by M. Sheik-Bahae and others to 

characterize the material nonlinearities [210,211]. Basically, in this method an intense laser beam 

is sent through a long focal length lens. A thin sample is translated through the beam waist using 

a motorized translation stage and the transmitted light beam of the sample is measured in the far 

field. The effects of self-focusing/self-defocusing in the nonlinear refractive index cause 

transmittance variations with the position of sample in relation to the lens focal point. There are 

two z-scan methods: one with closed aperture and the other one with open aperture. In the open-

aperture z-scan, only the irradiance at the sample is changing as the sample is translated, so any 

deviation in the total transmitted intensity is due to multiphoton absorption. 

The comparison of open-aperture z-scan measurements between linearly and circularly polarized 

light (see Figure  5-12) shows an enhancement in light transmittance. Transmittance increases 

from 23% (10.5 mW) to 54% (26.5 mW) at the focal point. Transmittance enhancement is due to 

a decrease in the ITO multiphoton absorption when the incident light on the ITO glass is 

circularly polarized. Therefore, photo-signal generation reaches a maximum with circularly 

polarized light due to the increase of incident light onto the Au layer after passing through the 
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ITO glass. This last result gives additional evidence that hot electron generation occurs within the 

Au layer as opposed to the ITO layer. 

 

Figure  5-12. Nonlinear transmission results measured using z-scan method in both linearly 

and circularly polarized lights taken at an excitation wavelength of 1550 nm (Adapted from 

[6]). 

 

Regarding the time response of the device, since faster photoresponse was observed in literatures 

[3], we investigate whether there are other slow speed photoresponse mechanisms contributing to 

the measured signal other than the time constant of the low-pass filter of the lock-in amplifier. 

Some possible reasons for the device observed photoresponse are as follows: (1) The thermal 

effect observed in the reference 3 that was shown to be correlated with the slow response time 

could be one of the possible processes in generating an electric field in the present device as well. 

There, the superior absorption properties of the optimized plasmonic absorber (PA) results in an 

efficient local heating and its consequent photothermal effects (bolometric effect). However, as 

our device is not operating at the absorption peak of the Au nanostructure, and also due to the 

presence of a semi-continuous Au thin film which works as a heat conductor, the bolometric 

effect is not possible in the present case. But the photothermoelectric effect would be considered 
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as follows. Hot electrons near the surface of the ITO layer will dissipate their energy through 

electron-phonon and electron-electron scattering, and the energy is eventually transferred to heat, 

resulting in a thermalized Fermi–Dirac distribution. Therefore, a diffusive Seebeck response is 

produced by the conventional thermoelectric effect in the ITO film, leading to a further increase 

in the photocurrent which takes in the range of milliseconds before reaching a steady state. 

(2) The capacitance of the presented photodetector was measured using a BK Precision, LcR/ESR 

meter model 885 to be about 70 Pf. The photodetector bandwidth fBW and rise time response tR , 

are determined from the device capacitance CD and the load resistance RL  (Lock-in-amplifier 

input impedance,1MΩ) as shown below. 

0.351
2

,
L D BWBW RR C f

f t


         Equation  5-12 

The response time calculated is still in the range of milliseconds. This intrinsic response time 

could be improved by optimizing the device capacitance. In addition, by introducing a charge 

flow path through the top electrode via an appropriate electrolyte, we may measure the ISC 

through a small load resistance, which is less noisy and has a faster response time. 

(3) In some photodetectors which have a faster response time than the one from the present study, 

an external bias voltage has been used to make the intrinsic capacitance lower [3].  

However, as a response time in the millisecond range is still desirable for practical applications in 

high-frequency or high-speed devices, such as lightwave communications or optoelectronic 

switches [212], we think that the device can be practical as it is, and can be further improved by 

the above suggestions. 

Concerning the photodetection sensitivity, while the maximum responsivity value is still lower 

than those previously reported for NIR carbon nanotube photodetectors and hot-electron based 

ones, we expect that significantly stronger responses will be achieved by:  
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(1) Optimizing the absorption spectrum of the plasmonic nanostructure. There is an ongoing 

research on optimizing the absorption spectra of plasmonic nanostructures for a desired 

wavelength on top of ITO substrate, in our group. Previously reports such as the fabrication of 

arrays of nanoantenna [162] and deep-trench/thin metal arrays [172] all of which involve 

complex lithography processes, which are time-consuming, costly, and incompatible with large-

area fabrication. There are some published numerical simulations for the desired Au 

nanostructures on top of Si [11] or experimental studies which are incorporating Au 

nanostructures in a plasmonic absorber to form a cavity on top of Si [11]. However, it should be 

noted that Au adhesion to Si and ITO are different, therefore Au migration on top of both surfaces 

during deposition results in different nanostructured patterns. Optimizing the experimental 

parameters to deposit a random plasmonic nanostructure on top of ITO glass via simple and 

reproducible deposition methods to obtain the desired absorption spectrum is still under 

investigation.  

(2) Improving the permanent local electric field via the optimization of the molecular structure of 

the poled material.  

(3) Making a custom-designed ITO glass with careful control over the ITO deposition process 

and using an optimal glass substrate. Additionally, the detected photovoltage is inversely 

proportional to the photodetector capacitance, therefore the photodetection sensitivity can be 

further improved by lowering the detector’s capacitance via the fabrication process. All these 

represent a significant amount of work that will be the object of a future study. 
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Chapter 6 

ImprovingtheRectennaStructureinITO-GoldPhotodetectors 

 

The rectenna structure presented in Chapter 5 shows great promise as a future low-cost 

photosensitive device for optical energy conversion. Although the designed photodetector has 

variety of practical functionalities, improving its photoresponsivity would add to its potential 

applications. Techniques and conditions that can improve the responsivity of the ITO-gold 

rectenna photodetector are described in this chapter. I tried to include the possibilities and 

limitations of each method.   

As discussed in  2.3.2, to achieve efficient photoinduced power generation in a rectenna structure, 

the nanoantenna and rectifier sections should work efficiently in the optical frequency range. 

Moreover, it has been shown that the use of an array of ordered nanorods could improve the light 

harvesting process by optimizing the nanoantenna’s geometry and arrangement. Several 

techniques allow the fabrication of patterned nanoantenna structures with optimized absorption 

spectra at any desired wavelength. Here, we have used two common techniques to fabricate 

nanometer-sized features: the electron beam lithography technique and the electrochemical 

deposition process.  

6.1  Electron Beam Lithography Technique  

The electron beam lithography (EBL) technique is a direct writing system where an electron 

beam is used to expose a predesigned pattern onto a resist layer, a process unlike the systems that 

use the projection of a mask to transfer the pattern to the resist layer. In this technique, we can 

control the geometry (the size, shape, and alignment) of the fabricated nanoantenna. This 

fabrication technique is a one-by-one process, resulting in an ordered nanoantenna array with a 

narrow size distribution. On the other hand, it is inefficient in time and cost, and not amenable to 



 

93 

 

large-area fabrication. Since this technique is highly matured and extensively used [213], only a 

general overview of its fabrication steps and challenges, and its disadvantages for our intended 

design, are provided here.  

6.1.1 Fabrication Process  

Here, the aim is to improve the light absorption efficiency of the metallic nanostructure on an 

ITO substrate at telecom wavelength λ=1550 nm. An array of horizontally ordered nanorods with 

the appropriate dimension and arrangement could have a narrow resonance at the chosen 

wavelength [214,215,216]. To achieve the desired optical extinction spectra, the geometry of 

nanorods is dictated by information given in  2.3.2, the experimental and numerical results of 

references 214 and 216. The designed inter-antenna spacing in the longitudinal and transverse 

directions is sufficient to prevent any near-field inter-antenna coupling. The suggested 

dimensions are shown in Table  6-1:  

 

Table  6-1 Representation of the nanorod dimensions in four different sets (all dimensions in 

nm) 

No. Depth (D) Length (L) Width (W) Inter-antenna spacing 

1 30 147 50 250 

2 60 360 40 200 

3 60 474 68 200 

4 60 538 108 200 

 

Pattern design 

The goal of lithography is to write a predesigned pattern onto a physical object. We built our 

pattern using a computer-aided design (CAD) software by Raith lithography system (Raith 

NanoSuite software), creating an electronic file in GDSII format. The file includes the design 
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arrangements, shapes, and sizes. The software also performs another important function known as 

proximity effect correction. 

The proximity effect occurs due to the forward and backward scattering of electrons in the resist 

and substrate materials. That results in the exposure (by electron beam) of areas surrounding the 

electron beam incident area, causing a non-uniform exposure over the pattern. The size of the 

area that is unintentionally exposed to the electron beam depends on the accelerating voltage of 

the electrons, resist, and substrate materials. With the aid of some numerical methods, the Raith 

software can adjust the exposure dose factor for each point of the pattern to compensate for the 

proximity effect (therefore not using the same dose for the whole pattern). The desired exposure 

dose factor is the number of incoming electrons that are needed to fully develop the resist 

thickness. Before starting to write the actual pattern in EBL facilities, the exposure dose factor 

should be customized in a real writing process using a number of dose matrix test-exposures.  
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Pattern Transfer 

The diagram of the process flow to transfer the designed metallic pattern shown in Figure  6-1. 

 

 

 

Figure  6-1. The electron-beam lithography fabrication process  

 

After several experiments, we optimized the fabrication process variables for the following steps: 

To fabricate the array of horizontal metallic nanoantennas, we used the same ITO glass substrate 

as in Chapter 5, and cleaned it with isopropanol and acetone using the same procedure as in  5.2. 

Then, an organic resist known as PMMA (Polymethyl methacrylate) was used as the pattern 

transfer medium. The PMMA is a polymer-based positive-tone resist that undergoes main-chain 

scission when exposed to the electron beam, thus having its molecular weight reduced. As a 

result, in a developer the solubility of the exposed areas is increased, and thus the PMMA within 

these areas is preferentially removed from the substrate following immersion. After a pre-bake of 
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the substrate at 180 ˚C for 180 s on a hot plate to ensure complete evaporation of residual 

moisture, the PMMA layer is spin coated onto the substrate. We used 3% diluted PMMA (with 

950 k molecular weight) in anisole solvent at 5000 rpm for 45 s to get a layer with a thickness of 

approximately 120 nm. The PMMA-coated ITO glass was soft baked at a temperature of 180 ˚C 

for 120 s to drive off the solvents.  

 

EBL Exposure Parameters 

All fabrication steps were accomplished inside the Nanofabrication Kingston (NFK) cleanroom.  

We used a Raith EBL station with a “Pioneer Two” system, which combines SEM imaging with 

EBL writing facilities. In this system, the exposure parameters are partially defined by the user 

and the rest are calculated by the patterning parameter calculator such that all parameters fulfil 

the following equations:  

2( )

BeamCurrent Area Dwell Time
Area Dose

Step Size

BeamCurrent Line Dwell Time
Line Dose

Step Size

Dot Dose BeamCurrent Dot Dwell Time







 

    Equation  6-1 

Where beam current can be measured directly from the instrument and depends on the user-

defined beam energy. Dwell time is the time that the beam remains on each point of the pattern to 

deliver the appropriate dose. The step size defines the distance between patterning dots (beam 

default shape). There are three different kinds of doses: the area dose, the line dose, and the dot 

dose. The dose type is chosen by the instrument based on the pattern specifications. The 

optimized parameters are listed in Table  6-2.  
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Table  6-2. EBL exposure parameters 

 Area Line Dot 

Step Size (µm) 0.006 0.004  

Dwell Time (ms) 0.000167 0.00016 0.001 

Dose 117.1 (µC/cm
2
) 105.39 (pC/cm) 0.00025 pC 

Speed (mm/s) 35.92 23.95  

Beam Energy (kV) 30 

Beam Current (pA) 252.5 

Dose Factor 5.6 

 

After the exposure process, the exposed regions of PMMA are removed by the developer to make 

the sample ready for metal deposition. We used a mixture of the organic solvent Methyl isobutyl 

ketone (MIBK) and isopropanol (IPA) (MIBK:IPA (1:3)) at -15˚C. This is known as the cold 

development procedure, which achieves better contrast, resolution, and line edge roughness than 

standard warmer temperature development. The sample is then rinsed with IPA and dried with a 

nitrogen gun. An SEM image of the sample with a dose matrix test-exposure is shown in 

Figure  6-2, where underdosed and overdosed features look incomplete and oversized, 

respectively. 

 

Figure  6-2. SEM images of fabricated holes in a dose matrix test-exposure 
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Metal Deposition 

In order to get an array of metallic nanoantenna, a 60 nm thick layer of gold is deposited on the 

patterned PMMA via thermal evaporation. Followed by the deposition of gold, the unexposed 

PMMA, as well as the gold film deposited on it, was finally removed using remover PG. The 

remover PG is an N-methylpyrrolidinone (NMP)-based solvent designed to completely remove 

the PMMA layer. For an efficient lift-off process, the sample is first immersed for 15 s into a 

warm PG at 48 ˚C, followed by immersion for another 15 s in room temperature PG. Finally, the 

sample is rinsed with IPA and dried with a nitrogen gun. The SEM image of the resulting array of 

gold nanoantenna on top of ITO glass is shown in Figure  6-3. 

 

 

Figure  6-3. SEM image of array of metallic nanoantenna on top of ITO substrate. The inset 

shows an enlarged nanoantenna.  
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(b) (a) 

6.1.2 Discussion for samples prepared via EBL. 

The surface of the ITO glass substrate has some roughness, as shown in SEM image of 

Figure  6-4. This causes uncertainties in the fabrication of a homogenous and continuous thin 

metallic antenna in nanometer scale, as shown in Figure  6-4 (a), which affect the working 

characteristics of the antenna.  

 

Figure  6-4. SEM image of an ITO surface and a metallic nanoantenna (a) ITO and 

nanoantenna (b) high quality image of ITO substrate surface. 

 

Moreover, the dimensions of the nanoantennas need to be further optimized for the desired 

wavelength. For very fine patterns, such as ours, it is necessary to use higher electron acceleration 

voltages, such as 100 kV [217], to achieve the exact design specifications. Unfortunately, it is not 

possible to use voltages of more than 30 kV with the available EBL system. Another suggestion 

for improving the resolution of the fabricated fine features [218] via EBL, is to use a bilayer 

electron-beam resist structure; however, its effectiveness still needs to be tested for our design.  

The electron trajectory patterns, which show the electron penetration pattern into the PMMA 

resist and the substrate, can be generated via Monte Carlo simulation. The electron trajectories 
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(a) (b) 

and the electron-matter interaction profile that are schematically shown in Figure  6-5 can change 

the electronic specification of the substrate. Uncontrollable energetic electron interactions with 

the ITO glass substrate may affect the electrical characteristics of the substrate by modifying 

surface charges, mobility, and local heating [219].  

These effects can cause serious degradation in ITO-gold critical device properties, as device 

functionality is very dependent on the electronic characteristics of the ITO/gold interface as 

shown in Chapter 5.  

 

 

Figure  6-5. (a) Interaction of an Electron beam with the resist and substrate (b) 

Visualization of the electron trajectories (Both adapted from [213]). 

 

However, if we can find a method to extract the charges from the top surface of the gold 

nanostructure, this design still can be used as an efficient nanoantenna structure to harvest light.  

 

Because of those limitations and difficulties discussed in  6.1.2, we decided to develop an array of 

vertically aligned nanorods, where we get the advantage of an enhanced electric field at the tip of 

the nanoantennas, as explained in Chapter 2.  
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6.2 Array of Vertically Aligned Nanoantennas 

We fabricate vertically aligned nanorods using the mass-production process of electrochemical 

deposition on an anodized alumina oxide (AAO) template [76,77]. The advantages of this method 

are its compatibility with large-area fabrication (self-assembling) and its ease for controlling 

nanoantenna length. 

Figure  6-6 shows the electrochemical deposition process on an anodized alumina template. To 

form porous anodic aluminum oxide, the Al surface is treated by electrochemical anodization. 

The alumina barrier layer at the pores bottom is removed in two steps: first, the aluminum 

substrate is removed by selective chemical etching; second, the barrier layer can be removed by 

etching in ortho-phosphoric acid. Following the barrier removal, a thin layer of gold is sputtered 

on the bottom side of the AAO. Finally, we place the sample in an electrochemical deposition cell 

constructed from Teflon. A gold bottom layer and nanorods inside the AAO pores are formed via 

gold electroplating of the sample. The electrochemical experiments are performed with an EG&G 

Princeton Applied Research Potentiostat/Galvanostat Model 263A. A Platinum mesh and an 

Ag/AgCl (3M NaCl) are used as counter and reference electrodes, respectively. 
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Figure  6-6. Electrochemical deposition process on an anodized alumina template in a Teflon 

electrochemical cell. 

 

The geometry of the alumina template determines rod diameter and spacing. These parameters, in 

addition to the rod length, can be tuned to control the optical properties of the nanorod array 

throughout the visible and near-infrared spectrum. For some applications, the very last step of 

vertically aligned nanorod fabrication is to dissolve the alumina membrane in an NaOH solution 

to get freestanding nanorods. However, for our purposes, we prefer to keep the fabricated array of 

antennas in their growth membrane so that an additional nonlinear response enhancement can be 

obtained via the dielectric constant of the host material [220]. 

An array of golden nanorods, fabricated by one of our collaborators at the University of Oviedo 

using the same method as discussed above, is shown in Figure  6-7.  
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Figure  6-7. SEM image of array of nanorods showing average length of about 718 ± 36 nm 

 

6.2.1 Rectenna Cell Assembly 

We developed a process to fabricate rectenna cells that is very similar to the fabrication procedure 

of DSSC solar cells, however the background physics of those cells differ greatly [221]. 

Figure  6-8 shows a schematic representation of the fabrication steps:  

 

Figure  6-8. Schematic of rectenna fabrication process  

 

(1) Assemble an array of metallic nanorods on a conductive substrate via the conductive back 

layer: Here we used a copper substrate and a conductive silver paint.  

(2) Attach a diode-like molecule, the so-called push-pull molecule, on the tip of the nanoantenna 

in order to induce a rectifying effect [222]: The organic dye molecules contain chromophores, 

which are comprised of an electron-donor moiety and an electron-acceptor moiety covalently 
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linked through a π-conjugated fragment, resulting in NLO behaviors. They intrinsically display 

asymmetric diode-like current-voltage characteristics [223]. In molecular rectifiers, the electron 

travel path is from the donor group to the acceptor group. If the acceptor group is connected to 

the metallic nanoantenna, a rectified current will flow from the metal to the dye, leaving a net 

positive charge on the dye. An organic conductor (electrolyte) can be utilized for the reduction of 

the induced cation and the transfer of the positive charge to the top electrode. The system will 

thus behave as a rectifying integrator. A reverse current is expected if the dye is connected to the 

metal through the donor group.  

We choose a dye that has been sensitized by one of our collaborators, Dr. C. Andruad, which 

shows a large hyperpolarizability and SHG signal [224]. It is shown by our group that dyes with 

higher SHG intensities show higher induced rectification behaviors as well [222].   

We made the required volume of 0.5 mM dichloromethane solution with dye1 powder of Ref. 

224, shown in Figure  6-9.   

 

 

Figure  6-9. Molecular structures of dye 1 from Ref. 224 [Adapted from [224]] 

 

We immersed the nanorod samples into the dye solution in a sealable container, with nanorods 

facing up, and kept them at room temperature, typically overnight. The samples were then 

washed with the solvent to remove the residual dye and then completely dried with an inert gas 

flow.  
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(3) Prepare the top electrode: Such as is used in DSSC solar cells, a platinized conductive 

transparent electrode is used as the top electrode. A Pt electrode was prepared by coating the 

cleaned ITO substrate with a drop of H2PtCl6 (platinum solution) and sintered at 400 °C in an 

oven for 20 min. Platinum is catalytically active, ensuring rapid reaction between the electrolyte 

and the top electrode.  

(4) Assemble the top and bottom electrodes into a device [221]: The copper substrate with an 

array of nanoantenna and dye molecules is sandwiched with the Pt-coated ITO glass using the 

same procedure as  4.2.   

(5) Fill up the cell with an appropriate electrolyte: We used a cobalt electrolyte (Co
2+

/Co
3+

 with 

bipyridine ligand) instead of an iodine electrolyte, which reacts with the gold. The electrolyte was 

injected between two electrodes through holes in the top electrode. The holes were closed using a 

small piece of glass and sealing material (Meltonix 1170-60PF, Solaronix, Switzerland). 

Figure  6-10 shows a complete rectenna cell. 

 

 

Figure  6-10. Picture of completed rectenna cell 
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6.2.2 Results and Discussion 

The properties of the fabricated rectenna cell were investigated with voltage measurements under 

optical excitations. The custom-built photovoltage scanning apparatus, described in Chapter 3, 

was used for data acquisition. The polarization study over the generated photovoltage is 

considered useful to confirm the nanorod light absorption profile. The sample was illuminated 

with the laser source, generating s-polarized light pulses centered at a wavelength of 780 nm with 

a 150 fs pulse duration. The photoresponse to the polarized light shows some oscillatory 

dependence versus linear and circular polarization as seen in Figure  6-11 (a) and (b), respectively. 

 

 

  

 

 

 

Figure  6-11. Polarization-sensitive photoresponse of the rectenna device upon irradiation 

with (a) linearly or (b) circularly polarized laser with 20 mW power. 

 

The strong linear polarization sensitivity, as shown in Figure  6-11 (a), can be explained by 

selective excitation of the longitudinal and transverse modes of the monopole nanoantenna, as 

discussed in  2.3.2. The photovoltage is almost zero when the light is polarized perpendicular to 

the rod’s length, which shows a near zero light absorption by the nanoantennas.  
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For the same reason, the photoresponsivity of the cell changes in response to the circular 

polarized light as well. Obviously, the circular polarization sensitivity is not as high as the linear 

polarization, as in the latter, there is always a light component along the rod’s longitudinal axis.  

The described technology is generally based upon the rectification of plasmons that are generated 

through light absorption by metallic nanoantennas. The rectification process can take place via 

the rectification-inducing material on the top tip of the nanoantenna or via the existing asymmetry 

at the gold nanorod/ copper substrate interface.  

Regarding the photodetection sensitivity, although the maximum responsivity value looks much 

smaller than the value reported in Chapter 5, we expect that it can be significantly enhanced 

through the following improvements: 

(1) Optimization of nanorod array geometry to achieve maximum light harvesting at the desired 

wavelength, resulting in an electric field enhancement via LSPR process: A large local field 

enhancement is necessary to support the field ionization of a molecular rectifier at the tip of 

nanoantennas. For the rectification process to be quantitative, the optical electric field E at the top 

of the antennas should reach values that compare to the oxidation potential ΔV ≈ 1V of the dyes. 

For example, with an antenna length of 100 nm, the electric field at the top of the antennas should 

reach 10
7
 V/m. 

For small nanorod diameters with a constant period, the absorption peak is shifted toward the IR 

spectral range corresponding to the increase of the nanorod aspect ratio. Moreover, the nanorod 

period changes can affect the coupling between surface plasmons resonances on neighboring 

nanorods, causing the absorption peaks from the coupling to shift in relation to the distance 

between the nanorods. Finite-difference time-domain (FDTD) simulations can be very beneficial 

to the geometry optimization process.  
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Finally, the direct growth of metallic nanorods on top of a conductive transparent substrate, such 

as ITO, is much desired to improve the efficiency of the absorbing array of monopole 

nanoantennas.  

(2) Improving the quality of the molecular rectifier attachment to the metallic nanoantenna by 

adding thiol or N-heterocyclic carbene groups to the molecular structure: This would optimize the 

structure, as those groups can efficiently bind to noble metal. 

(3) Using an appropriate electrolyte: The kinetics of electron transfer dynamics are highly 

dependent on the dye/electrolyte interface.  
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Chapter 7 

ConclusionsandFutureWork 

 

The production of electrical DC photovoltage through thin film illumination has several 

applications in energy conversion and broadband photodetection. While there has been ongoing 

research on the nonlinear optical rectification (OR) process as a source of DC photovoltage 

generation, evidences in the literature and in our own results suggest that there are other nonlinear 

processes that may contribute to DC photovoltage generation during OR detection in a capacitor 

configuration experiments. Herein, we developed techniques to investigate the true origins of the 

detected DC photovoltage in an OR detection setup. A clear interpretation of induced 

photovoltage is an asset to further pursue signal enhancement for potential applications. In 

summary, the induced photovoltage via multiphoton absorption, work function variations and 

optical rectification processes were studied in similarly designed experiments. Our results suggest 

a baseline to study the origin of the detected photovoltages under an intense illumination through 

some characteristic tests such as (1) study the photovoltage scaling with fundamental power, and 

(2) study the outcomes of linear and circular polarization variations of the light source on the 

induced photovoltages. 

We finally considered the implications of these tests for a metal nanostructure in a capacitor 

configuration to address the true origin of the detected OR photovoltage, which proved to be 

different from the expected one. Ultimately, we believe that advances in the photovoltage 

generation via the optical rectification process may give rise to additional unprecedented 

applications in light detection technologies, rectifying antenna photovoltaics, and sensing 

applications. 
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In addition, we developed a technique to fabricate a large-area, polarization-sensitive and semi-

transparent near infrared (NIR) hot electron photodetector. Our investigation on the origins of the 

detected photovoltage shows how engineering of the plasmonic nanostructure-ITO interface at 

the atomic level can improve the hot electron injection efficiency. The introduction of an 

additional layer of poled molecular material in the device provides a permanent polarization, 

which results in a four-fold increase in the device photovoltage emphasizing the modifications to 

the interface energetics. 

To the best of our knowledge, this is the first polarization-sensitive photodetector without any 

bandgap absorption and nanofabrication process that works in the NIR region. In this device, the 

plasmonic nanostructure is used as both a direct light-harvesting and carrier generation element, 

where variations of light polarization, even circularly polarized light, can be detected without any 

additional optical component. This may be beneficial for miniaturized and integrated devices. 

There are still many open challenges in the field, such as the enhancement of the carrier injection 

process, exploring a wider range of plasmonic materials, and other structures of random objects. 

Ultimately, we believe that advances in this new mechanism of photodetection may give rise to 

additional unforeseen applications in energy harvesting, encoded fibre optic and free-space 

communications, polarimetric imaging, emission and sensing applications, light detection 

technologies, and rectifying antenna photovoltaics.  

Finally, we demonstrated use of an array of nanoarods (nanoantennas) as a controllable structure 

to extend the spectral extension in our NIR photodetector configuration. It has been shown 

theoretically, that obtaining the required resonances is possible via controlling the shape of 

nanorods that may result in a better photosensivity of the photodetector. However, our 

experimental results reveal that using an array of nanoantenna is not appropriate in case of the 

plasmonic nanostructure-ITO photodetector. More studies confirm that the requirements on both 

the interface of plasmonic structure/substrate and the substrate itself put some limitations on the 



 

111 

 

fabrication process of a palsmonic nanostructure. Nevertheless, these proof-of-concept designs 

have established a general approach for the design of future rectenna optoelectronic devices.  

These three areas – characterization apparatus, electrical integration, and fabrication amenable to 

large-area devices – lay a foundation for the next generation of photosensitive devices such as 

photodetectors and solar cells. 

There are still different aspects, suggestions, and questions that need to be addressed about 

photosensitivity improvements in the proposed devices based on hot electron injection in rectenna 

configuration. Some of the main ideas and experiments that can be carried out in order to further 

developing the concepts are already listed in each chapter of this thesis. Following are additional 

comments: 

1- The experimental setup as presented in chapter 3 has the ability to reveal multiphoton 

absorptions and higher order harmonic generations at different layers and interfaces of a 

device. More devices built with plasmonic nanostructures and nonlinear optical materials 

needed to be investigated using the same setup. It is expected to improve the interfaces in 

a way that the plasmon decay into energetic carriers take place at interface of the 

plasmonic nanostructures/nonlinear optical material, but not at the opposite interface. As 

a result of the directional emission resulting from plasmon decay, we can yield high field 

enhancements that are needed to enhance optical rectification process at the nonlinear 

optical material. 

2- It is possible to incorporate colloidal plasmonic nanoparticles instead of the gold thin film 

that we have used, in order to control and tailor the plasmonic nanostructures and 

absorbance. However, we have not attempted that yet due to some unresolved problems. 

First; one of the most important parameters in our photodetector is the physical 

specifications of bonding at the interface of the ITO-Au junction, which will be altered in 

the colloidal deposition on the ITO substrate. Second; we could not find any references 
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concerning the formation of Schottky barriers at the interface between the deposited 

colloidal plasmonic nanoparticles and the semiconductor substrate. Third; nanoparticles 

that show an absorption maximum close to 1550nm are typically plasmonic nanorods 

with high aspect ratios. In the colloidal deposition processes, in the absence of an organic 

coupling agent, as the nanorods’ population density increases, they start to form a 

monolayer of a partially nematic-like phase (showing both orientational and positional 

order), and in high aspect ratio nanorods, the formation of ordered assemblies is highly 

expected, which induces anisotropic properties and possibly cancels the dipoles.  

3- Here we have used energy level values from literatures, however we are aware of the 

importance of the energy level and how they could differ according to the experimental 

conditions. Au which has been used in the NIR photodetector is a tricky material in this 

regard, and when exposed to ambient conditions, it has a very different WF than in 

vacuum. As the properties/efficiency of our Au/ITO based photodetectors are strongly 

depend on the energy levels at the interface, it is suggested to measure the exact WF 

values of the used materials and structures using one of the appropriate methods such as 

ultraviolet photoelectron spectroscopy (UPS), kelvin probe force microscopy (KPFM). 

Knowing the exact energy levels at the interface will help to correlate the efficiency of 

hot electrons injection with local morphological properties of such interface. More 

injection efficiency improvement is expected through appropriate modifications of the 

environmental and/or growth/processing conditions.   

4- The plasmonic nanostructure discussed in chapter 5, which emits hot electrons under the 

optical illumination can be used in photocatalysis experiments. Two features of the 

plasmonic nanostructure can affect the chemical reaction occurs in a close proximity. 

First, the strong localization of incident light at surface of plasmonic nanostructure can 

enhance the photoconversion efficiency and reduce the needed energy for a chemical 



 

113 

 

transformation. Second, the electronic or vibrational transitions in molecules adsorbed on 

plasmonic surfaces can be excited by hot electrons and consequently catalyze the 

chemical reaction. More insight into the energy distribution of hot electrons that is 

extended between vacuum level and the work function of the plasmonic material, is 

suggesting the possibilities to exploit them even to facilitate an impossible chemical 

reaction. Our group has a future project on photocatalysis incorporating hot electrons into 

the chemical reactions.  

 

  



 

114 

 

References 

                                                      

1. Gratzel, M., “Solar cells to dye for,” Nature 421, 586, (2003).  

2. Martinsen, F. A.; Smeltzer, B. K.; Nord, M.; Hawkins, T.; Ballato  J.; Gibson, U. J., “Silicon-
core glass fibres as microwire radial-junction solar cells ,“ Sci. Rep. 4 : 6283 (2014). 

3. Wen, L.; Chen, Y.; Liu, W.; Su, Q.; Grant, J.; Qi, Z.; Wang, Q.; Chen, Q., “Enhanced 
Photoelectric and Photothermal Responses on Silicon Platform by Plasmonic Absorber and 
Omni-Schottky Junction,” Laser Phot. Rev., 11, 1700059 (2017). 

4. Lee, Y.K.; Lee, H.; Lee, C.; Hwang, E.; Park, J.Y., “Hot-electron-based solar energy 
conversion with metal-semiconductor nanodiodes,” J. Phys. Cond. Matter, 28, 254006 (2016). 

5. Zhang, J.; Shi, L.; Wang, Y.; Cassan, E.; Zhang, X., “On-chip high-speed optical detection 
based on an optical rectification scheme in silicon plasmonic platform,” Opt. Express 22, No. 22, 
27504-27514 (2014). 

6. Mirzaee, S. M.A.; Lebel, O.; Nunzi, J.M., “Simple Unbiased Hot-Electron Polarization-
Sensitive Near-Infrared Photodetector,” ACS Appl. Mater. Interfaces 10, 14, 11862-11871 
(2018). 

7. Konstantatos, G.; Sargent, E.H., “Nanostructured materials for photon detection,” Nat. 
Nanotech., 5, 391-400 (2010). 

8. Ma, L.; Hu, W.; Zhang, Q.L.; Ren, P.; Zhuang, X.; Zhou, H.; Xu, J.; Li, H.; Shan, Z.; Xiaoxia, 
W.; Liao, L.; Xu, H.Q.; Pan, A., “Room-Temperature Near-Infrared Photodetectors Based on 
Single Heterojunction Nanowires,” Nano Lett., 14, 694-698 (2014). 

9. Ye, L.; Li, H.; Chen, Z.; Xu, J., “Near-Infrared Photodetector Based on MoS2/Black 
Phosphorus Heterojunction,” ACS Photon., 3, 692-699 (2016). 

10. Hong, G.; Diao, S.; Chang, J.; Antaris, A.L.; Chen, C.; Zhang, B.; Zhao, S.; Atochin, D.N.; 
Huang, P.L.; Andreasson, K.I.; Kuo, C.J.; Dai, H., “Through-skull fluorescence imaging of the 
brain in a new near-infrared window,” Nat. Photon., 8, 723-730 (2014). 

11. Nazirzadeh, M.A.; Atar, F.B.; Turgut, B.B.; Okyay, A.K., “Random-sized plasmonic 
nanoantennas on silicon for low-cost broadband near-infrared photodetection,” Sci. Rep., 4, 7103 
(2014). 

12. Sharma, A.; Kumar, R.; Bhattacharyya, B.; Husale, S., “Hot electron induced NIR detection 
in CdS films,” Sci. Rep., 6, 22939 (2016). 

13. Zhang, E.; Wang, P.; Li, Z.; Wang, J.; Song, C.; Huang, C.; Chen, Z.-G.; Yang, L.; Zhang, 
K.; Lu, S.; Wang, W.; Liu, S.; Fang, H.; Zhou, X.; Yan, H.; Zou, J.; Wan, X.; Zhou, P.; Hu, W.; 
Xiu, F., “Tunable Ambipolar Polarization-Sensitive Photodetectors Based on High-Anisotropy 
ReSe2 Nanosheets,” ACS Nano, 10, 8067-8077 (2016). 

14. Stanciu, C.D.; Hansteen, F.; Kimel, A.; Kirilyuk, A.; Tsukamoto, A.; Itoh, A.; Rasing, Th., 
“All-Optical Magnetic Recording with Cicularly Polarized Light,” Phys. Rev. Lett. , 99, 047601 
(2007). 

15. Yuan, H.; Liu, X.; Afshinmanesh, F.; Li, W.; Xu, G.; Sun, J.; Lian, B.; Curto, A.G.; Ye, G.; 
Hikita, Y.; Shen, Z.; Zhang, S.-C.; Chen, X.; Brongersma, M.; Hwang, H.Y.; Cui, Y., 
“Polarization-sensitive broadband photodetector using a black phosphorus vertical p-n junction,” 
Nat. Nanotechnol., 10, 707-713 (2015). 



 

115 

 

                                                                                                                                                              

16. Sherson, J.F.; Krauter, H.; Olsson, R.K.; Julsgaard, B.; Hammerer, K.; Cirac, I.; Polzik, E.S., 
“Quantum teleportation between light and matter,” Nature, 443, 557-560 (2006). 

17. Wagenknecht, C.; Li, C.-M.; Reingruber, A.; Bao, X.-H.; Goebel, A.; Chen, Y.-A.; Zhang, Q.; 
Chen, K.; Pan, J.-W., “Experimental demonstration of a heralded entanglement source,” Nat. 
Photon., 4, 549-552 (2010). 

18. Franken, P. A.; Hill, A. E.; Peters, C.W; Weinreich, G., “Generation OF Optical Harmonics”, 
Phys. Rev. Lett. 7, No.4 (1961). 

19. Woodbury, E. J.; Ng, W. K., “Ruby operation in the near IR,” Proc. Institute of Radio 
Engineers (IRE) 50, 2367 (1962). 

20. Boyed, R.W., “Nonlinear optics”, The Institute of Optics, U. of Rochester, 3rd Edition (2008) 

21. Terhune, R.; Maker, P.; Savage, C., “Observation of saturation effects in optical harmonic 
generation,” Phys. Rev. Lett. 2, 54 (1963). 

22. Kovrigin, A. I.; Piskarskas, A. S.; Khokhlov, R. V., “On the generation of UV radiation by 
cascaded frequency conversion,” Pis’ma Zh. Eksp. Teor. Fiz. 2, 223 (1965). 

23. Bloembergen, N., “Nonlinear Optics,” Benjamin, New York (1964). 

24. Shen, Y.R., “The Principles of Nonlinear Optics”, University of California, Berkeley, A 
Wiley-Interscience Publication (1984).   

25. Träger, F. (Editor), “Springer Handbook of Lasers and Optics,” Springer Science+Business 
Media, LLC New York (2007) 

26. Chen, J. M.; Bower, J. R.; Wang, C. S.; Lee, C. H., “Surface properties probed by second 
harmonic and sum-frequency generation,”Opt. Commun. 9, 132 (1973). 

27. Shen, Y. R., “Surface properties probed by second-harmonic and sum-frequency generation,” 
Nature 337, 519 (1989) 

28. Butcher, P.N.; Cotter, D., “The Elements of Nonlinear Optics,” Cambridge University Press: 
Cambridge, U.K. (1990). 

29. Goeppert, M., "Über Elementarakte mit zwei Quantensprüngen," Annals of Physics. 9 (3): 
273–95 (1931). 

30. Pantell, R.; Pradere, F.; Hanus, J.; Schott, M.; Puthoff, H., "Theoretical and Experimental 
Values for Two, Three, and Four -Photon Absorptions," J. Chem. Phys., Vol. 46, p. 3507 (1967). 

31. Hermann, H.; Melcher, J. R., “Electromagnetic Fields and Energy,” Englewood Cliffs, NJ: 
Prentice-Hall, ISBN: 9780132490207 (1989). 

32. Kong, X.T.; Wang, Z.; Govorov, A. O., “Plasmonic Nanostars with Hot Spots for Efficient 
Generation of Hot Electrons under Solar Illumination,” Adv. Optical Mater. (2016). 

33. Sabin, J.R.; Brandas, E., “Advances in Quantum Chemistry, V.50: Response Theory and 
Molecular Properties”, Elsevier AP, USA (2005). 

34. Dekker, R.; Usechak, N.; Forst, M.; Driessen, A., “Ultrafast nonlinear all-optical processes in 
silicon-on-insulator waveguides,” J. Phys. D: Appl. Phys. 40 (2007). 

35. Giugni, A.; Torre, B.; Toma, A.; Francardi, M.; Malerba, M.; Alabastri, A.; Proietti Zaccaria, 
R.; Stockman, M. I.; Fabrizio, E. Di, “Hot-electron nanoscopy using adiabatic compression of 
surface plasmons,” Nat. Nanotechnol. 8, 845 (2013). 



 

116 

 

                                                                                                                                                              

36. Lindquist, N.C.; Nagpal, P.; McPeak, K.M.; Norris, D.J.; Oh, S.-H., “Engineering metallic 
nanostructures for plasmonics and nanophotonics,” Rep. Prog. Phys. 75 (2012).  

37. Atwater, H.A.; Polman, A., “Plasmonics for improved photovoltaic devices,” Nat. Mater. 9, 
205–213 (2010). 

38. Polman, A.; Atwater, H.A., “Photonic design principles for ultrahigh-efficiency 
photovoltaics,” Nat. Mater. 11, 174–177 (2012). 

39. Hung, W.H.; Aykol, M.; Valley, D.; Hou, W.; Cronin, S. B., “Plasmon resonant enhancement 
of carbon monoxide catalysis,” Nano Lett. 10, 1314–1318 (2010).  

40. Adleman, J.R.; Boyd, D.A.; Goodwin, D.G.; Psaltis, D., “Heterogenous catalysis mediated by 
plasmon heating,” Nano Lett. 9, 4417–4423 (2009). 

41. Sotiriou, G.A. “Biomedical applications of multifunctional plasmonic nanoparticles,” Wiley 
Interdiscipl. Rev. Nanomed. Nanobiotechnol.  5, 19–30 (2013). 

42. Brullot, W.; Valev, V.K.; Verbiest, T. Magnetic “plasmonic nanoparticles for the life 
sciences: Calculated optical properties of hybrid structures,” Nanomed. Nanotechnol. Biol. Med. 
8, 559–568 (2012).   

43. De Angelis, F.; Gentile, F.; Mecarini, F.; Das, G.; Moretti, M.; Candeloro, P.; Coluccio, M.L.; 
Cojoc, G.; Accardo, A.; Liberale, C.; et al. “Breaking the diffusion limit with super-hydrophobic 
delivery of molecules to plasmonic nanofocusing sers structures,” Nat. Photonics 5, 683–688 
(2011).  

44. Genet, C.; Ebbesen, T. W., "Light in tiny holes," Nat., vol. 445, pp. 39-46 (2007). 

45. Fischer, H.; Martin, O. J. F., "Engineering the optical response of plasmonicna noantennas," 
Optics Express, vol. 16, pp. 9144-9154, (2008). 

46. Jackson, J. D., “Classical Electrodynamics,” John Wiely (1999). 

47. Drude, P., “Zur elektronentheorie der metalle,”Annalen der Physik, 306(3), 566–613 (1900).  

48. Kittel, C., “Introduction to Solid State Physics,” Wiley, Science (1996). 

49. Vial, A.; Grimault, A.-S.; Macías, D.; Barchiesi, D.; de la Chapelle, M. L., “Improved 
analytical fit of gold dispersion: Application to the modeling of extinction spectra with a finite-
difference time-domain method,” Phys. Rev. B, 71:085416 (2005). 

50. Heinz, R., “Surface Plasmons on Smooth and Rough Surfaces and on Gratings Springer 
Tracts in Modern Physics,” 111, Springer Berlin (1988). 

51. Agranovich, V.M.; Mills, D.L., (Editors.), “Surface Polaritons,” North-Holland, Amsterdam 
(1982). 

52 Barnes, W. L.; Dereux, A.; Ebbesen, T. W.,” Surface plasmon subwavelength optics,” Nat. 
424 (2003). 

53. Maier, S. A., “Plasmonics: Fundamentals and Applications,” Springer Science&Business 
Media LLC (2007). 

54. Hunyadi Murph, S. E.; Larsen, G. K.; Coopersmith, K. J., (Editors), “Anisotropic and Shape- 
Selective Nanomaterials Structure-Property Relationships,” Springer International Publishing AG 
(2017). 

55. Salomon, L.; Bassou, G.; Dufour, J.P.; de Fornel, F.; Zayats, A.V., “Local excitation of 
surface plasmon polaritons at discontinuities of a metal film: Theoretical analysis and optical 
near-field measurements,” Phys. Rev. B 65,125409 (2002). 



 

117 

 

                                                                                                                                                              

56. Barnes, W.L.; Dereux , A.; Ebbesen, T.W., “Surface plasmon subwavelength optics,” Nature 
424, 825 (2003). 

57 Zayats, A. V.; Smolyaninov, I. I.; Maradudin, A. A., “Nano-optics of surface plasmon 
polaritons,” Physics Reports 408 (2005). 

58. Moskovits, M., “Surface-enhanced spectroscopy,” Rev. Mod. Phys. 57 783(1985).  

59. Mirzaee, S. M.A., “Quantum Dynamics of a Two-Level Atom Near Gold Nanostructures,” 
Electronic Theses and Dissertations. 4782 (2012). https://scholar.uwindsor.ca/etd/4782.   

60. Shalaev, V.M., “Nonlinear Optics of Random Media: Fractal Composites and Metal-
Dielectric Films,” Springer Tracts in Modern Physics, v.158, Springer, Berlin Heidelberg (2000). 

61. Gratzel, M., “Applied physics-solar cells to dye for,” Nature, 421, 586 (2003). 

62. Ratier, B.; Nunzi, J.M.; Aldissi, M.; Kraft, T.M.; Buncel, E., “Organic solar cells' materials 
and active layer designs, improvements with carbon nanotubes: a review,” Polym. Int., 61, 342–
354 (2012). 

63. Bosio, A.; Romeo A., (Editors), “Thin Film Solar Cells: Current Status and Future Trends,” 
Nova Science Publishers, Inc. (2011).  

64. Donchev, E.; Pang, J.; Gammon, P.; Centeno, A.; Xie, F.; Petrov, P.; Breeze, J.; Ryan, M.; 
Riley, D.; Alford, N., “The rectenna device: From theory to practice”, MRS Energy & 
Sustainability 1, 1-34, (2014). 

65. Goswami, D.Y.; Vijayaraghavan, S.; Lu, S.; Tamm, G., “New and emerging developments in 
solar energy”, Sol. Energy 76, 33 – 43 (2004). 

66. Corkish, R.; Green, M.A.; Puzzer, T., “Solar energy collection by antennas”, Solar Energy 73, 
395, (2002). 

67. Fagas, G.; Gammaitoni, L.; Paul, D.; Abadal Berini, G., “ICT energy- concepts towards zero- 
power information and communication technology”, Intech (2014).  

68. Yana, S.; Tumendemberel, B.; Zheng, X.; Volskiy, V.; Vandenbosch, G. A.E.; 
Moshchalkova, V. V.; “Optimizing the bowtie nano-rectenna topology for solar energy harvesting 
applications,” Solar Energy 157, 259–262 (2017). 

69. Frey, H.G.; Keilmann, F.; Kriele, A.; Guckenberger, R., “Enhancing the resolution of 
scanning nearfield optical microscopy by a metal tip grown on an aperture probe,”Appl. Phys. 
Lett. 81, 5030–5032 (2002).   

70. Taminiau, T.H.; Moerland, R.J.; Segerink, F.B.; Kuipers, L.; van Hulst, N.F., “l/4 resonance 
of an optical monopole antenna probed by single molecule fluorescence,” Nano Lett 7, 28–33 
(2007). 

71. Taminiau, T.H.; Segerink, F.B.; Moerland, R.J.; Kuipers, L.; van Hulst, N.F., “Near-field 
driving of an optical monopole antenna,” J. Opt. A: Pure Appl. Opt. 9, S315–S321 (2007). 

72. Novotny, L., “Effective wavelength scaling for optical antennas”, Phys. Rev. Lett. 98 , 
266802 (2007). 

73. Link, S.; El-Sayed, M.A., “Size and temperature dependence of the plasmon absorption of 
colloidal gold nanoparticles,” J. Phys. Chem. B, Vol.103, No.21, 4212-4217, ISSN 1520-6106 
(1999). 

74. Li, Q.; Cao, Y., “Preparation and characterization of gold nanorods”, Nanorods, Dr. Orhan 
Yalçın (Ed.), ISBN: 978-953-51-0209-0, InTech (2012). 



 

118 

 

                                                                                                                                                              

75. Castanié, E.; Vincent, R.; Pierrat, R.; Carminati, R., “Absorption by an optical dipole antenna 
in a structured environment”, Int. J. of Optics 2012, 452047 (2012) 

76. Kabashin, A. V.; Evans, P.; Pastkovsky, S.; Hendren, W.; A.Wurtz, G.; Atkinson, R.; Pollard, 
R.; Podolskiy, V. A.; Zayats, A. V., “Plasmonic nanorod metamaterials for biosensing”, Nat. 
Mat. 8, 867 (2009). 

77. Wurtz, G. A.; Pollard, R.; Hendren, W.; Wiederrecht, G. P.; Gosztola, D. J.; Podolskiy, V. A; 
Zayats, A. V., “Designed ultrafast optical nonlinearity in a plasmonic nanorod metamaterial 
enhanced by nonlocality”, Nat. Nanotech. 6, 107 (2011). 

78. Berland, B., "Photovoltaic Technologies Beyond the Horizon: Optical Rectenna Solar Cell," 
National Renewable Energy Laboratory (2003). 

79. Research boosts efficiency and stability of optical rectennas (2018, January 26) retrieved 23 
February 2018 from https://phys.org/news/2018-01-boosts-efficiency-stability-optical-
rectennas.html. 

80. Obraztsov, A. N.; Lyashenko, D.A.; Fang, S.; Baughman, R.H.; Obraztsov, P.A.; Garnov, S.V.; 
Svirko, Y.P., “Photon drag effect in carbon nanotube yarns,” App. Phys. Lett. 94, 231112 (2009). 

81. Vengurlekar, A. S.; Ishihara, T., “Surface plasmon enhanced photon drag in metal films”, App. Phys. 
Lett. 87, 091118 (2005). 

82. Nastos, F.; Sipe, J. E., “Optical recti_cation and current injection in unbiased semiconductors” Phys. 
Rev. B 82,235204 (2010). 

83. Malevich, V. L.; Adomavi_cius, R.; Krotkus, A., “THZ emission from semiconductor surfaces”. C. 
R. Phys. 9, 130,141(2008). 

84. Chen, M.; Gu, J.; Sun, C.; Zhao, Y.; Zhang, R.; You, X.; Liu, Q.; Zhang, W.; Su, Y.; Su, H.; Zhang, 
D., “Light-Driven Overall Water Splitting Enabled by a Photo-Dember Effect Realized on 3D 
Plasmonic Structures,” ACS Nano, 10 (7), 6693 (2016). 

85. Yaghoobi, P.; Moghaddam, M. V.; Nojeh, A., “‘Heat trap: Light-induced localized heating 
and thermionic electron emission from carbon nanotube arrays,” Solid State Communications 151 
1105–1108 (2011). 

86. Khurgin, J. B., “Optically induced currents in dielectrics and semiconductors as a nonlinear 
optical effect,” Journal of the Optical Society of America B 33, 7 (2016). 

87. Danishevskii, A. M.; Kastalskii, A. A.; Ryvkin, S. M.; Yaroshetskii, I. D., “photon drag effect 
of the free carriers in direct interband transitions in semiconductors,” Sov. Phys. JETP 31, 292 
(1970). 

88. Durach, M.; Rusina, A.; Stockman., M.I., “Giant surface-plasmon-induced drag effect in 
metal nanowires,” Physical Review Letters 103, 186801–1–4 (2009).  

89. Vengurlekar, A.; Ishiara, T., “ Surface plasmon enhanced photon drag in metal films,” 
Applied Physics Letters 87: 091118 (2005). 

90. Cook, A. M.; Fregoso, B. M.; de Juan, F.; Coh, S.; Moore, J. E., “Design principles for shift 
current photovoltaics,” Nat. Comm. 8, 14176 (2017). 

91. Nakamura, M.; Horiuchi, S.; Kagawa, F.; Ogawa, N.; Kurumaji, T.; Tokura, Y.; Kawasaki, 
M., “Shift current photovoltaic effect in a ferroelectric charge-transfer complex,” Nat. Comm. 8, 
281(2017).  

92. Bieler, M.; Pierz, K.; Siegner, U., “Simultaneous generation of shift and injection currents in 
(110)-grown GaAs/AlGaAs quantum wells,” J. of App. Phys. 100, 083710 (2006). 



 

119 

 

                                                                                                                                                              

93. Nastos, F.; Sipe, J. E., “Optical rectification and shift currents in GaAs and GaP response: 
Below and above the band gap,” Phys. Rev. B 74, 035201 (2006). 

94. Klatt, G.; Hilser, F.; Qiao, W.; Beck, M.; Gebs, R.; Bartels, A.; Huska, K.; Lemmer, U.; 
Bastian, G.; Johnston, M.B.; Fischer, M.; Faist, J.; Dekorsy, T., “Terahertz emission from lateral 
photo-Dember currents,” OPTICS EXPRESS 18, 5, 4939 (2010). 

95. Reid, M.; Fedosejevs, R., “Terahertz emission from (100) InAs surfaces at high excitation 
fluences,” Appl. Phys. Lett. 86, 011906 (2005). 

96. Zolotavin, P.; Evans, C.; Natelson, D., “Photothermoelectric Effects and Large Photovoltages 
in Plasmonic Au Nanowires with Nanogaps,” J. Phys. Chem. Lett. 8, 1739−1744 (2017). 

97. McCarthy, P.T.; Reifenberger, R. G.; Fisher, T. S., “Thermionic and photo-excited electron 
emission for energy-conversion processes,” Review Article in frontiers in Energy Research 2, 54 
(2014). 

98. Schwede, J.W.; Bargatin, I.; Riley, D. C.; Hardin, B. E.; Rosenthal, S. J.; Sun, Y.; Schmitt, F.; 
Pianetta, P.; Howe, R. T.; Shen, Z.; Melosh, N. A., “Photon-enhanced thermionic emission for 
solar concentrator systems,” Nat. Mat. 9, 762 (2010). 

99. Bass, M.; Franken, P. A.; Ward, J. F.; Weinreich, G., “Optical rectification,” Phys. Rev. Lett. 
9, 446–448 (1962). 

100. Kang, L.; Cui, Y.; Lan, S.; Rodrigues, S. P.; Brongersma, M. L.; Cai, W., “Electrifying 
photonic metamaterials for tunable nonlinear optics,” Nat. Com.5, 4680 (2014). 

101. Reid, M.; Cravetchi, I. V.; Fedosejevs, R., “Terahertz radiation and second-harmonic 
generation from InAs: Bulk versus surface electric-field-induced contributions,” Physical Review 
B 72, 035201 (2005). 

102. Uchiho, Y.; Shimojo, M.; Kajikawa, K., “Electro-optic effect and optical rectification in 
gold nanoparticles immobilized above a gold surface,” J. Phys. D: Appl. Phys. 43, 495101 
(2010). 

103. Uzawa, R.; Tanaka, D.; Okawa, H.; Hashimoto, K.; Kajikawa, K., “Optical rectification in 
self-assembled monolayers probed at surface plasmon resonance condition,” Appl. Phys. Lett. 95, 
021107 (2009). 

104. Nahata, A.; F. Heinz, T., “Generation of subpicosecond electrical pulses by optical 
rectification,” Opt. Lett. 23, 11, 867 (1998). 

105. Zhang, J.; Bull, J. D. ; Darcie, T. E., “Microwave photonic signal detection using phase-matched 
optical rectification in an AlGaAs waveguide,” IEEE Photon. Technol. Lett. 19(24), 2012-2014 (2007). 

106. Morozov, B. N.; Aivazyan, Y. M.,“Optical rectification effect and its applications (review),” Sov. J. 

Quantum Electron 10, 1–16 (1980). 

107. Zhu, Z.; Joshi, S.; Moddel, G., “High performance room temperature rectenna IR detectors using 
graphene geometric diodes,” IEEE 20, 6 (2014). 

108. Goswami, D. Y.; Vijayaraghavan, S.; S. Lu, and G. Tamm, “New and emerging developments in 
solar energy,” Solar Energy 76, 33 – 43 (2004). 

109. Corkish, R. ; Green, M. A.; Puzzer, T., “Solar energy collection by antennas,” Solar Energy 73,395, 
(2002). 

110 Nunzi, J.M. ,“Requirements for a rectifying antenna solar cell technology,” Proc SPIE 7712, 
771204 (2010). 



 

120 

 

                                                                                                                                                              

111. Mikheev, G. M.; Zonov, R. G. ; Obraztsov, A. N. ; Svirko, Yu. P., “Giant optical rectification effect 
in nanocarbon films,” App. Phys. Lett. 84, 24 (2004). 

112. Mikheev, G. M.; Zonov, R. G.; Obraztsov, A. N. ; Volkov, A. P. ; Svirko, Yu. P., “Quick-Response 
Film Photodetector of High-Power Laser Radiation Based on the Optical Rectification Effect,” Tech. 
Phys. 51, 9, 1190–1196 (2006). 

113. T. Jones, B.; Witzens, J. ; Hochberg, M. ,“Theoretical Study of Optical Rectification at Radio 
Frequencies in a Slot Waveguide,” IEEE J. of Quantum Elec. 46, 11 (2010). 

114. Mirzaee, S. M.A.; Rao, B.S. ; Nunzi, J.M., “Three Photon Absorption Detection Using Polymer 
Photo- Diodes,” Proc. SPIE 8915, 891514 (2013). 

115. Wang, F.; Melosh, N. A., “Plasmonic Energy Collection through Hot Carrier Extraction,” Nano 
Lett., 11, 5426 (2011). 

116. Riviere, J. C., “Contact Potential Difference Measurements by the Kelvin Method,” Phys. Soc. B 
70, 676-686 (1957). 

117. Mirzaee, S. M.A.; Nunzi, J.M., “Searching for Evidence of Optical Rectification: Optically-Induced 

Nonlinear Photovoltage in a Capacitor Configuration,” J. Opt. Soc. Am. B 36(1), 53-60 (2019). 

118. Liu, F.; Nunzi, J.M., “Enhanced organic light emitting diode and solar cell performances using 
silver nano-clusters,” Org. Elec. 13, 1623–1632 (2012). 

119. Deckers, S.; Vandendriessche, S.; Cornelis, D.; Monnaie, F.; Koeckelberghs, G.; Asselberghs, I.; 
Verbiest, T.; van der Veen, M. A., “Poly(3-alkylthiophene)s show unexpected second-order nonlinear 
optical response,” Chem. Commun. 50, 2741-2743 (2014). 

120. Tong, Y. ; Zhao, X.; Tan, M. C.; Zhao, R. ,“Cost-Effective and Highly Photoresponsive 
Nanophosphor- P3HT Photoconductive Nanocomposite for Near-Infrared Detection,” Sci. Rep. 5, 
16761 (2015). 

121. Kalb, W. L.; Haas, S.; Krellner, C. ; Mathis, T.; Batlogg, B., “Trap density of states in small-
molecule organic semiconductors: A quantitative comparison of thin-film transistors with single 
crystals,” Phys. Rev. B 81, 155315 (2010). 

122. Novikov, S.V.; Tameev, A. R.; Vannikov, A. V.; Nunzi, J.M. ,“Estimation of the 
concentration of deep traps in organic photoconductors using two-photon absorption,” Proc. SPIE 
7993, 799321 (2011). 

123. Street, R. A.; Krakaris, A.; Cowan, S.R., “Recombination Through Different Types of Localized 
States in Organic Solar Cells,” Adv. Funct. Mater. 22, 4608 (2012). 

124. Sentein, C.; Fiorini, C.; Lorin, A.; Sicot, L.; Nunzi, J.M., “Study of orientation induced molecular 
rectification in polymer films”, Opt. Mat. 9, 316-322 (1998). 

125. Akbi, M. ; Lefort, A.,” Work function measurements of contact materials for industrial use,” J. 
Phys. D: Appl. Phys. 31, 1301-1308 (1998). 

126. Sachtler, W. M. H.; Dorgelo, G. J. H.; Holscher, A. A. ,“The Work Function of Gold,” Surf. Sci. 5, 
221-229 (1966). 

127. Burgess Jr., D. ; Stair, P. C. ; Weitz, E., “Calculations of the surface temperature rise and desorption 
temperature in laser-induced thermal desorption,” J. Vac. Sci. Technol. A 4, 3 (1986). 

128. Trantum, J. R.; Baglia, M. L. ; Eagleton, Z. E.; Mernaugh, R. L.; Haselton, F. R. ,“Biosensor design 
based on Marangoni flow in an evaporating drop,” Lab Chip 14, 315 (2014). 

129. Bourgoin, J.P.; Allogho, G.G.; Haché, A., “Thermal conduction in thin films measured by optical 
surface thermal lensing,” J. of App. Phys. 108, 073520 (2010). 



 

121 

 

                                                                                                                                                              

130. Kemp, T.; Srinivas, T. A. S.; Fettig, R.; Ruppel, W. ,“Measurement of thermal diffusivity of thin 
films and foils using a laser scanning microscope,” Rev. of Sci. Instruments 66, 176 (1995). 

131. Chen, G.; Hui, P., “Thermal conductivities of evaporated gold films on silicon and glass,” Appl. 
Phys. Lett. 74, 2942 (1999). 

132. Johnson, P. B.; Christy, R. W., “Optical constants of the noble metals,” Phys. Rev. B 6, 4370-4379 
(1972). 

133. Akbi, M., “A Method for Measuring the Photoelectric Work Function of Contact Materials Versus 
Temperature,” IEEE Trans. Compon. Packag. Manuf. Technol. 4, 8, 1293–1302 (2014). 

134. Vengurlekar, A. S.; Ishihara, T., “Surface plasmon enhanced photon drag in metal films,” App. 
Phys. Lett. 87, 091118 (2005). 

135. Nastos, F.;  Sipe, J. E., “Optical rectification and current injection in unbiased semiconductors,” 
Phys. Rev. B 82, 235204 (2010). 

136. Malevich, V. L.; Adomavicius, R.; Krotkus, A., “THZ emission from semiconductor surfaces,” C. 
R. Phys. 9, 130, 141 (2008). 

137. Klatt, G.; Hilser, F. ; Qiao, W.; Beck, M.; Gebs, R. ; Bartels, A.; Huska, K.; Lemmer, U.; Bastian, 
G.; Johnston, M.B. ; Fischer, M.; Faist, J. ; Dekorsy, T. ,“Terahertz emission from lateral photo-Dember 
currents,” Opt. Exp. 4934, 18, 5 (2010). 

138. Sipe, J. E. ; So, V. C. Y.; Fukui, M. ; Stegeman, G. I. , “Analysis of second harmonic generation at 
metal surfaces,” Phys. Rev. B Vol. 21, 10 (1980). 

139. Wang, F. X. ; Rodriguez, F. J.; Albers, W. M.; Ahorinta, R.; Sipe, J. E.; Kauranen, M., “Surface 
and bulk contributions to the second-order nonlinear optical response of a gold film,” Phys. Rev. B80, 
233402 (2009). 

140. Ramakrishnan, G.; Planken, P. C. M., “Percolation-enhanced generation of terahertz pulses by 
optical rectification on ultrathin gold films,“ Opt. Lett. 36, 13 (2011). 

141. Vicsek, T., “Fractal Growth Phenomena,” World Sc.: Singapore (1992). 

142. Voss, R. F.; Laibowitz, R. B. ; Allessandrini, E. I., “Fractal (Scaling) Clusters in Thin Gold Films 
near the Percolation Threshold,” Phys. Rev. Lett. 49, 1441−1444 (1982). 

143. Wei, H.; Eilers, H., “From silver nanoparticles to thin films: Evolution of microstructure and 
electrical conduction on glass substrates,” J. Phys. Chem. Solids 70, 459−465 (2009). 

144. Liu, X. ; Li, D.; Sun, X.; Li, Z.; Song, H.; Jiang, H.; Chen, Y., “Tunable Dipole Surface Plasmon 
Resonances of Silver Nanoparticles by Cladding Dielectric Layers,” Sci. Rep. 5, 12555 (2015). 

145. Amendola, V.; Bakr, O. M.; Stellacci, F., “A Study of the Surface Plasmon Resonance of Silver 
Nanoparticles by the Discrete Dipole Approximation Method: Effect of Shape, Size, Structure, and 
Assembly”, Plasmonics 5, 85–97 (2010). 

146. Krause, D.; Teplin, C.W. ;  Rogers, C.T., “Optical surface second harmonic measurements of 
isotropic thin-film metals: Gold, silver, copper, aluminum, and tantalum,” J. Appl. Phys. 96, 7 (2004). 

147. Barille, R.; Canioni, L.; Sarger, L.; Rivoire, G., “Nonlinearity measurements of thin films by third-
harmonic-generation microscopy,” Phys. Rev. E 66, 067602 (2002). 

148. Olivier, N. ; Aptel, F.; Plamann, K. ; Schanne-Klein, M.; Beaurepaire, E. ,“Harmonic microscopy 
of isotropic and anisotropic microstructure of the human cornea,” Opt. Exp. 18, 5, 5028 (2010). 

149. Brevet, P.-F., “Surface Second Harmonic Generation,” PPUR presses polytechniques, p.47. (1997). 

https://doi.org/10.1103/PhysRevB.6.4370
https://doi.org/10.1103/PhysRevB.6.4370


 

122 

 

                                                                                                                                                              

150. Reid, M.; Cravetchi, I. V. ; Fedosejevs, R., “Terahertz radiation and second-harmonic 
generation from InAs: Bulk versus surface electric-field-induced contributions,” Phys. Rev. B 72, 
035201 (2005). 

151. Yablonovitch, E. ; Heritage, J. P.;  Aspnes, D. E.; Yafet, Y. ,“Virtual photoconductivity,” Phys. 
Rev. Lett. 63, 976–979 (1989). 

152. Abb, M.; Albella, P.; Aizpurua, J.; Muskens, O. L., “All-Optical Control of a Single Plasmonic 
Nanoantenna-ITO Hybrid” Nano Lett. 11, 2457−2463 (2011). 

153. Mandal, P.; Sharma, S., “Progress in plasmonic solar cell efficiency improvement: A status 
review,” Renew. Sustainable Energy Rev. 65, 537-552 (2016). 

154. Li, W.; Valentine, J.G., “Harvesting the loss: surface plasmon-based hot electron 
photodetection,” Nanophoton. 6, 177-191 (2017). 

155. Brongersma, M.L.; Halas, N.J.; Nordlander, P., “Plasmon-induced hot carrier science and 
technology,” Nat. Nanotechnol. 10, 25-34 (2015). 

156. Clavero, C., “Plasmon-induced hot-electron generation at nanoparticle/metal-oxide 
interfaces for photovoltaic and photocatalysic devices,” Nat. Photon. 8, 95-103 (2014). 

157. Zhang, C.; Wu, K.; Giannini, V.; Li,X., Planar “Hot-Electron Photodetection with Tamm 
Plasmons,” ACS Nano 11, 1719−1727 (2017). 

158. Shokri Kojori, H.;Yun, J.H.; Paik, Y.; Kim, J.; Anderson, W.A.; Jin Kim,S., “Plasmon Field 
Effect Transistor for Plasmon to Electric Conversion and Amplification,” Nano Lett. 16, 250−254 
(2016).  

159. Lozan, O.; Sundararaman, R.; Ea-Kim, B.; Rampnoux, J.M.; Narang, P.; Dilhaire, S.; 
Lalanne, P., “Increased rise time of electron temperature during adiabatic plasmon focusing,” 
Nat. Commun. 8, 1656 (2017). 

160. Cushing, S.K. , “Plasmonic hot carriers skip out in femtoseconds,” Nat. Photon. 11, 745–751 
(2017). 

161. Tan, S.; Argondizzo, A.; Ren, J.; Liu, L.; Zhao, J.; Petek, H., “Plasmonic coupling at a 
metal/semiconductor interface,” Nat. Photon. 11, 806–812 (2017). 

162. Knight, M.W.; Sobhani, H.; Nordlander, P.; Halas, N.J., “Photodetection with Active Optical 
Antennas,” Science, 332, 702-704 (2011). 

163. Goykhman, I.; Desiatov, B.; Khurgin, J.; Shappir, J.; Levy, U., “Locally Oxidized Silicon 
Surface-Plasmon Schottky Detector for Telecom Regime,” Nano Lett. 11, 2219-2224 (2011). 

164. Goykhman, I.; Desiatov, B.; Khurgin, J.; Shappir, J.; Levy, U., “Waveguide based compact 
silicon Schottky photodetector with enhanced responsivity in the telecom spectral band,” Opt. 
Expr., 20, 28594-28602 (2012). 

165. Giugni, A.; Torre, B.; Toma, A.; Francardi, M.; Malerba, M.; Alabastri, A.; Proietti 
Zaccaria, R.; Stockman, M.I.; di Fabrizio, E., “Hot-electron nanoscopy using adiabatic 
compression of surface plasmons,” Nat. Nanotechnol., 8, 845-852 (2013). 

166. Li, W.; Valentine, J., “Metamaterial Perfect Absorber Based Hot Electron Photodetection,” 
Nano Lett., 14, 3510-3514 (2014). 

167. Chalbi, H.; Schoen, D.; Brongersma, M.L., “Hot-Electron Photodetection with a Plasmonic 
Nanostripe Antenna,” Nano Lett. 14, 1374-1380 (2014). 



 

123 

 

                                                                                                                                                              

168. Knight, M.W., “Embedding Plasmonic Nanostructure Diodes Enhances Hot Electron 
Emission,” Nano Lett. 13, 1687-1692 (2013). 

169. Sobhani, A.; Knight, M.W.; Wang, Y.; Zheng, B.; King, N.S.; Brown, L.V.; Fang, Z.; 
Nordlander, P.; Halas, N.J., “Narrowband photodetection in the near-infrared with a plasmon-
induced hot electron device,” Nat. Commun. 4, 1643 (2013). 

170. Berini, P.; Olivieri, A.; Chen, C., “Thin Au surface plasmon waveguide Schottky detectors 
on p-Si,” Nanotech. 23, 44 (2012). 

171. Akbari, A.; Berini, P., “Schottky contact surface-plasmon detector integrated with an 
asymmetric metal stripe waveguide,” Appl. Phys. Lett. 95, 021104 (2009). 

172. Lin, K.-T.; Cen, H.-L.; Lai, Y.-S.; Yu, C.-C., “Silicon-based broadband antenna for high 
responsivity and polarization-insensitive photodetection at telecommunication wavelengths,” Nat. 
Commun. 5, 3288 (2014). 

173. Kirby, R.; Sabat, R.G.; Nunzi, J.-M.; Lebel, O., “Disperse and disordered: a 
mexylaminotriazine-substituted azobenzene derivative with superior glass and surface relief 
grating formation,” J. Mater. Chem. C 2, 841-847 (2014). 

174. Bennani, O.R.; Al-Hujran, T.A.; Nunzi, J.-M.; Sabat, R.G.; Lebel, O., “Surface relief 
graiting growth in tihn films of mexylaminotriazine-functionalized glass-forming azobenzene 
derivatives,” New J. Chem. 39, 9162-9170 (2015). 

175. Umezawa, H.; Nunzi, J.-M.; Lebel, O.; Sabat, R.G., “Electric-Field-Induced Nanoscale 
Surface Patterning in Mexylaminotriazine-Functionalized Molecular Glass Derivatives,” 
Langmuir, 32, 5646-5652 (2016). 

176. Umezawa, H.; Jackson, M.; Lebel, O.; Nunzi, J.-M.; Sabat, R.G., “Second-order nonlinear 
optical properties of mexylaminotriazine-functionalized glass-forming azobenzene derivatives,” 
Opt. Mater. 60, 258-263 (2016). 

177. Hartland, G.V.; Besteiro, L.V.; Johns,P.; Govorov, A.O., “What’s so Hot about Electrons in 
Metal Nanoparticles?,” ACS Energy Lett. 2, 1641−1653 (2017). 

178. Sipe, J.E.; So, V.C.Y.; Fukui, M.; Stegeman, G.I., “Analysis of second-harmonic generation 
at metal surfaces,” Phys. Rev. B, 10, 4389 (1980). 

179. Ramanandan, G.K.P.; Ramakrishnan, G.; Kumar, N.; Adam, A.J.L., Planken, P.C.M., 
“Emission of terahertz pulses from nanostructured metal surfaces,” J. Phys. D: Appl. Phys.47, 
374003 (2014). 

180. Vicsek, T., “Fractal Growth Phenomena,” Singapore: World Scientific, (1992). 

181. Voss, R.F.; Laibowitz, R.B.; Allessandrini, E.I., “Fractal (Scaling) Clusters in Thin Gold 
Films near the Percolation Threshold,” Phys. Rev. Lett.49, 19, 1441 (1982). 

182. Wei, H.; Eilers, H., “From silver nanoparticles to thin films: Evoluation of microstructure 
and electrical conduction on glass substrates,” J. Phys. Chem. Solids70, 459-465 (2009). 

183. Barab´asi, A. L.; Stanley, H. E., “Fractal Concepts in Surface Growth,” Cambridge 
University Press (1995).  

184. Meakin, P., “Fractals, Scaling, and Growth Far from Equilibrium,” Cambridge University 
Press (1998). 

185. Golghasemi Sorkhabi, Sh.; Ahmadi-Kandjani, S.; Cousseau, F.; Loumaigne, M.; Zielinska, 
S.; Ortyl, E.; Barille, R., “Surface quasi periodic and random structures based on nanomotor 
lithography for light trapping,” J. Appl. Phys. 122, 015303 (2017). 



 

124 

 

                                                                                                                                                              

186. Li, J.; Du, Q.; Sun, C., “An improved box‐counting method for image fractal dimension 
estimation,” Pattern Recognit 42: 2460–2469 (2009). 

187. Liu J, Jiang X, Huang X, Wu S. 2010. “Morphological characterization of super fine 
pulverized coal particle. Part 2. AFM investigation of single coal particle,” Fuel 89: 3884–3891 
(2010). 

188. Perez, D.G.; Barille, R.; Morille, Y.; Zielinska, S.; Ortyl, E., “Multifractal characteristics of 
optical turbulence measured through a single beam holographic process,” Opt. Exp. 22,16, 19538 
(2014).  

189. Gu, G.-F.; Zhou, W.-X., “Detrended fluctuation analysis for fractals and multifractals in 
higher dimensions,” Phys. Rev. E 74, 061104 (2006). 

190. Nasehnejad, M. ; Nabiyouni, G. ; Shahraki, M.G., “Morphological characterisation and 
microstructure of silver films prepared by electrodeposition method, Surface Engineering,” 33:5, 
389-394 (2017). 

191. Yadav, R. P.; Kumar, T.; Mittal, A.K.; Dwivedi, S.; Kanjilal, D., “Fractal characterization of 
the silicon surfaces produced by ion beam irradiation of varying fluences R,” Applied Surface 
Science 347, 706 (2015). 

192. Zhao, Y. P.; Yang, H.-N.; Wang, G.-C.; Lu, T.-M.; “Extraction of real-space correlation 
function of a rough surface by light scattering using diode array detectors,” Appl. Phys. Lett. 68, 
22 (1996). 

193. Constantoudis, V.; Boulousis, G.; Ellinas, K.; Gogolides, E., “Model-aided hybrid metrology 
for surface roughness measurement fusing AFM and SEM data,” 17

th
 International Congress of 

Metrology, 14005 (2015). 

194. Purcell, E.M.; Pennypacker, C.R., “Scattering and Absorption of Light by Nonpherical 
Dielectric Grains,” Astrophys. J. 186, 705-714 (1973). 

195. Gerardy, J.M.; Ausloos, M., “Absorption spectrum of clusters of spheres from the general 
solution of Maxwell’s equations. The long-wavelength limit,” Phys. Rev. B, 22, 4950 (1980). 

196. Markel, V.A.; Shalaev, V.M.; Stechel, E.B.; Kim, W.; Armstrong, R.L., “Small-particle 
composites. I. Linear pptical properties,” Phys. Rev. B, 53, 2425 (1996). 

197. Lepeshkin, N. N.; Kim, W.; Safonov, V. P.; Zhu, J. G.; Armstrong, R. L.; White, C. W.; 
Zuhr, R. A.; Shalaev., V. M., “Optical nonlinearities of metal-dielectric composites,” Journal of 
Nonlinear Optical Physics and Materials, 8(2):191{210, (1999). 

198. Kreibig, U.; Vollmer, M., “Optical Properties of Metal Clusters,” Springer-Verlag, New 
York, (1995). 

199. Hartland, G.V., “Optical Studies of Dynamics in Noble Metal Nanostructures,” Chem. Rev., 
111, 3858-3887 (2011). 

200. Marchuk, K.; Willets, K.A., “Localized surface plasmons and hot electrons,” Chem. Phys., 
445, 95–104 (2014). 

201. Gieseking, R.L.; Ratner, M.A.; Schatz, G.C., “Review of Plasmon-Induced Hot-Electron 
Dynamics and Related SERS Chemical Effects. Frontiers of Plasmon Enhanced Spectroscopy 
V.1,”, Chap. 1, 1–22 (2016). 

202. Sze, S.M.; Moll, J.L.; Sugano, T., “Range-energy relation of hot electrons in gold,” Sol. 
State Electron., 7, 509-5231 (964). 

http://pubs.acs.org/author/Gieseking%2C+Rebecca+L
http://pubs.acs.org/author/Ratner%2C+Mark+A
http://pubs.acs.org/author/Schatz%2C+George+C
http://pubs.acs.org/isbn/9780841232013
http://pubs.acs.org/isbn/9780841232013


 

125 

 

                                                                                                                                                              

203. Baer, D.R.; Gordon, R.L.; Hubbard, C.W., “Work function and UPS study of Au and O on 
Re,” App. Surf. Sci., 45, 71-83 (1990). 

204. Peres, L.; Bou, A.; Cornille, C.; Barakel, D.; Torchio, P., “Work function measurement of 
multilayer electrodes using Kelvin probe force microscopy,” J. Phys. D: Appl. Phys., 50, 13LT01 
(2017). 

205. Yip, H.L.; Hau, S.K.; Baek, N.S.; Ma, H.; Jen, A.K.-Y., “Polymer Solar Cells That Use Self-
Assembled-Monolayer-Modified ZnO/Metals as Cathodes,” Adv. Mater., 20, 2376-2382 (2008). 

206. Liu, F.; Nunzi, J.-M., “Enhanced organic light emitting diode and solar cell performances 
using silver nano-clusters,” Org. Electron., 13, 1623-1632 (2012). 

207. Humphrey, J.L.; Kuciauskas, D., “Optical susceptibilities of supported indium tin oxide thin 
films,” J. Appl. Phys., 100, 113123 (2006). 

208. Naeimi, Z.; Miri, M., “Tunable Dichroic Self-Affine Thin Films,” J. Phys. Chem. C, 115, 
15251-15256 (2011). 

209. Funston, A.M.; Novo, C.; Davis, T.J.; Mulvaney, P., “Plasmon Coupling of Gold Nanorods 
at Short Distances and in Different Geometries,” Nano Lett., 9, 1651-1658 (2009). 

210. Sheik-bahae, M.; Said, A. A.; Van Stryland, E. W., “High-sensitivity, single-beam n2 
measurements,” Opt. Lett., vol. 14, no. 17, p. 955 (1989). 

211. Kuzyk, M. G.; Dirk, C. W., (Eds.) , “Characterization Techniques and Tabulations for 
Organic Nonlinear Materials,” page 655-692, Marcel Dekker, Inc.(1998). 

212. Wang, X.; Tian, W.; Liao, M.; Bandoa, Y.; Golberg, D., “Recent advances in solution-
processed inorganic nanofilm photodetectors,” Chem. Soc. Rev. 43, 1400 (2014). 

213. Stepanova, M.; Dew, S., (Editors), “Nanofabrication Techniques and principles,” Springer 
Wien NewYork (2012). 

214. Knight, M. W.; Sobhani, H.; Nordlander, P.; Halas, N. J., “Photodetection with Active 
Optical Antennas,” Science 332, 702 (2011). 

215. Ueno, K.; Mizeikis, V.; Juodkazis, S.; Sasaki, K.; Misawa, H., “Optical properties of 
nanoengineered gold blocks,” Opt. Lett.  30, 16 (2005). 

216. Yokota, Y.; Ueno, K.; Mizeikis, V.; Juodkazis, S.; Sasaki, K.; Misawa, H., “Optical 
characterization of plasmonic metallic nanostructures fabricated by high-resolution lithography,” 
Journal of Nanophotonics 1, 011594 (2007). 

217. Wu, C. S.; Makiuchi, Y.; Chen, C.; Wang, M. (Ed.), “High-energy Electron Beam 
Lithography for Nanoscale Fabrication, Lithography,” ISBN: 978-953-307-064-3, InTech (2010). 

218. Choudhury, P. R. (Editor), “Handbook of Microlithography, Micromachining and 
Microfabrication V1: Microlithography,” SPIE (1997). 

219. Kang, S.; Movva, H. C. P.; Sanne, A.; Rai, A.; Banerjee, S. K.; “Influence of electron-beam 
lithography exposure current level on the transport characteristics of graphene field effect 
transistors,” Journal of Applied Physics 119, 124502 (2016). 

220. Boyd, R. W.; Gehr, R. J.; Fischer, G. L.; Sipe, J. E., “Nonlinear optical properties of 
nanocomposite materials”, Pure Appl. Opt. 5,  505 (1996) 

221. Nunzi, J.M., “Requirements for a rectifying antenna solar cell technology,” Proc SPIE 7712, 
771204 (2010). 



 

126 

 

                                                                                                                                                              

222. Sentein, C.; Fiorini, C. C.; Lorin, A.; Nunzi, J. M., “Molecular Rectification in Oriented 
Polymer Structure,” Adv. Mater 9, No 10 (1997). 

223. Haick, H.; Cahen, D., “Making contact: Connecting molecules electrically to the 
macroscopic world,” Prog. Surf. Sci 83, 217 (2008). 

224. Bentoumi, W.; Mulatier, J. C.; Bouit, P. A.; Maury, O.; Barsella, A.; Vola, J. P.; Chastaing, 
E.; Divay, L.; Soyer, F.; Le Barny, P.; Bretonniere, Y.; Andraud, C., “Concise Multigram-Scale 
Synthesis of Push–Pull Tricyanofuran- Based Hemicyanines with Giant Second-Order 
Nonlinearity: An Alternative for Electro-optic Materials,” Chem. Eur. J. 20, 8909 – 8913 (2014). 


