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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 DCpotential 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
2

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.

3

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):

D   0E 

t

 J( )d

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]

J  t (P  .Q)  c( 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:

D   0E  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:

P   0  E,

Equation 2-4

D   0 (1   )E   E

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:

P  P L  P NL

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
E(r , t )  [ E ( )ei ( k .r t )  c.c.]
2

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

P ( L ) (t )   0  (1) .E(t )

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):

P ( NL ) (t )   0 (  (2) : E(t )E(t )   (3) : E(t )E(t )E(t )  ...)

Equation 2-8

 P (2) (t )  P (3) (t )  ...

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:

Pi (2) 

0
4

{ ijk(2) ( ,  ) E j Ek*   ijk(2) ( ,  ) E *j Ek
  ( ,  ) E j Ek e
(2)
ijk

 i 2 t

,[OR]
Equation 2-9
 i 2 t
k

  ( ,  ) E E e

j

(2)
ijk

} ,[ SHG ]

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
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given physical meaning through the following relations for nonlinear polarization describing SFG
responses to input fields at ꞷ1 and ꞷ2:

Pi (3  1  2 )  Pi (3  1  2 )* ,
E j (1 )  E j (1 )* ,

Equation 2-10

Ek (2 )  Ek (2 )* ,
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 secondorder 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 ω 1
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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:

ijk(2) (1  2 , 1 , 2 )  ikj(2) (1  2 , 2 , 1 )

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:

ijk(2) (3 , 1  2 )   (2)
jki (1 , 2  3 )

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 secondorder 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,
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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)
Pi (3) (4 )   0 ijkl
(4 ; 1 , 2 , 3 ) E j (1 ) Ek (2 ) El (3 )

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:

1
(3)
Pi (3 )   0 ijkl
(3;  ,  ,  ) E j Ek El e3it
4

Equation 2-14

The numerical factor 1/4 considers all possible permutations of the electric fields on the righthand 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  i  I . The real part is
directly related to the refraction index of the linear material and nonlinear processes as explained
in 2.1.12.1.2. 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 GoeppertMayer [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]:
d
dt

energy
( absorbed
)
volume

time

 J.E


PI(1)
t

.E 

PI( 2 )
t

.E 

PI( 3)
t

.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].
PI(1)
t

.E  2 0 Im[ ij(1) (;  ) Ei E *j ]

Equation 2-16

PI( 3)
t

(3)
.E  6 0 Im[ ijkl
(;  ,  ,  ) Ei E *j Ek El* ]

Equation 2-17

PI( 5)
t

(3)
.E  20 0 Im[ ijklmn
(;  ,  ,  ,  ,  ) Ei E *j Ek El* Em En* ]

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:

dI
  I   I 2   I 3
dz

Equation 2-19

where I is the light intensity, calculated as I 

cn 0 2
E . c and n are the speed of the light and
2

linear refractive index of the material, respectively. This assumes that the material is isotropic,
11

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]:

  4cn Im[ ij(1) (;  )],
(3)
  c 24n  Im[ ijkl
(;  ,  ,  )],
2 2

0

(5)
  c160n  Im[ ijklmn
(;  ,  ,  ,  ,  )].
3 3 2
0

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

D   ()E, B  0H

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

 m ( )  1   p2 / ( 2  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  p2  Ne2 /  0 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.

13

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:
En ' (k )  En (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.
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Let us consider a system with three different layers: A metal film with a complex, frequencydependent 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].
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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.

(b)

(a)

Figure 2-3 Charge carrier generation in, (a) a semiconductor p-n Junction, (b) an organic
photovoltaic cell.
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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 1014-1015 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 subwavelength 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]:

eff  n1  n2 [ /  p ],

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:

jA

e P
sin(2 )
2mc

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 noncentrosymmetric 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 photoDember 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:

  
J  AT 2 exp   
 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 electricfield-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:

eff(2)   (3) EDC

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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(a

(b

Figure 3-1. The measurement setup (a) Schematic representation (b) Digital photo of the
setup
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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

90±10

90±10

180

65

Repetition rate (MHz)
Average output power (mW)

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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3

2

1

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.
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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:

Vi (t )  V0 sin(t   )

Equation 3-1

Vr (t )  sin(t )

The working scheme of a lock-in amplifier can be explained simply by calculating the product of
these two signals as an output:

Vi (t )Vr (t ) 

V0
{cos[(  )t   )]  cos[(  )t   )]}
2

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:

Vout (t ) 

V0
{cos( )  cos(2t   )}
2

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 hotelectron 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 V     (2) E0 , where ρ is the static charge distribution inside
2

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 ORprocess 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.
39

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) bulkheterojunction [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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(a)

(b)

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
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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)
42

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/cm2 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 μm2 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].
Sample4
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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].
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Figure 4-7. Polarization dependence of the TPA photovoltage. The points show the
experimental data and the solid lines correspond to the linear and 2  cos2 (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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(a)

(b

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

 F  k 2
T (t )  2  0   
 K   

(t  t0 ),

1

1
 F  k 2 1
 2  0    [t 2  (t  t0 ) 2 ]
 K   

(t  t0 ).
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Equation 4-1

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/cm2) calculated as:

F0  ( Pin  Pout ) / A,

Pout
 exp( X ),
Pin

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 cm2.

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

K (w/cm.K)

k (cm2/s)

α (cm-1) at 1.5 μm

ITO coating

0.04

0.012

35000

3.17 (bulk)

1.29 (bulk)

1 (20 nm thin film)

1.15 (20 nm thin film)

Gold

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

50

layer on top of ITO glass will decrease by a couple of tenths of an electron volt for a onehundred-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 MetalSemiconductor 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.

(a

(b

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
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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

Pi (2) 

0
4

{ ijk(2) ( ,  ) E j Ek*   ijk(2) ( ,  ) E *j Ek

,[OR]

  ijk(2) ( ,  ) E j Ek e i 2t   ijk(2) ( ,  ) E j Ekei 2t } ,[ 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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(a)

(b

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

through a 14 nm120
gold nanostructured thin film on top of an ITO substrate. (a) Photovoltage
measurement showing
dependency on the illuminated laser power, with the linear fit
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denoted as a black line. (b) SHG intensity, (c) THG intensity (Adapted from [117]).
140

150

56

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

 zzz ,  zxx   zyy and  xxz   xzx   yyz   yzy [146].

57

susceptibility

tensor

components

are:

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 electricfield-induced optical rectification (EFIOR) that is explained in more detail in 2.4.5.
(3)
Pi (0)   0 ijkz
(0; , , DC ) E (j ) Ek( ) EzDC

Equation 4-4

Where E zDC , 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
(3)
same tensor components as for THG and both are related to the 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)
THG signal for s  polarized light   0  yyyy
E4

Equation 4-5

(3)
(3)
THG signal for p  polarized light   0 [  zzzz
sin( )4   xxxx
cos( )4 
(3)
(3)
(3)
2(  zzxx
  zxzx
  zxxz
) cos( ) 2 sin( )2 ]E 4 .

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
OR Photovoltage for s  polarized light   0 (  zyyz
  zyzy
  zzyy
) E 2 EDC

Equation 4-7

OR Photovoltage for p  polarized light 
(3)
(3)
(3)
(3)
2
 0 [  zzzz
sin( ) 2  (  zzxx
  zxzx
  zxxz
) cos( ) 2 ]E 2 EDC
.

Equation 4-8

(3)
As shown earlier, the summation in Equation 4-7 is equal to  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, E f
+ 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 longterm 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 Azoglass530 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-AuAzoglass-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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(a)

(b)

(c)

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=1550nm as 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
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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.

(a)

(b)

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,
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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
(2)

(2)

(2)

metal surfaces, the component χzzz is much greater than χzxx = χzyy . 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
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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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Width= hqmax– hqmin

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].

H (r )  2 2 1  exp 




r



2


 

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 heightheight 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 selfaffine 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:

 i(0)   0  Ri3[( i   h ) / ( i  2 h )]

Equation 5-2

Where Ri is its sphere radius Ri = (3/4π)⅓a (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 ith 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:
N

di ,   0 ( )[ Einc ,   Wˆ (ri  rj )d j ,  ]

Equation 5-3

3(rij ) (rij )  
Wˆ (rij )  i W j  
 3,
5
rij
rij

Equation 5-4

j i

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 ith dipole as
follows:

Ei ,   01di ,   01i , Einc ,

 i ,  
j ,n

i n n j 

 01 ( )  n

Equation 5-5

,

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:

 abs  Im[  ( ) ]  Im[(1/ 3N ) Tr[ i , ]],

Equation 5-7

i

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:

 b   Drude   int 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 (electronsurface contribution) can be formalized within the phenomenological theory of Kreibig [198] as:

s 

vF
,
Lsmfp

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 hotelectron mechanism as:
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s 

Ratehot electron . 

Equation 5-10

E plasmon

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:

Ratehot electron 

vF .E plasmon
Lsmfp . 

,

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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(a)

(b)

Figure 5-11. Schematic of the tunneling effect at the interface of highly doped n-type ITOAu junction. EfITO: ITO fermi level energy, EfAu: gold fermi level energy, Φau: gold
workfunction, ΦITO: ITO workfunction, 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
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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
(𝐷𝐶)

depletion region at the ITO/Au interface, a DC electric field 𝐸𝑧

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 inplane 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 openaperture 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.

f BW  2 R1LCD , tR 

0.35
f BW

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 largearea 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
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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:

Area Dose 

Beam Current  Area Dwell Time
( Step Size ) 2

Line Dose 

Beam Current  Line Dwell Time
Step Size

Equation 6-1

Dot Dose  Beam Current  Dot Dwell Time
Where beam current can be measured directly from the instrument and depends on the userdefined 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.

96

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/cm2)

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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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.

(a)

(b)

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
99

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.

(a)

(b)

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+/Co3+ 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.
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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 107 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 semitransparent 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
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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
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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.
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