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Abstract

Metallic-semiconductor Schottky hot carrier devices have been found as a promising
solution to harvest photon with energy below the bandgap of semiconductor, which is of
crucial importance for realizing efficient solar energy conversion. In recent years, extensive
efforts have been devoted to utilizing surface plasmon resonance to improve light absorption
by creating strong light-metal interaction, which generates hot electrons through non-
radiative decay. However, how surface plasmon enhances the efficiency of hot electron
collection is still debatable.

This thesis studies the effects of surface plasmon resonance on hot electron collection in a
metallic-semiconductor photonic crystal (MSPhC) designed by our group for efficient
photoelectron-chemical energy conversion. In contrast to a broadband light absorption at the
range from 400 nm to 800 nm, the sub-bandgap photoresponse shows a single peak centered
at 590 nm, which is identified as the surface plasmon resonant wavelength of this device.
We develop a theoretical model of hot electron generation, transport and injection in this
device incorporating the effects of anisotropic hot electron momentum distribution caused
by surface plasmon resonance. Near resonant wavelength, surface plasmon dominates the
electric field in the thin Au layer, which generates hot electrons with high enough momentum
preferentially normal to the Schottky interface. Through analyzing the energy, momentum
and spatial distribution of generated hot electrons, we develop a model to estimate the
internal quantum efficiency (IQE) of this device. The anisotropic hot electron momentum
distribution largely enhances IQE and photoresponse near the resonant wavelength.
Compared with the widely used Fowler’s theory of Schottky internal photoemission, our
model can better predict IQE of surface plasmon assisted hot electron collection. Combined
with large scale photonic design tools, this quantum-level model could be applied for tuning
and enhancing photoresponse of Schottky hot carrier devices.
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Chapter 1. Introduction

1.1 Hot carrier collection for reducing sub-bandgap energy loss

The fundamental limitation on solar energy conversion efficiency by photovoltaic and
photoelectron-chemical devices, which use semiconductors is the absorption threshold
at the bandgap of semiconductor [1, 2]. As shown in Fig. 1.1 (a), photon with energy
Jower than the bandgap cannot be harvested for energy conversion, which significantly
reduces the efficiencies of applications such as solar cells and photocatalytic devices.
For example, rutile and anatase TiOz, which have been widely used as a stable
semiconductor catalyst for solar water splitting, have bandgap of about 3.0 eV and 3.2
eV [3]. This large bandgap severely restricts solar-to-fuel conversion efficiency since the

sub-bandgap energy loss at visible spectrum.

Electron Photon Electron
®
y ‘ — LBt i E R
Bandgap Photon — . — san
L 4 ) Hole K
Hole
Semiconductor Metal Semiconductor

(a) (b)

Figure 1.1 Schematic of photoelectric energy harvesting in (a) semiconductors
with large bandgaps and (b) metallic-semiconductor Schottky junctions.

Adding a second material layer of metal can form Schottky junction at the interface

between metal and semiconductor, which provides a promising solution to enhance the
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photoelectric energy harvesting at sub-bandgap spectrum [4]. Electrons in metal could
be excited by absorbing photons to the energy level higher than the thermal distribution,
which is the so called “hot electrons” [5]. Depending on the band diagram of Schottky
junction, hot electrons with energy higher than the barrier can be injected on to the
conduction band of semiconductor, as shown in Fig. 1.1 (b). When the barrier height is
lower than the bandgap of semiconductor, metallic-semiconductor Schottky hot carrier

device provides a promising solution to harvest sub-bandgap solar energy [6].
1() = A(v) 7 (v) (1.1)

The photoresponse of an photoelectric device equals absorption times the internal
photoemission efficiency [4], as shown in Eq. (1.1), where [ is photoresponse, 4 is
absorption, 1,0 is internal quantum efficiency (IQE), g is unit electron charge, v is
frequency and 4 is Planck’s constant. In order to extend and enhance the sub-bandgap
photoresponse spectrum, we need to improve the absorption by metal in the Schottky hot
carrier device. Recently, our group reported a two dimensional metallic dielectric
photonic crystal (MDPhC), which achieves selective broadband absorption of sunlight
at the range from visible to near-IR [7, 8]. By supporting high density cavity modes in
the structure of nano-cavity array, the light-matter interaction time can be largely
increased, which improves absorption. Inspired by MDPhC, we designed a metallic-
semiconductor photonic crystal (MSPhC) device with two dimensional nano-cavity
array to increase light absorption by metal material [9]. By coupling light into cavity,

waveguide and surface plasmon resonance modes in the structure, absorption is
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significantly enhanced in the visible range. In Section 1.2, we will review the design of
this device by Finite-Difference Time-Domain (FDTD) simulation method.

On the other hand, the improvement of internal photoemission efficiency relies on
understanding the hot electron’s generation, transfer and injection process [10]. The
Fowler’s theory have been widely used in modeling the internal photoemission between
metal and semiconductor, which is based on free-electron like Jellium model as band
structure for metal and only considers the electron’s intraband transition [11, 12].
Besides, it assumes that the generated hot electrons distribute isotopically and uniformly
in the momentum space. The so called “Escape Cone” model is used as criteria for hot
electron injection in Fowler’s theory, in which only electrons with enough energy
component perpendicular to the metal-semiconductor interface could be injected. With
all of the above assumptions, the IQE of a Schottky device could be fitted to the Fowler’s

equation [4, 11]:

:C,(h"—fm)z

a8, -

Mok (V)

¢p is the height of Schottky barrier and C is a fitting constant. Recent experimental
results have shown that in some devices with surface plasmon resonance, the
applicability of Fowler’s theory is limited [13-15]. In Section 1.3 we will introduce the
concept of surface plasmon and its application in solar energy harvesting, while in
Section 1.4 we will review previous results in modeling plasmon assisted hot carrier

collection.
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1.2  Device design and fabrication of MSPhC

Inspired by MDPhC, we designed the MSPhC with two dimensional nano-cavity array.
Figure 1.2 (a) shows the top view of a 1 cm by lecm MSPhC chip. Multiple layers are
deposited on the Al,O3 nano-cavity arrays we fabricated for solar absorbers before [7,
8]. 200 nm Au and Ti layer are used as probe contact at the two ends of the chip. The
widths of region [, III and IV are approximately 2 mm. Figure 1.2 (b) shows the basic
structure and operation design of MSPhC of the II and III region in Fig. 1.2 (a), which
uses a thin Au layer as the optical absorber, TiO> as the n-type semiconductor layer, and
indium tin oxide (ITO) as the back transparent electrical contact to reduce the series
resistance. Au and TiO: are chosen due to their chemical stability and wide application
in photoelectron-chemical devices [13]. As shown in Fig. 1.2 (c), the cavity structure
could support three light absorption modes: cavity, waveguide and surface plasmon
modes. These modes increase the total light absorption of the device by increasing the
light-matter interaction time, especially in the Au layer. Figures 1.2 (d) and 1.2 (e) show
the typical current path through Auw/TiO2/ITO interfaces and band diagram, and how hot
electrons are generated and collected. After being excited at or below the Fermi level,
hot electrons with enough energy could transfer through the interface between Au and
Ti0,, be injected to and collected at the conduction band of TiO>. Since the Schottky
barrier height between Au and TiO: is typically 1.0 eV [6, 16], MSPhC device has the

potential to harvest solar energy below the bandgap of TiOx.
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(b) (€) Waveguide SPP Modes

. 1cm i

Figure 1.2 Schematic of MSPhC device. (a) Top view of MSPhC chip. Thick metal (200 nm)
are used as contacts in region [ and V. (b) Structure and operation design of region II and
I11 in (a). (¢) Cross-section of MSPhC and possible resonance modes. r and d are the radius
and depth of the nano-cavity. (d) Layer structure and current path. (e) Band diagram of
Au/TiO; interface.

In order to improve the absorption by the thin Au layer, we used FDTD (Lumerical
package) to find the optimized structure dimension and thickness of different material
layers [9]. Generally, the trade-off between light-trapping ability and numbers of
supported optical resonance modes determines the absorption of MSPhC. The absorption
is largely determined by the cut-off frequency of cavity modes [8]. A larger and deeper
cavity can support more modes, with a smaller cut-off frequency, at the cost of losing
the confinement of incident light inside the structure. We varied the radius of cavity from
167 nm to 1,000 nm and depth from 250 nm to 1,500 nm, with thickness of different
material layers as: 13 nm Au, 75 nm TiO2, 50 nm Al;O3 and 30 nm ITO. FDTD
simulation results show that the maximum total absorption of MSPhC happens when
radius is 250 nm and depth is 1 pm for solar-weighted absorption. Besides, in order to
increase the absorption by Au layer, the dependence of absorption by MSPhC on the
thickness of Au layer has been studied by FDTD simulation. Thin layer of Au and the

Al203 nano-cavity structure could allow the light to penetrate and couple with the
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metal/insulator/metal (M/I/M) structure, which increases the light-metal interaction time
and total absorption. Since the imaginary part of permittivity of Al;Os3, TiO; are much
smaller compared with Au below the bandgap of TiO2, the thin gold layer contributes to
most of the absorption at visible light range from 400 nm to 800 nm [17]. As shown in
Fig. 1.3, in a nano-cavity structure with depth of 1 um and radius of 250 nm, the
absorption spectra extends from the cut-off wavelength of 740 nm to about 1,500 nm by

reducing the thickness of the Au layer.

52 nm

e
)

e
o

Absorption
-

o
[N}

500 1000 1500 2000
Wavelength [nm]

Figure 1.3 FDTD simulated absorption spectra of MSPhC with
various Au thickness of 13 nm, 26 nm and 52 nm.

Through FDTD simulation, we also observed three possible kinds of optical
resonance modes that could be supported in the nano-cavity structure, which are the
cavity, waveguide and surface plasmon resonance modes. These different modes of
absorption trap light inside MSPhC and improve the total absorption. By randomly
distributing 9 broadband dipole sources inside the cavity structure, we intended to

stimulate all of the possible resonance modes [9]. Figure 1.4 shows the intensity profile
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of electric field at the cross-section of the nano-cavity at 500 nm, 600 nm and 750 nm,
which are corresponding to waveguide mode in the M/I/M structure, surface plasmon
resonance at the interface between Au and TiO; along the side wall and cavity mode
inside the structure, respectively. Among these three modes, cavity and waveguide
modes are low-loss modes since light is concentrated inside the cavity and Al>O3 side
wall. On the other hand, surface plasmon resonance at the interface is high-loss mode,

in which plasmons could decay non-radiatively by generating electron-hole pairs [5, 6,

18].

Figure 1.4 Intensity profile of electric field at cross-section of MSPhC at
(a) 500 nm, (b) 600 nm and (c¢) 750 nm, which represent waveguide,

surface plasmon resonance and cavity modes in the nano-cavity structure.

Through FDTD simulation, we found the optimized structure dimension to improve
light absorption. The final structure we used in fabricating the device with highest
photoresponse is as follows. The nano-cavity array of Al,O; with depth of 1 um, inner
radius of 250 nm and distance between centers of two nearest cavities of 840 nm was

patterned by basic side-wall lithography method on 6 inch silicon wafer. The detailed
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fabrication process is shown in Fig. 1.5 (a), and in our previous published work [9, 19].
Then, thin layers of 30 nm ITO, 60 nm TiO; and 20 nm Au were deposited on Al203
nano-cavity arrays, followed with post annealing, as shown in Fig. 1.5 (b). Besides, in
order to improve the diode performance of the Schottky junction, an ultra-thin layer of
Al>Os layer was deposited between TiO; and Au to reduce interfacial defect states [20].
Finally, 200 nm of Au and Ti layers were sputtered onto the two ends of each MSPhC

chip as electrical contacts for device test.

Nano-cavity array:
(a) Si wafer + SiO, + Poly Si  (b) Pattern & Etch Poly Si (c) ALD Al O, (d) RIE Etch Al,0, (e) XeF, Vapor Etch

Metal and Semiconductor layers:

(f) Sputtering ITO + Post (g) ALD TiO, Post annealing (h) ALD ultra-thin Al,0, (h) Sputtering thin Au (i) Sputtering Au, Ti contact
annealing 415°C, air, 2 hour 450°C, air, 1 hour _—

Figure 1.5 Fabrication procedure of MSPhC.

Figure 1.6 shows the photos of fabricated MSPhC by scanning electron microscope
(SEM) and focused ion beam (FIB) milling. In Fig. 1.6 (c), the compositions of different
layers are shown on the cross-section view of a single nano-cavity. The Pt layer on top
and bottom of the nano-cavity was deposited as protective layer for the purpose of
imaging. The particle-like structures on the insider wall of the cavity were formed during

Pt deposition.
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Figure 1.6 Images of MSPhC. (a) Top view with SEM. (b) Titled view at 30° with FIB. The red
dash line denotes the position of cross-section view in (c). (¢) Cross-section view of a single

nano-cavity with FIB.

In summary, we designed the Au/TiO2 MSPhC with two dimensional nano-cavity
array to harvest sub-bandgap solar energy. Through FDTD simulation, the optimized
structure dimension was determined to support multiple optical resonance modes inside
the nano-cavity and increases the total absorption by MSPhC. The device was fabricated
on 6 inch silicon wafer with basic stepper lithography and thin film deposition methods

to achieve a large-scale production.

1.3 Surface plasmon for enhanced optoelectronics

Surface plasmon is collective oscillation of conduction electrons in conductor with the
electromagnetic field confined at the interface between the conductor and the
surrounding dielectric [21]. From the point view of solid state physics, plasmon is the
quanta of oscillating electron density wave inside the conductor [22, 23]. It can be
classified as propagating waves at the interface, i.e. surface plasmon polariton (SPP) or
localized strong electric field oscillation, i.e. localized surface plasmon resonance
(LSPR). Surface plasmon can couple light from free space to nano-scale system and

serve as a powerful method to manipulate light at sub-wavelength scale. It can also
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enhance the intensity of electric field near the interface by orders of magnitude compared
with the incident light [21]. This can largely enhance light-matter interaction and
absorption by metallic nanostructures that has been designed to generate surface plasmon
resonance [24]. In the last decade, extensive efforts have been made to study the
application of surface plasmon for energy harvesting and conversion [5, 6, 25, 26]. We
will briefly review the theoretical background of surface plasmon and its application in
enhanced optoelectronics in the following of this section.

By solving Maxwell’s equation for transverse magnetic (TM) mode electromagnetic
field (transverse electric mode cannot stimulate SPP [21]) between flat conductor and
dielectric, we could get the expression of SPP and its dispersion relation. The derivation
of this could be found in many well-known text books. Here we only give the result
adopted from Maier [21] without proof. As shown below, at the interface between a
dielectric semi-infinite space (z > 0) with positive relative permittivity €4, and a metal
semi-infinite space (z < 0) with relative permittivity Re(e,,) < 0, the solution to

propagating wave with evanescent decay in the direction normal to the interface is:

H (z)=Be""e™" (1.2a)
. kz ikx —kyz
Ex(Z)—lBae e (12b)
0%d
kx ik,x —kyz
E:(z):—B;)—g—ge e (120)
0%d

for z > 0 and
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H ,(z)=Be""e"* (1.3a)

. k ik x z
E (2)= —zBﬁe krgh (1.3b)
0%m
kx ikex Kz
EZ(Z):"B—a-);-g—e e (130)
0%m

for z > 0. k, is real propagation constant along the direction normal to the interface,

which causes the decay at the length scale of 1/|k,., . k. is the propagation constant along

the interface. &, is the vacuum permittivity. B is a real constant representing the field

amplitude. The dispersion relation of SPP at this interface is:

k =k, |ZdEn_ ’ (1.4)
£,+€,

Where kj is the wavenumber of light in vacuum space. The larger the k,, the smaller the
decay length in both the metal and dielectric layer, which means stronger light
confinement. Figure 1.7 (a) gives the schematic of SPP at the interface between the
dielectric and metal and Fig. 1.7 (b) shows the dispersion relation of it. When the
summation of permittivity of the metal and dielectric reaches its minimum, the
propagation vector k, reaches its maximum and we can achieve the strongest light
confinement at the interface. The corresponding frequency is called the surface plasmon

frequency wgp.
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Figure 1.7 Surface plasmon polariton at single flat interface between metal and dielectric. (a)
Schematic of SPP at the interface and decay of electric field at direction normal to the interface.

(b) Dispersion relation of SPP with surface plasmon frequency wgp.

On the other hand, for LSPR, the expression of surface plasmon wave and resonant
frequency depends on the shape and dimension of metallic nanostructures [21]. Typically,
LSPR could be supported on metallic nanoparticles with shapes of sphere [27], rod [28],
cube [29] or other random shapes [30]. It is generated as the result of resorting force on
conduction electrons caused by the positive charges due to the electric field driven
oscillation [22]. For a spherical metallic nanoparticle embedded in dielectric, under the
assumption that the dimension of the nanoparticle is much smaller than the wavelength
of incident light, the corresponding surface plasmon resonance happens when &, + 2&4
reaches its minimum [21].

Plasmonic (metallic-semiconductor) nanostructures could improve solar to electric
energy conversion efficiency through the following two major steps [31]. First, photonic
enhancement: It improves light_ absorption inside metal and semiconductor near the
interface by generating strongly confined electric field. In this step, an absorbed photon
is converted into a plasmon at the interface with the same energy. Second, electron-hole

pairs generation and transport: Through non-radiative decay of plasmons, electron-hole
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pairs could be generated in metal and transferred into semiconductor (direct electron
transfer (DET)) or directly be generated inside semiconductor (plasmon induced
resonant energy transfer (PIRET)) [31]. For PIRET the plasmon energy needs to be
larger than the bandgap of semiconductor to excite electrons from its valance band to
conduction band. On the other hand, for DET, collection of hot electrons generated in
metal leads to the harvesting of photon with energy lower than the bandgap of
semiconductor. Thus, for the purpose of sub-bandgap solar energy conversion, we will
mainly focus on the DET mechanism for hot electron collection. Recent breakthroughs
in plasmonic energy conversion have shown that surface plasmon resonance could
largely improve the efficiency of hot electron generation and injection [13-15, 32].
Plasmonic devices fabricated with e-beam lithography [15], nanoparticles assembly [32]
and nano-imprint lithography [33] show exciting application potentials for solar energy
harvesting and photo detection. However, the mechanisms of how surface plasmon
enhances the hot electron collection is still under debating, and various theories have
been developed [10, 18, 26, 34-36]. In the next section, we will briefly review the

theoretical modeling of surface plasmon assisted hot electron collection.

1.4 Theoretical modeling of surface plasmon assisted hot electron

collection

The complexity of combining multiscale questions of nano-optical and hot carrier
generation makes the understanding of the plasmon assisted hot electron collection
extremely difficult [10]. The coupling of light from free space to metallic nanostructure

could be solved with classical electromagnetic methods [37], which can provide the
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electric field distribution inside the metallic nanostructure. Since the light absorption of
metal depends on the net electric filed inside it, which is the superposition of surface
plasmon and other optical modes, we will not treat them separately. But surface plasmon
will dominate the electric field distribution near the resonance frequency by strongly
enhancing the electric field near the interface. After optical coupling, the three steps of
hot electron generation, transport and injection éould be modeled by quantum
mechanical treatments with the information obtained from classical electromagnetic
theory [10]. In this section, we will give a brief review of modeling the hot electron
collection in Schottky hot carrier devices with metallic nanostructures.

Hot electron generation happens in the time scale of about 10 fs [S, 10]. In metal,
non-thermal-equilibrium electrons could be excited through three major mechanisms
[24], which are: direct transition (i.e. interband transition), photon-assisted transition and
geometry-assisted transition. The last two intraband transition mechanisms rely on the
momentum compensation provided by phonon or the surface geometry of metallic
nanostructures, and are less likely to happen in bulk metal structure. Material’s electronic
structure and the effects of nano-scale structures and geometries should be taken into
consideration for fully understanding the plasmon assisted hot electron collection
process [10]. With band structures of noble metals (like Au and Ag) obtained from
density-functional theory [18, 38, 39] the transition of electrons could be studied with
Fermi’s golden rule [40], which accounts the transition rate of electrons between two
different states under the perturbation of electric field. People have found that interband

transition will generate hot electrons close to the Fermi surface due to their low D-band
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[18, 39]. On the other hand, intraband transition can generate more energetic hot
electrons above the Fermi surface. Besides, with the decrease of size of metallic
nanostructures, the geometry-assisted transition dominates intraband transition below
the interband transition threshold [18]. Geometry-assisted transition could also be
analyzed with a simplified method by solving the free-electron like wave equations
inside metallic nanostructures, and using Fermi’s golden rule to calculate the transition
with the Jellium band structure [36, 41, 42]. With these methods mentioned above, we
could obtain the initial states of hot electrons with their energy and momentum
distribution.

After hot electrons are generated, they could be transferred to the interface between
metal and semiconductor. During the transport, hot electrons will lose their energy and
momentum through electron-electron and electron-phonon scattering [6, 10, 43]. This
thermalization happens in about 10 fs to 100 fs after the excitation [6, 10], and could be
evaluated with the electron scattering mean free path at different energy levels [43]. The
improvement of plasmbn assisted energy conversion efficiency requires a fast transfer
of generated hot electrons cross Schottky barriers into semiconductor bands, while the
non-equilibrium characteristic makes analyzing this intermediate range charge transport
process challenging. Typically, the transport process could be studied either through
ultrafast pump-probe measurements (time dependence) [44, 45], or steady state transport
at continuous wave illumination (spatial dependence) [10, 46, 47]. Even though a
simplified exponential decay model [47, 48] or incorporating a lifetime factor to hot

carriers [41] can effectively estimate the transport efficiency, a full analysis of this non-
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equilibrium problem should be done by using spatial dependent Boltzmann transport
equation [10, 49].

The final step of hot electron collection is the injection across the Schottky barrier.
In solid state devices, this has been modeled with the Fowler’s theory [11]. Only carriers
with enough normal kinetic energy higher than the Schottky barrier, i.e. in an “Escape
Cone” in momentum space, could be injected. Fowler’s theory and other models [4, 34,
35, 50] based on it always assume that electrons distribute isotropically and uniformly
in momentum space. However, recent theoretical calculations [36, 38, 39, 42] and
experimental results [14, 15, 51-53] show that in metallic nanostructures, the momentum
distribution of generated hot electrons could be largely modified, and the measured IQE
does not follow Fowler’s theory, especially when surface plasmon resonance exists.
Meanwhile the validation of the “Escape Cone” model for roughened surfaces which can
provide extra momentum for embedded metallic structures is also debatable [48].
Besides, recent work has demonstrated a plasmon-induced interfacial charge transfer
other than the “Escape Cone” model, by directly generating a hot electron on the
conduction band of semiconductor and a hot hole in metal, which requires strong inter-
coupling and mixing of the electronic levels at the interface and can largely enhance the
injection efficiency [14, 54].

In summary, combining the questions of optical coupling in metallic nanostructures
with hot electron generation, transport and injection, we could have a complete
understanding of hot electron collection in Schottky hot carrier devices. Previously,

complex first principle calculations [18, 36, 38, 39, 41, 42] have been applied to study
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this process accounting precise band structures of metallic nanostructures with either
very small scale (~10 nm) or simple geometries (spherical particles, cubes and rods).
Even though these calculations provided us invaluable information about the hot electron
collection process, their applicability for complex structures with a relative large scale is
limited. For these systems, recent modeling mainly focused on the optical enhancement
by surface plasmon resonance [33, 46, 51], with lack of quantum-level mechanisms. A
simple but effective model combining classic electromagnetic theories of surface
plasmon resonance with microscopic picture of hot electron collection is needed for

further understanding and improving the photoresponse of Schottky hot carrier devices.
1.5 Organization of thesis

The goal of this thesis is to analyze the photoresponse of MSPhC device and study the
effects of surface plasmon resonance on hot electron collection. We developed an
effective model of IQE for Schottky hot carrier devices incorporating the effects of
surface plasmon on the momentum distribution of generated hot electrons. It can provide
people a guidance for further tuning the IQE and photoresponse by designing the optical
coupling of metallic nanostructure with surface plasmon resonance. The organization of
this thesis is as following: Chapter 2 provides the detailed characterizations of optical,
electrical and photoelectrical properties of MSPhC, from which we evaluated the IQE of
this device. A comparison between the experimental observations with previous
Fowler’s theory is presented, which shows its limited applicability. Chapter 3 analyzes
the surface plasmon resonance in MSPhC, and confirms the existence of it under real

experimental condition used in photoresponse test. In Chapter 4, we developed the model
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to explain the internal photoemission in MSPhC and to estimate the IQE of it. In this
model, the energy, momentum and spatial distributions of generated hot electrons are
analyzed to estimate the transport and injection efficiencies. We found out that surface
plasmon resonance dominates the electric field distribution in the thin Au layer near the
resonant wavelength, which generates hot electrons with high enough momentum
preferentially normal to the Schottky interface. Our modified model matches the
experimental observations better than the previous Fowler’s theory. It indicates that the
anisotropic momentum distribution should not be ignored when designing Schottky hot
carrier devices and we could further tune the IQE and photoresponse by designing the
geometry-determined plasmon resonance in the devices. Chapter 5 provides the
summary of this thesis work and outlook on further refinement and application of this

model.
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Chapter 2. Device characterizations of MSPhC

2.1 Absorption by the thin Au layer in MSPhC

In order to extend and enhance the sub-bandgap photoresponse of MSPhC, we have to
improve the absorption by the thin Au layer at this range. Through FDTD simulation,
we have found the optimized structure dimension of MSPhC to achieve a broadband
light absorption from 400 nm to 800 nm. To prove that the thin Au layer contributes to
most part of light absorption in the visible range, which is beneficial for hot carrier
generation, we calculated the spatial power absorption by different materials with the
divergence of Poynting vector [55]:

4= 0lEf In(z) @.1)

Aiis the absorption by material i, w is the frequency of light, F is the spatial electric field
distribution, and Im(¢;) is the imaginary part of permittivity of material i. Through
FDTD simulation, electric field profile at different locations were collected to calculate
the absorption contribution by different layers.

Figure 2.1 shows the calculated absorption by the thin gold layer (orange line),
compared with the total net absorption (brown line) by all of the materials. At the range
from 400 nm to 800 nm, the thin gold layer contributes to over 85% of the total light
absorption. Due to the light trapping ability of the nano-cavity structure, light-matter
interaction time in the Au layer is largely enhanced. Besides, at this range below the
bandgap of TiOz, light will not be absorbed by TiO.. The rest of the absorption is mainly

contributed by the Si substrate. This result indicates that the design can largely improve
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the absorption by the metal material, which is crucial for enhancing sub-bandgap

photoresponse by hot electron generation in the metal.
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Figure 2.1 Analysis of absorption contribution by
the thin Au layer in MSPhC.

In order to prove the validity of the simulation result, we added two frequency-
domain monitors on top and bottom of the MSPhC device to record the power flow in
and out of it. The net power absorption calculated by Apyspne = 1 — Rusphe — Tusphc
is shown as the red line in Fig. 2.1, where Rysppc and Tyspne are the reflectance and
transmission recorded by the monitors. We can see that the net absorptions calculated by
these two methods decently match with each other. The deviation between them is
usually caused by the interpolation error of electric field components in FDTD
simulation [56]. In most situations, this error is negligible. However, when the electric
field component normal to the structure surface is large and when a significant fraction
of the total absorption occurs near the surface of the structure, which is what happens in
surface plasmon resonance, the error will be significant [57]. Thus, when the simulation

involves metallic structures and dielectric interfaces, the mesh size near the interfaces
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should be set as small as possible [57]. However, due to the 1arge structure dimension of
the nano-cavity, and the three dimensional Au/TiO; interface, we can only reduce the
mesh size down to 3 nm in X, Y and Z direction to achieve a balance between decent
accuracy and efficiency with our computational resources.

Because the MSPhC devices were fabricated on 6 inch silicon wafers, and light
cannot penetrate through the wafers, it is difficult to directly measure the absorption by
the thin Au layer on it. We can only measure the reflectance of a device with UV-Vis
spectrometer (Cary 500, CMSE, MIT). In order to evaluate the absorption by the thin Au
layer on a real device, we had to assume that the ratio between it and 1 — Rpsppc keeps
the same in both FDTD simulations and experiments. With this assumption, the
absorption by the thin Au layer on the real device was estimated as:

A

AT (1= Ryysprcpp ) 2.2)

Au-Exp — (1_ RMSPhC-FDTD)
Apu-Eexp 18 absorption by the thin Au layer in a real device, Apy—pprp is absorption of
the thin Au layer evaluated from FDTD simulation (the orange line in Fig. 2.1),
Rymsphc-rptp 1S reflectance of MSPhC evaluated from FDTD simulation and
Rmsphc-Exp 18 reflectance of MSPhC measured with the spectrometer. Figure 2.2 shows
the reflectance of MSPhC and absorption by the thin gold layer obtained from
simulations and experiments. We can see that, both simulated and measured results
confirm that MSPhC can achieve an evenly low reflectance, i.e. high absorption, from

400 nm to 800 nm, even though the variations in thickness of the thin gold layer and

dimension of cavities across the devices fabricated on 6 inch silicon wafers may cause
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frequency shift and broadening effects [9]. Based on the assumption mentioned above,
the absorption by the thin Au layer on a real device is shown as the solid orange curve
in Fig. 2.2. Compared with the simulation result (dash orange curve), the trends and

patterns of them match each other quite well.
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Figure 2.2 Reflectance of MSPhC and absorption of the thin Au layer.
Solid blue line: Reflectance of MSPhC from UV-Vis spectrometer
measurement. Dash blue line: Reflectance of MSPhC from FDTD
simulation. Solid orange line: Absorption by the thin Au layer based on

Eq. (2.2). Dash orange line: Absorption by the thin Au layer from FDTD

simulation.

In summary, through FDTD simulation and experimental measurement, we
characterized the optical properties of MSPhC device. It can achieve a broadband light
absorption at the range from 400 nm to 800 nm and the thin Au layer contributes to most
part of it. The absorption by the thin Au layer on a real device was estimated and will be

used in Section 2.3 to evaluate the IQE of this device.
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2.2 Characterization of Schottky barrier height of MSPhC

In a Schottky optoelectronic device, the barrier height determines the threshold of
photoresponse [4]. Hot electrons with energy level lower than the barrier height could
not be injected onto the conduction band of TiO through internal photoemission. Thus,

measuring the barrier height is important for analyzing the hot electron collection process.

'ID I Rs Pt
SZ Rsk v
O

Figure 2.3 Equivalent circuit of a Schottky diode, with

shunt resistance of Rsy and series resistance of Rs [58].

I-V curve measurement was performed with Keithley 2401 and two point probes to
evaluate the barrier height of MSPhC. Figure 2.3 shows the equivalent circuit of a
Schottky diode inside an optoelectronic device, which consists of a diode, a shunt
resistance and a series resistance [58]. The total current / flow into the diode will be
shunted into current /p which passes through the diode and /sy which passes through the
shunt resistance. Based on this circuit model and assuming that the current /p passing
through the Schottky diode is due to thermionic emission, the relationship between

current / and voltage V applied at the two ends of the device is [12]:

I=1,|exp R Y I (2.3)
nk,T / q R

and the reverse saturation current /fy is:
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I ~a- AT exp[—q¢% T) (2.4)
Ii

where # is the ideal factor, kg is the Boltzmann constant, 7" is temperature, a is the area
of the Schottky diode interface and 4" is the Richardson constant (671 A ¢cm2K? for
TiO3 [59]). The area a of the Schottky diode in MSPhC was estimated as following. On
the 1 cm by 1 cm chip of MSPhC, due to the nano-cavity structure (inner radius of about
250 nm and outer radius of about 450 nm, height of 1000 nm), the effective diode area
is about 6.5 times of the chip area. The I-V curve measurement is shown in Fig. 2.4. By
fitting it to Eq. (2.3) and Eq. (2.4), the rest of the parameters were estimated to be: Rg =
39 KQ, Rg; = 8 MQ and n = 1.04. With these parameters the Schottky barrier height

is g5 = 1.53 + 0.11 eV.
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Figure 2.4 I-V curve measurement of MSPhC.

The value we measured on MSPhC is higher than the typical Schottky barrier height
between Au and TiOz (about 1.0~1.2 eV [6, 16]), which might be caused by the
interfacial passive Al>Os3 layer for improving diode condition [20]. In the following

analysis, we will use 1.53 eV as the barrier height of MSPhC.

35



2.3 Photoresponse and IQE of MSPhC

The photoresponse of MSPhC was measured with a 300 W Xenon arc lamp source
monochromated by a holographic diffraction grating. The photocurrent was recorded
with Keithley 2401 as the difference between the current when light was on and off.
Figure 2.5 shows the equivalent circuit of the MSPhC as an optoelectronic device [58].
Except for the Schottky diode, a source of photo generated current is added. The
photocurrent we actually measured is part of the photo generated current after being

shunt by the Schottky diode and the shunt resistance.

o R 1t
YORY. R .
O

Figure 2.5 Equivalent circuit of MSPhC as an optoelectronic device [58].

Under zero bias voltage, the relationship between photocurrent / as we measured and

the photo generated current /. is [58]:

I=] -1 |exp IR -1|- IRy 25
‘ nk,T/q Ry

Compared with the measured /, the second and third terms in Eq. (2.5) are very small

and can be neglected. Thus, we can use the measured photocurrent as the photoresponse

of MSPhC.

I, =1 (2.6)
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Figure 2.6 shows the normalized photoresponse of MSPhC with incident photon
energy at the range from 1.55 eV to 3.1 eV (400 nm to 800 nm), which has a sub-bandgap
photoresponse with only a single peak at 2.1 ¢V (590 nm) and a full-width at half-
maximum (FWHM) of 235 nm. In contrast to the evenly low reflectance at this range,
i.e. high absorption, the photoresponse is largely dependent on the energy of incident

photon. In order to understand this, we have to analyze the internal photoemission

process in MSPhC.
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Figure 2.6 Reflectance and normalized photoresponse of MSPhC with
photon energy at the range from 1.55 eV to 3.1 eV. Photoresponse

measurement shows a sub-bandgap with a peak at 2.1 eV.

Since we added an ultra-thin insulator layer of Al.Os between Au and TiO; to
improve the diode condition, there will be different hot electron injection mechanisms in
MSPhC [20, 60]. Figure 2.7 shows the typical injection mechanisms in a
metal/insulator/semiconductor (MIS) junction, where Schottky emission over the barrier,
Fowler-Nordheim (FN) tunneling at the edge of the barrier and direct tunneling through

the insulator layer could happen [12]. Schottky emission can be modeled with the
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assumption of thermionic emission. FN tunneling is the electron tunneling under an
intense electric field, which is usually modeled by a triangular barrier edge. Finally,
direct tunneling could be modeled as the electron wave being reflected at the
metal/insulator and insulator/semiconductor interfaces and decaying inside the insulator

layer, which will only happen when the electron’s energy is lower than the barrier height.
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Figure 2.7 Typical electron injection mechanisms in MIS junction.
Photoresponse generated through these three injection mechanisms have different
dependence on applied reverse bias voltage and thickness of the insulator layer, as
summarized in Table 2.1 [12, 60]. In order to identify the dominating mechanism, we
measured the photoresponse vs. reverse bias voltage, since the dependence of

photoresponse on insulator thickness for both FN tunneling and direct tunneling are the

same.
Table 2.1 Dependence of photoresponse on reverse bias voltage and thickness
of insulator layer for different electron injection mechanisms in MIS junction.
Injection mechanisms Dependence on Dependence on
reverse bias voltage (V) insulator thickness (d)
Schottky emission exp(VV) exp(—Vd)
FN tunneling VZ.exp(—1/V) exp(—d)

Direct tunneling \ exp(—d)
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Figure 2.8 (a) and (b) show the dependence of photoresponse on reverse bias voltage
in MSPhC, measured with two lasers at wavelength of 405 nm and 609 nm and reverse
bias voltage from 0 V to 0.05 V. For testing Schottky emission mechanism, plot (a) is in
scale of In(I) vs. VV. While for testing FN tunneling mechanism, plot (b) is in scale of
In(1/V?) vs. 1/V. As shown, the Schottky emission mechanism has a better linear fitting
result to the measured photoresponse under reverse bias voltage. Thus, we confirmed
that Schottky emission dominates the hot electron injection process in MSPhC with

incident photon energy at the range from 1.55 eV to 3.1 eV.
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Figure 2.8 Dependence of photoresponse on reverse bias voltage in MSPhC. (a) In (/) vs. V'V, for

testing Schottky emission mechanism. (b) In (//F%) vs. 1/V, for testing FN tunneling mechanism.

The IQE of MSPhC was calculated with Eq. (1.1), where the absorption of the thin
Au film obtained in Section 2.1 was used. Figure 2.9 shows the normalized IQE of
MSPhC. Due to the evenly high absorption, the IQE has the same strong dependence on
incident photon energy as photoresponse, with a peak near 2.2 eV. The normalized IQE

at 1.55 eV is two orders smaller than the IQE at 2.2 eV, indicating that the threshold of
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photoresponse is near 1.55 eV, which matches well with the Schottky barrier height

obtained from I-V curve measurement.
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Figure 2.9 Normalized internal quantum efficiency of MSPhC.

We also plotted a typical curve of IQE based on Fowler’s theory with barrier height
of 1.53 eV and an arbitrary fitting constant C, which is shown as the black curve in Fig.
2.9. It is obvious that Fowler’s theory cannot explain the internal photoemission in
MSPhC, especially the peak of IQE centered at 2.2 eV.

In summary, measured photoresponse and IQE of MSPhC show a broadband sub-
bandgap hot electron collection with incident photon energy from 1.55 eV to 3.1 eV. We
confirmed that the dominating hot electron injection mechanism in MSPhC at this range
is Schottky emission. However, the widely used Fowler’s theory for Schottky internal
photoemission could not be applied to explain the dependence of IQE on the incident

photon energy. In the following sections, we will analyze the surface plasmon resonance

in MSPhC and study its effects on hot electron collection.
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Chapter 3. Surface plasmon resonance in MSPhC

3.1 Existence of surface plasmon resonance in MSPhC

Previously, by randomly distributing dipole sources inside the nano-cavity structure, we
observed surface plasmon resonance at the interface between Au and TiO> along the side
wall of the nano-cavity [9]. The resonant wavelength is near 590 nm (2.1 eV) which
matches well with the peak of photoresponse and IQE of MSPhC. This suggests that
surface plasmon resonance plays an important role in the hot electron collection process.
However, in photoresponse measurement, the illumination condition (monochromated
Xenon arc lamp source) is closer to a plane wave source instead of dipole sources. It is
necessary to test whether MSPhC can generate surface plasmon resonance, and what the

resonant wavelength is under this condition.

Figure 3.1 FDTD simulation set-up to test the

existence of surface plasmon resonance in MSPhC.
We used FDTD simulation to verify the existence of surface plasmon resonance in

MSPhC with a plane wave source. The source of a linear polarized light with normal
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incident direction was placed on top of the nano-cavity structure, as shown in Fig. 3.1.
Profiles of electric field intensity at the cross-section was recorded with a frequency
domain monitor. As shown in Fig. 3.2, we observed strong electric field oscillation at
the interface between Au and TiO2 with photon energy at the range from 1.8 eV to 2.1
eV (wavelength of about 590 nm to 700 nm). This electric field oscillation has the same
pattern as surface plasmon polariton (SPP) propagating at the interface along the side

wall of the nano-cavity.

Figure 3.2 Profiles of electric field intensity at cross-section of nano-cavity with photon energy
of 1.8 eV, 1.9 ¢V and 2.0 eV. Strong electric field oscillation is confined at Au/TiO: interface

with the same pattern as surface plasmon polariton, as shown in the white circles.

In order to confirm that this strong electric field oscillation is SPP, we calculated the
dispersion relation of SPP at the interface between planar thin Au and TiO: film by
solving the Maxwell equation for surface mode electromagnetic wave [21]. Since the
inner diameter of the nano-cavity (500 nm) is much larger than the thickness of the thin
gold layer (20 nm), this analytical result is a good approximation for SPP propagating
along the side wall of the nano-cavity. As shown in Fig. 3.3, considering the effects of

the ultrathin layer of Al,O3 between Au and TiO: and the Au/air interface, the SPP
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resonant wavelength will locate at the range from 560 nm to 590 nm (photon energy
from 2.1 eV to 2.2 eV), which matches our FDTD simulation. It confirms that under real
experimental condition with plane-wave-like source, our structure could support surface
plasmon polariton propagating along the Au/TiO; interface at the side walls of nano-
cavities. However, due to the top and bottom corners of the cavity, SPP is reflected by
the two ends and can only propagate along the side walls but cannot propagate between
nano-cavities next to each other. Previous literature has named this the confinement of
propagating surface plasmon polariton at the side walls of nano-cavity like structure [61,
62]. Assuming that the SPP propagates along the side wall, but is reflected by the up and
bottom corners, the wavenumber of SPP is cut off by the height of the nano-cavity, which
can only support plasmon standing wave consisting of specific number of half
wavelengths. Therefore, we did not observe strong electric field oscillation with photon
energy below 1.8 eV (wavelength of 700 nm).
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Figure 3.3 Analytical dispersion relation of SPP at planar interface between Au and TiO.. Black
square: planar Auw/TiO; interface. Blue square: planar Au/AlO3/TiO; interface. Red square:
air/Au/TiO; interface. The optical constants of materials are adopted from Johnson & Christy
[63] and Palik [17].
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On the other hand, MSPhC could also support localized surface plasmon resonance
(LSPR). For LSPR, the resonant wavelength is largely dependent on the dimension and
geometry of metallic nanostructures [21], which can result in various resonant
wavelengths other than the SPP resonant wavelength between the same metal and
semiconductor. As shown in Fig. 3.2, there are strong electric field oscillations at the top
and bottom corners of nano-cavity, which is more likely to be LSPR. In collaboration
with Prof. Jouiad’s group at Masdar Institute of Science and Technology, we were able
to observe similar plasmonic signal around the Au structure on the top corner of the
nano-cavity by Electron Energy Loss Spectroscopy (EELS) with an energy filter of 2.08

eV to 2.37 eV, as shown in Fig. 3.4 [64].

eV

Figure 3.4 EELS image of plasmonic signal around Au structure at the top corner
of nano-cavity. (a) Scanning Transmission Electron Microscopy (STEM) cross-
section photo of MSPhC. (b) EELS image with energy filter of 2.08 eV to 2.37 ¢V.

During the sputtering deposition of the thin Au layer on nano-cavities, discontinuous
Au nanostructures could form on top of the TiO; layer. These isolated Au “islands™ could
also support LSPR. Figure 3.5 (a) shows the STEM photo of a “fishing hook™ (FH) like

Au structure near the top of a nano-cavity structure. The nano-cavity was cut into

44



lamellas with thickness of 70 nm. Figure 3.5 (b) to () shows the EELS mapping of this
FH structure with incident electron energy from 1.81 eV to 2.22 eV. Plasmonic signals

along the transverse and longitudinal direction of the FH structure were observed [64].
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Figure 3.5 EELS mapping of LSPR signals around a “fishing hook™ (FH) like structure. (a)
STEM photo of the FH structure. (b) to (¢) EELS image with incident electron energy from 1.81
eVito2.22eV.

We further employed FDTD simulation to confirm the resonant wavelength of LSPR
determined by the FH structure. The structure and dimension of the lamella were
imported from the STEM photo in Fig. 3.5 (a), with the same thickness of 70 nm. A
plane wave source was placed above the lamella with incident direction normal to it. In
order to match the LSPR modes, different polarization directions were used for incident
light at different wavelengths according to the plasmonic signals shown in Fig. 3.5 (b)
to (€). An electric field monitor was placed parallel to the lamella to record the field
profile. The profiles representing LSPR are shown in Fig. 3.6, with polarization
directions as the white arrows. Strong electric field intensity is represented with red color
while weak electric field intensity is represented with blue color. Independent color

scales are used in each plot to achieve the best visual expression.
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Figure 3.6 FDTD simulation results of electric field profiles around the “fishing hook” (FH) like

structure, with incident photon energy from 1.81 eV to 2.22 eV. The polarization directions are

shown as the white arrows in each figure.

The plasmonic profile obtained through FDTD simulation matches well with the
EELS mapping in Fig. 3.5. At 1.81 eV, transverse LSPR could be supported by the FH

structure. While from 2.02 eV to 2.22 eV, longitudinal LSPR were observed.

In summary, through FDTD simulation and EELS investigation, we confirmed that
MSPhC could support both SPP at Au/TiO; interface along the side wall of nano-cavity
and LSPR around discontinuous Au nanostructures formed during fabrication. The
resonant wavelengths of both SPP and LSPR match the peak of photoresponse and IQE
of MSPhC, which suggests that surface plasmon resonance plays an important role in
hot electron collection process. However, when the nano-cavity was cut into lamella for
EELS imaging, the illumination condition in both EELS experiments and FDTD
simulation may not be the same as the one in photoresponse test. Whether the LSPR
modes in photoresponse test are the same as what we observed in FDTD simulations and
EELS mapping is unknown. Besides, LSPR is largely dependent on the shape and
dimension of metallic nanostructures. For the purpose of simplicity, we may have

neglected the possible discontinuity of the thin Au layer in FDTD simulation of MSPhC.
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3.2 Effects of surface plasmon resonance on electric field in the thin
Au layer

Surface plasmon resonance could generate strong electric field oscillation near the
interface between metal and semiconductor [21]. The enhancement of electric field due
to surface plasmon decays along the direction normal to the interface. The strongest
electric field enhancement could be achieved at the surface plasmon resonant wavelength.
Since the absorption by metallic nanostructure is determined by the net electric field
distribution inside it, surface plasmon could largely enhance the absorption by the

metallic nanostructure within the decay length of surface plasmon to the interface near

resonant wavelengths [24].
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Figure 3.7 Percentage of absorption by the Au layer as a function of
thickness to the Au/TiO; interface in MSPhC by FDTD simulation.

We studied the enhancement of absorption by the thin Au layer in MSPhC due to
surface plasmon resonance through FDTD simulation. Figure 3.7 shows the absorption

contribution by the Au layer as a function of normal distance to the Au/TiO: interface.
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The absorption contribution by Au layer within 3 nm next to the interface increases from
20% to over 50% when photon energy decreases from 2.4 eV to 2.0 eV with a peak near
the surface plasmon resonant wavelength, which further confirms the existence of
surface plasmon resonance.

Besides, due to the thin thickness of the Au layer in MSPhC, near resonant
wavelength, the strong enhancement generated by surface plasmon will dominate the
electric field profile inside the thin Au layer. Here we studied the effects of surface
plasmon resonance on the electric field inside the Au layer by calculating the averaged
ratio between the square of electric field component normal to the Au/TiO> interface (E)

and square of total electric field (E), which is noted as factor “K”".

K=<M> 3.1)
|Ef '

Figure 3.8 shows the FDTD simulation result of averaged K inside the Au layer of
MSPhC. The electric field of each mesh cell in simulation was collected. Then K was
calculated based on the geometry of the nano-cavity. The red line shows the analytical
result of K for SPP at interface between semi-infinite Au and TiO2, which was calculated

with [21]:

2

K - |\/8Tioz /gAu
sep =
(|\/5Ti02 /gAu 2 +1)

The permittivity of Au and TiO; were adopted from Johnson & Christy [63] and

(3.2)

Palik [17]. Electric field inside the Au layer is dominated by surface plasmon resonance
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near the resonant wavelength. As shown in Fig. 3.8, from 1.9 eV to 2.3 eV, the factor K
obtained from simulation matches well with the analytical result. Meanwhile the decay
of surface plasmon along the direction normal to the interface causes the deviation
between simulation and analytical result. Since surface plasmon only dominates electric
field within the decay length in metal, the K factor averaged over the thin Au layer in
MSPhC will be lower than the analytical result of SPP near the surface plasmon resonant

wavelength.
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Figure 3.8 Effects of surface plasmon resonance on the factor K
in the thin Au layer of MSPhC. Black symbols and dash line: K
obtained from FDTD simulation. Red solid line: Analytical

result for SPP at interface between semi-infinite Au and TiO:.

In summary, thorough analyzing FDTD simulation results, we found that surface
plasmon resonance could generate strong electric field oscillation confined at the
interface between Au and TiO; in MSPhC, which largely enhances the absorption by the
thin Au layer within decay length to the interface and dominates the electric field profile

inside the Au layer.
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Chapter 4. Modeling effects of surface plasmon resonance

on hot electron collection in MSPhC

In previous chapter, we confirmed the existence of surface plasmon resonance in MSPhC
at a wavelength near 590 nm, which matches well with the peak of photoresponse and
IQE. We also found out that near the resonant wavelength, surface plasmon dominates
the electric field distribution inside the thin Au layer. Since the light absorption by
metallic nanostructures is determined by the net electric field distribution in it, surface
plasmon will largely affect the hot electron generation near the resonant wave!ength. In
order to understand the internal photoemission in MSPhC, we combined the question of
electric field distribution, which could be solved with classical electromagnetic tools like
FDTD simulation, with the question of hot electron generation, which needs to be
analyzed with quantum-level theories. As shown in Fig. 4.1, the internal photoemission
process could be divided into three steps [10, 34, 35]: (1) hot electron generation, (2)
transport to the interface and (3) injection across the junction. After generated with initial
energy and momentum at different locations inside the metal, hot electrons travel with
scattering against electrons, phonons and defects, and a part of them can reach the metal-
semiconductor interface. At the interface, hot electron injection can happen if the normal
component of hot electrons’ kinetic energy is higher than the Schottky barrier [4, 34].
With the information of electric field distribution obtained from FDTD simulation, we

analyzed effects of surface plasmon on hot electrons’ energy, momentum and spatial
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distribution, and developed a model to predict the IQE of this metallic-semiconductor

Schottky device [65].

M e

A,
&
[+

Au

Figure 4.1 Hot electron collection process in MSPhC. Hot electrons generated in the thin Au
layer by absorbing a photon will be transferred to the interface between Au and TiO: with
scattering loss. At interface, hot electrons with enough normal kinetic energy could be injected
over the Schottky barrier to the conduction band of TiO>, and finally be collected at the back
contact of ITO. The IQE of MSPhC will be proportional to the transport efficiency in side Au

and injection efficiency over the Schottky barrier.
4.1 Hot electron generation

4.1.1 Energy distribution of hot electrons

The election excitation mechanisms in metal could be divided into interband transition
(D to S band) and intraband transition (S to S band) [18, 24]. Nanoscale geometries
provides required momentum for intraband transition, which makes it preferable for
intraband transition to happen in metallic nanostructures. First principle calculations [18,
39] and experimental work [46] have shown that the intraband transition dominates light
absorption below the interband transition threshold, and generates highly energetic hot
electrons. On the other hand, below the threshold interband transition dominates light
absorption and generates low energy hot electrons close to the Fermi level [18, 39]. Since

D band of gold locates about 2 eV below the Fermi level [6, 34], hot electrons excited
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through interband transition by absorbing a single photon with energy from 1.55 eV to
3.1 eV (wavelength from 400 nm to 800 nm) will probably not have energy level higher
than the Schottky barrier of 1.53 eV in our case. On the other hand, hot electrons
generated through intraband transition can have energy level up to 3.1 eV above Fermi
surface, which makes it the major source for internal photoemission. However, interband
transition still contributes to light absorption. Based on Eq. (2.1) we used the following
method to decompose the light absorption by the Au layer through interband and

intraband transition;

Im (&, )
i — A intra 41
/4"‘"3 “ IIn (gintra + gimer ) ( a)
Im(&,,, )
v - A inter 42
/Imter . IITI (gimra + ginter ) ( a)

Aintra and Ainter are the absorption by intraband and interband transition in Au. &, and
Einter are the intraband contribution and interband contribution to the permittivity of Au.
Eintra could be estimated with Drude model [66]. The values of them in optical range
were adopted from Johnson & Christy [63].

Figure 4.2 plots the absorption contribution by interband and intraband transition and
total absorption in the thin Au layer in MSPhC. Below about 620 nm (2.0 eV), interband
transition contributes to most part of the total absorption and hot electron generation.
Above the threshold, hot electrons generated through intraband transition dominates the

absorption of light.
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Figure 4.2 Absorption contribution by interband and
intraband transition in the Au layer in MSPhC.

Since only intraband transition contributes to hot electron collection in our case, we
will mainly focus on analyzing the energy, momentum and spatial distribution of hot
electron generated through this mechanism. As mentioned in introduction, electron
excitation through intraband transition in Au could be modeled with a free-electron-like
Jellium model with Fermi energy level at 5.5 eV [34, 35]. With this simplified band
structure, electrons could be excited from an energy level Eo, below the Fermi level Er
in the range Er — hv < Ey < Ep, to an energy £ level in the range Er < E; < Ep + hv
by absorbing a photon with energy hv. The distribution of generated hot electrons’
energy depends on the probability of each transition between two different energy levels.
Here we use electron distribution joint density of states (EDJDOS) to evaluate the

number of possible electron transitions between two specific states [34, 35, 50]:

D(E, +hv.hv)= p(E,) f (E,) p(E, +hv) f (E, +hv) (4.3)
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D(E, + hv, hv) is the EDJDOS of exciting a hot electron from energy level Ey by
absorbing a photon with energy hv. p(E) is the density of states (DOS) of the electrons
at energy level of E, which is proportional to E'? given the free-electron-like band
structure. f(E) is the Fermi-Dirac distribution function. Then energy distribution of
generated hot electrons could be calculated with the probability G of generating a hot

electron from the energy level Eo by absorbing a photon with energy hv:

G(E,+hv,hv)dE =—;
[" D(E+hv.hv)dE
Ep—hv
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Figure 4.3 Energy distribution of hot electron generated through intraband transition in Au. (a)
EJDOS of hot electrons generated by absorbing a photon with energy of 1.6 ¢V, 2.0 eV and 2.4

eV. (b) Corresponding energy distribution of generated hot electrons.

Figure 4.3 shows the EJDOS and energy distribution of hot electrons generated
through intraband transition in Au by absorbing a photon with energy of 1.6 eV, 2.0 eV
and 2.4 eV, based on Eq. (4.4) with dE = 0.02 eV and the free-electron-like Jellium
model. We can see that the distribution of hot electrons locates from Erto Er+hv, with

the pattern determined by the free-electron-like band structure. The area below the
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energy distribution curve in Fig. 4.3(b) equals to 1. This kind of simplification has been
successfully applied on a wide range of noble metals [67]. While a more realistic energy
distribution could be obtained by EJDOS method with the real band structure of metals

[50].

4.1.2 Momentum distribution of hot electrons

In previous theories of Schottky internal photoemission, momentum distribution of hot
electrons were always assumed to be isotropic and uniform [34, 35, 50], which is a key
assumption in Fowler’s theory [11]. However, recent theoretical [36, 41, 42] and
experiment [51, 52] works have shown that photoresponse is proportional to the electric
field normal to the metal-semiconductor interfaces, which suggests that the momentum
distribution of generated hot electrons is not isotropic but depends on the electric field
inside metallic structure. Following the methods developed by Govorov et. al. [36] we
could have a deep insight into the effects of electric field on hot electron momentum
distribution. In metallic nanostructures, the nanoscale geometry provides required
momentum for intraband transition, which dominates the hot electron excitation below
the interband transition threshold. By solving the Schrédinger equation for free electrons
in metallic nanostructure, and using Fermi’s golden rule with optical matrix induced by
surface plasmon, we can calculate the hot electron géneration rate and momentum
distribution in the metallic nanostructure. With this method, people have investigated
energy and momentum distribution of hot electrons in metallic nanostructures like nano
sphere [41], cube and platelet [36]. They found out that, in momentum space, the

transition rate by changing a specific wavenumber of the Jellium electron wave function
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is proportional to the square of the electric field along that direction. Thus, surface
plasmon can significantly enhance the hot electron generation rate by generating strong
electric field oscillation near the metal-semiconductor interface [41, 42]. Further, near
resonant wavelength the momentum distribution of generated hot electrons is determined
by the electric field profile and the geometry of metallic nanostructure, which defines
the wave function of electrons and provides momentum for transition [36].

For example, we applied this method on gold nano rods, similar work could also be
found in previous literature [42]. When the polarization of incident light is parallel to the
longitudinal axis of the nano rod, and the dimension of the nano rod is much smaller than
the wavelength of incident light, in momentum space, only wavenumbers along the
longitudinal direction changes. In Fig. 4.4, we plot a schematic of momentum
distribution of hot electrons in a nano rod with aspect ratio of 3:1, when the electric field
is parallel to the longitudinal axis Z. For the purpose of easy observation, the plot is two
dimensional. The momentum distribution is largely modified by the electric field. Only

the momentum component along the longitudinal axis changes.

Fermi
Surface

Figure 4.4 Schematic of hot electron momentum distribution generated by longitudinal electric
field inside a gold nano rod. High distribution probability is represented with red color while low

distribution probability is represented with blue color. Only longitudinal momentum changes.
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Based on these previous results and the requirement of energy conservation, a model
describing the momentum distribution of hot electrons is developed [65], which has been
neglected in previous theories of Schottky internal photoemission. In momentum space,
the probability of electron transition between two energy levels by changing a specific
wave number is proportional to the square of electric field along that direction. Then, the
integration of probability P of generating a hot electron with momentum (4, 4, k) on a

surface of constant energy needs to satisfy:

(I Peok,.k,) H+—’;§H€—dk dk, dk, <||il‘ > 4.5)

|k| =constant

Since in our case we care more about the kinetic energy component normal to the
interface, we chose the electric field component normal to the interface E, as E;. Thus
the right hand side of Eq. (4.5) is actually the factor K we defined in Section 3.2. This
averaged restriction of momentum distribution combines the electric field distribution
with hot electron generation. Surface plasmon could largely modify the momentum
distribution by control the electric field inside metallic nanostructure near resonant
wavelengths.

A first order approximation of momentum distribution that can satisfy the above

averaged restriction is:

12K4

P(0)= ——s1n(9) 0s(26) (4.6)
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6 is the angle against the normal direction to the interface. We did not treat the other two
in-plane directions differently because they are tangential to the interface and do not
affect the momentum distribution regarding the normal direction. Thus the distribution
could be simplified as a function of 8. In Eq. (4.6), the second term on the right hand
side represents the effect of internal electric field on the momentum distribution. Need
to notice that Eq. (4.6) is only a first order model satisfying the restriction of Eq. (4.5).
The value of K is limited (1/3 < K < (3w + 8)/24) to satisfy that P(8) > 0 for 0 €
[0, m]. A more realistic momentum distribution in nano scale system could be calculated
with the random phase approximation method used in previous theoretical works [36, 41,
42]. However it relies on knowing the exact electron’s wave equations and has only been
applied to simple small geometries such as nanoparticles or bulk materials. Our model,
on the other hand, could be applied to more complex and larger scale systems, like
MSPhC. In the following sections, we will show that this simplified first order
approximation could effectively represent the anisotropic momentum distribution of hot
electrons in MSPhC, and can further achieve a decent prediction of IQE for this device.

Based on Eq. (4.6), Fig. 4.5 shows the anisotropic momentum distribution of hot
electrons on a surface of constant energy when incident light is at 510 nm, 580 nm and
620 nm. z is the direction normal to the interface. It clearly shows that the momentum
distribution of hot electrons is not isotropic due to the effect of internal electric field. A
higher K will cause the concentration of hot electron distributed along the direction
normal to the interface. Near resonance frequency, highest factor K of about 0.5 could

result in an enhancement factor of over 7 times, compared with isotropic momentum
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distribution, which enhances the number of hot electrons locating inside the “Escape
Cone” area. This indicates that the anisotropic momentum distribution can affect the hot

electron injection and should not be neglect when modeling internal photoemission

“Escape Cone” 510 nm I Ky
7.39
4.48
0272

580 nm 620 nm

process.

1.65
1.00

Figure 4.5 Anisotropic hot electron momentum distribution

0.61

caused by surface plasmon resonance. The scale bar shows the
distribution  probability normalized against isotropic
distribution in natural log scale. Left upper corner shows the

schematic of “Escape Cone” model.

4.1.3 Spatial distribution of hot electrons

Since surface plasmon resonance could generate strong electric field near the Au/TiO2
interface, it will increase the Au layer absorption within the decay length, as we
discussed in Section 3.2. We used the FDTD simulation result of absorption by the Au
layer as a function of distance to the Au/TiOz interface to represent the spatial
distribution of hot electrons. Because the generation of hot electrons depends on the net

electric field distribution, we did not distinguish the mechanisms due to surface plasmon
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decay and others. Instead, the effects of surface plasmon resonance were treated together
with other optical modes as a superposition. Compared with hot electrons generated
through other “bulk” paths of intraband transition, plasmonic hot electrons are generated

closer to the interface, which reduces the possible scattering loss during transport.

4.2 Hot electron transport

In photoresponse measurement, the MSPhC device was under continuous illumination
to achieve a steady state hot electron transport. Thus, the transport efficiency could be
estimated with a simplified spatial dependent exponential decay model [47, 48]. The
averaged probability for hot electrons generated by absorbing a single photon with

energy hv to reach the metal-semiconductor interface is:

HAu

Ptransfer (hV) = J‘O 77 (hV, hAu )exp(-— hAu /lmfp )dhAu (47)

where 44, is the normal distance to the interface, H4, is the thickness of Au layer,
n(hv, hy,)dhy, is the percentage of absorption by the thin layer dhg4, with distance /4,

to the interface. Iny is the mean free path (MFP) of hot electrons, which equals to [35]:

l—l

mfp

-1, g1
=1, +lep (4.8)

lee is electron-electron scattering MFP and [, is electron-phonon scattering MFP.
Experimental measurement have shown that the electron MFP depends on electron’s
energy [35]. le is in the range of 10~100 nm, while /., is in the range of 10~100 nm of
hot electrons within 6 eV above the Fermi level [35]. For simplicity, here we fix the

mean free path as /»p =10 nm for hot electrons from Fermi level to about 3 eV above
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[47]. Figure 4.6 shows the averaged transport probability of hot electrons in MSPhC as
a function of photon energy. We can see that near resonant wavelength, the enhancement
of absorption near the interface caused by surface plasmon largely improves the hot
electron transport efficiency. Therefore, surface plasmon could enhance IQE and
photoresponse of Schottky hot carrier devices by reducing the transport distance and

scattering loss of generated hot electrons before injection through the metal-

semiconductor interface.
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Figure 4.6 Averaged transport probability of hot
electrons in MSPhC to reach the Au/TiO; interface.

4.3 Hot electron injection

To model the injection probability when hot electrons reach the Schottky interface, we
still use the “Escape Cone” model [11] while incorporating the effect of anisotropic
momentum distribution caused by surface plasmon resonance. Hot electrons with normal
kinetic energy larger than the Schottky barrier height have injection probability of 1

while the others have injection probability of 0 [4, 35, 38, 68]. This criteria allows us to
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obtain an analytical expression of the injection probability, while more delicate models
based on calculating the transmission coefficient of electrons over a rectangular potential
step and considering the effects of electrons effective mass jump across the interface
could also be found in literature [68]. The injection probability Pinject Of a hot electron at

energy level E, = Er + q¢p is:

Qescape
Py (E,) =] " P(6)d6
(4.9)
_1 1— qfy + Er +6K_2 99y + E; 1_‘]¢B+EF
2 E, 3z E, E,

The escape angle Q,gcqpe 1s defined as cos(ﬂescape) = \/ (qppg + Eg)/En. The first

term on the right hand of Eq. (4.9) is equivalent to the injection probability in Fowler’s
theory [4], while the second term reflects the effects of anisotropic momentum
distribution, which has not been considered by previous theories. When X is larger than
1/3, the concentration of hot electron along the direction normal to the metal-
semiconductor interface will enhance the injection probability.

Figure 4.7 shows the injection probability of hot electrons excited by absorbing a
single photon with energy of 1.6 eV, 2.0 ¢V and 2.4 eV. The corresponding K factors in
MSPhHC at these three photon energies are 0.38, 0.35 and 0.50 respectively. At the same
electron energy level, a larger factor K results in stronger concentration of hot electrons
along the direction normal to the Aw/TiO; interface in momentum space, which can
increase the injection probability. Therefore, surface plasmon resonance could also
enhance IQE and photoresponse by increasing injection probability of hot electrons

through modifying the hot electron momentum distribution.
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Figure 4.7 Averaged injection probability of hot
electrons generated by absorbing a single photon with
energy of 1.6 eV, 2.0 eV and 2.4 eV in MSPhC.

4.4 Prediction of IQE for surface plasmon assisted Schottky hot
carrier devices

Combing all of the above analysis of hot electron generation, transport and injection

together, the IQE of a Schottky device as a function of photon energy can be calculated

with [65]:

Ep+hv

A
UIQE (hV) = %Rmnsﬁzz : _[ G (Eh ’hv)‘PmJecl (Ek )dEh (4' 1 0)

+ A Ep+ady

ntra inter

Even though interband transition does not contribute to photocurrent, it still contributes
to light absorption and IQE. Thus it is necessary to consider its effect at range above the

interband transition threshold.
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Figure 4.8 Normalized IQE of MSPhC based on the modified
model and Fowler’s theory. The predictions of these two

models are compared with experimental results.

Figure 4.8 shows the normalized IQE calculated with our model and Fowler’s theory
incorporating the effects of interband transition. The IQE is affected by both the intrinsic
properties of Au and external effects of nanostructure and illumination condition. The
black symbols of IQE based on the assumptions of Fowler’s theory only considers the
effects of inter- and intraband transition, i.e. the band structure of Au. Basically it only
uses the first term in Eq. (4.9) to calculate the injection probability, which does not
consider the effects of anisotropic momentum distribution. It shows the platform shape
of IQE due to interband transition. On the other hand, the anisotropic momentum
distribution caused by SPP largely enhances the IQE with a peak near 2.2 eV. The pattern
predicted by our model matches with the IQE of MSPhC better than the widely used
Fowler’s theory. This results indicates that the effects of anisotropic electron momentum
distribution by surface plasmon should be considered when designing Schottky hot

carrier devices [25]. A device that can generate hot electrons with momentum
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preferentially normal to the Schottky interface can largely enhance the device’s IQE.
Need to notice that several factors may cause the deviation between the predicted value
and the experimental observation of IQE. For example, we did not consider the transport
efficiency inside TiO; and the collection efficiency at the back contact. Further, a more
realistic momentum distribution of hot electron could also reduce the deviation.

In summary, by incorporating the effects of surface plasmon resonance on modifying
momentum distribution to enhance hot electron injection efficiency and on reducing
scattering loss during hot electron transport, we developed a model to predict the IQE of
surface plasmon assisted Schottky hot carrier devices. Compared with the widely used
Fowler’s theory, our model can better and effectively represent the internal

photoemission in surface plasmon assisted hot electron collection process.
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Chapter S. Conclusion

5.1

Summary

In summary, the effects of surface plasmon resonance on internal photoemission in
MSPhC is investigated in this work. Although the two dimensional nano-cavity array of
MSPhC could achieve a broadband light absorption by supporting multiple optical
modes, only surface plasmon resonance can largely enhance the IQE. Through FDTD
simulation and analytical calculation, we confirmed the existence of surface plasmon
resonance in MSPhC with a resonant wavelength near 590 nm, which matches well with
the peak of sub-bandgap photoresponse. By generating strong electric field oscillation
near AwTiO; interface, surface plasmon resonance dominates the electric field
distribution inside the thin Au layer. It increases the electric field component normal to
the interface, which can significantly modify the momentum distribution of hot electrons
generated through geometry assisted intraband transition in metallic nanostructures.
Near resonant wavelength, in momentum space hot electrons concentrate along the
direction normal to the interface, which can largely enhance the injection efficiency over
the Schottky barrier. Moreover, surface plasmon resonance enhances the absorption by
the Au layer near the interface and reduces scattering loss of hot electrons. Considering
these effects of surface plasmon resonance on hot electrons generation, transport and
injection, we developed a model to predict IQE of surface plasmon assisted Schottky hot
carrier devices. It achieves a decent match with our experimental observations of

MSPhC’s photoresponse, which cannot be explained by the widely used Fowler’s theory.
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5.2 Outlook

This work provides a method that combines large scale photonic design with quantum-
level tools, which could serve as a guidance for designing Schottky hot carrier devices.
As shown in Fig. 5.1, the information of electric field, for example K, in plasmonic
metallic nanostructures could be obtained from classical electromagnetic tools like
FDTD simulation. These factors could be applied to determine the energy, momentum
and spatial distribution of generated hot electrons with the information of the metal’s
intrinsic properties, which can be obtained with quantum-level tools like DFT and ab-
initio calculation. Finally, with our model of internal photoemission and states of

generated hot electrons, the IQE and photoresponse of the device can be predicted.

Feedback on photonic design

“K” factor and other
characteristic factors

Feedback on material choice

Figure 5.1 Design flow for surface plasmon assisted Schottky hot carrier

devices, combining large scale photonic design with quantum-level tools.

Moreover, the applicability of this model to different device architectures needs to
be studied. Factors that may influence the applicability include structure dimension and
geometry, model of hot electron momentum distribution in various metal materials and
injection mechanisms other than Schottky internal photoemission. It would be helpful to

further refine this model for more widely application.
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