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Abstract

Plasmonic nanostructures have received extensive attention due to their ability to increase
the harvesting of incident light from free space and concentrate electromagnetic energy to
nanoscale volumes through the excitation of surface plasmons (SPs). With these outstanding
properties, plasmonic nanostructures have been widely used to enhance the performance of
optoelectronic devices, such as photocatalysis devices, solar energy harvesting devices,
lasing devices, and photodetectors. SPs-based photodetectors generally have higher external
quantum efficiencies and responsivities than conventional photodetectors because of the
enhanced light absorption and the ability to generate hot electrons through the nonradiative
decay of SPs. Photodetectors incorporating hot electrons are also referred to as hot electron
photodetectors. Photodetection based on hot electrons is attracting interest due to its
capability of enabling photodetection at sub-bandgap energies of semiconductor materials.
Si-based photodetectors incorporating hot electrons have emerged as one of the most widely
studied devices used for near infrared (NIR) photodetection, including antennas, nanorods,
nanowires, waveguides, metal gratings, and gratings with the deep trench cavities. Among
them, the grating-based structures offer an efficient approach to realize strong light
confinements by generating surface plasmon polaritons (SPPs), which results in a resonant
photocurrent response with narrow bandwidth. However, most reported Si-based NIR
photodetectors have low responsivity and broad bandwidths with responsivities that change
slowly with the target wavelength, limiting their practicality as spectrally selective

photodetectors.



In this thesis, a Si channel-separated parallel grating structure that exhibits the spectrally
selective photodetection in the C-band (1530-1565 nm) is first investigated. The structure
efficiently guides and confines incident light at the corners of the Au slabs and the Au/Si
interface through exciting the SPP mode. The electric field is strongly enhanced at the Au/Si
interface due to the presence of SPP mode, which ensures the generated hot electrons have a
low thermalization loss and high transport efficiency across the Au/Si barrier. By taking
advantages of the plasmon induced hot electrons, the structure overcomes the native
limitations from the bandgap of semiconductors and achieves sub-bandgap photodetection
with relative high responsivity and large variation in the C-band. The measured responsivity
for the structure with a period of 850 nm shows the spectral selectivity in the C-band and the
peak responsivity reaches 72.5 nA/mW at the resonant wavelength of 1538 nm and bias
voltage of 1.0 V. The measured responsivity for the structure with a period of 840 nm steadily
decreases across the C-band as the wavelength increases. The responsivity drops from 64.5
nA/mW at 1530 nm to 19.0 nA/mW at 1565 nm, representing a variation of 70.5% over the
C-band. The measured dark current is smaller than 10 nA at the bias voltage of 1 V. The
narrowband, ease of tuning the resonant wavelength, and spectral selectivity of the device
not only help bridge the gap between the optical and electrical systems for photodetection
but are also beneficial in other potential applications, such as sensing, imaging, and
communications systems. Since the proposed structure shows a strong field enhancement at
the metal/air interface due to the channel enhanced surface plasmon polariton (SPP) mode,
the dip of the reflectance spectrum of the structure is highly sensitive to the minute variation
of the refractive index of the surrounding medium and this enables it to be a refractive index
sensor. The measured sensitivity of the structure reaches a value as high as 967 nm/refractive
index unit (RIU) with the figure of merit (FOM) approaching 60, which are higher than most
reported refractive index sensors with plasmonic nanostructures. Additionally, the resonant
wavelength of the structure is demonstrated to be readily tuned through changing the Si
channel width or the structure period, so that a wider resonant wavelength range can be

included for practical applications.



To further increase the responsivity of the Si channel-separated parallel grating structure,
the Au grating is changed from the traditionally parallel structure to an interdigitated structure
that are separated by U-shaped Si channels. For distinguish purpose, the interdigitated
structure is named after Si channel-separated interdigitated grating structure. Since the cross
sections of the two structures are the same, the absorptance and electric field distribution in
the two structures are the same. The absorptance spectrum of the structure shows a sharp
peak with a modulation of 0.81 at the resonant wavelength and the full width at half-
maximum (FWHM) is as small as 23 nm. The photocurrent response of the structure reveals
a remarkable improvement. The measured responsivity reaches 804 nA/mW at the resonant
wavelength of 1550 nm and the bias voltage of 0.08 V, which is 11 times of that of the Si
channel-separated parallel grating structure and shows a competitive performance with
respect to previously reported Si-based NIR photodetectors. The measured signal to dark
current ratio reaches 400 for the bias voltage of 0.08 V, which enables the structure to be an
eligible NIR photodetector. Apart from this, a theoretical model is also conducted to evaluate
the photocurrent response under light irradiation regarding the optical and electrical
properties of the structure. According to the model, the theoretical calculation for the
structure reproduces the spectral dependence of responsivity and exhibits the same spectral
selectivity with the experiment in the C-band. Additionally, through changing the component
material and structure dimensions, these grating-based channel structures are promising for

achieving photodetection in the middle infrared (MIR) and even terahertz (THz) ranges.

We also propose a distributed Bragg reflector (DBR)-film structure and a grating-on-
DBR structure in this thesis. The DBR-film structure achieves a high absorptance (0.83) at
the resonant wavelength (1547 nm). The generation of hot electrons is enhanced by the
excitation of Tamm plasmons (TPs) at the metal/DBR interface, facilitating the photocurrent
response. The grating-on-DBR structure further increases the absorptance and shows a larger
modulation compared with the DBR-film structure and Si-based Au grating structure. The
electric field in this structure is strongly enhanced at the metal/DBR interface, which is likely
originating from the coupling of FP resonance and TP resonance due to the grating-on-DBR

mode. Due to the strong field enhancement at the interface, the generation of hot electrons is



further facilitated and a large photocurrent is produced. The structure also exhibits a
narrowband and high responsivity in the NIR, which opens a new way for the TPs based hot

electron photodetectors.
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Chapter 1 : Introduction

1.1 Hot electron photodetection

1.1.1 Basic theory for hot electron photodetection

Hot electron photodetector is the normal device that is used for achieving hot electron
photodetection. For hot electron photodetector, the photocurrent is formed through the
generation, transport and collection of hot electrons in plasmonic nanostructures, such as
metal/semiconductor (M/S), metal/insulator/metal (M/I/M) and the derived architectures
(M/SIM, M/l/Transparent Conducting Oxide (TCO), etc.). Hot electrons with energies higher
than the M/S or M/I barrier height can cross the Schottky barrier and be injected into the
semiconductor or insulator through an internal photoemission process after their generation
in a metal, leading to a photocurrent which can be measured with an external circuit, as shown
in figure 1.1(a) [1]. In 1931, Fowler made the earliest attempt to quantitatively describe the
photon-induced emission of electrons in metals [2]. Later in 1958, the overall processes
including the generation, transport and collection of hot electrons were clarified by Spicer
using a continuous 3-step model [3, 4]. First, hot electrons are generated in the metallic layer
through absorbing photons’ energies. Next, a part of hot electrons reaches the M/S interface
by diffusion before thermalization. Last, hot electrons with energies larger than the barrier
height and specific momenta are injected into the semiconductor by internal photoemission.
Therefore, the photoelectric conversion efficiency of hot electron photodetectors is
dependent on the initial distribution of hot electrons, and the transport and collection
efficiency of hot electrons. In Fowler’s model, it is assumed that the generated hot electrons
in the metallic layer have an isotropic momentum distribution and hot electrons can cross the
Schottky barrier only if their momenta are within the escape cone of the semiconductor. The

internal photoemission efficiency 7 is expresses as
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where h represents the reduced Planck constant, o represents the photon frequency, ¢y,
represents the barrier height and Ef represents the Fermi energy of the metal. The barrier
height ¢y, for the M/S junction can be expressed as ¢, = @um — x5, Where @y represents the
work function of the metal and yg represents the electron affinity of the semiconductor. Apart
from ¢y and ys, the barrier height is influenced by the fabrication techniques. Table 1 shows
the measured barrier heights for typical M/S junctions. A plenty of reported hot electron
photodetectors have been demonstrated to follow Fowler’s model [5-7]. However, the
internal photoemission of hot electrons over the Schottky barrier is usually an inefficient
process compared to the generation and separation of electron-hole pairs in semiconductors.
The inefficient internal photoemission of hot electrons is mainly due to poor light absorption,
broad energy distribution and isotropic momentum distribution of hot electrons [8]. A few
years later, researchers found that surface plasmons (SPs) could potentially boost the internal
photoemission efficiency by addressing these issues and offer an efficient method for hot
electron generation and extraction [9]. In general, SPs exist in two forms. One is the
propagating surface plasmon polaritons (SPPs) that are along planar interfaces. The other is
the localized surface plasmon resonances (LSPRs) which are confined to the surface of
nanoparticles. SPs can be damped easily. The plasmons begin to decay radiatively into
photons or non-radiatively into hot electrons via intraband (in the conduction band) or
interband (between other band, such as d band, and conduction band) transitions only after a
short time [1,10-12], as shown in figure 1.1(b). The thermalization loss (energies are
transferred to heat) of hot electrons occurs through electron-electron and electron-phonon
collisions in the next. For most applications, the radiative decay of plasmons serves as a
parasitic process which brings limitations to the performances of the devices [13]. On the
contrary, the nonradiative plasmon decay can enhance the generation of photoexcited hot
electrons and generate plasmon-induced hot electrons at high efficiencies due to the high-
field concentrations and resonant scattering, which results in a large photocurrent. By

deliberately engineering the plasmon mode of the structure, the momentum distribution of
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hot electrons can also be amended. For example, since the absorption cross section of the
plasmonic nanoparticles is much larger than the physical cross section [14], it yields a much
more efficient generation of hot electrons in plasmonic nanoparticles than that in the bulk
metal. Moreover, hot electrons generated in the plasmonic nanoparticles stay at a higher
average energy compared to that in the bulk metals [15-18].

Metal Semiconductor (b) Radiative decay Non-radiative decay

DOS

Figure 1.1 (a) The parabolic distribution of density of states (DOS) in the conduction band
of plasmonic nanostructures and the energy band diagram for hot electron photodetectors
with M/S architecture. Hot electrons are first generated in the metal. Then, hot electrons with
energies higher than the Schottky barrier can be injected into the conduction band of the
semiconductor and be collected. Eg), represents the Fermi energy of the metal,
Er s represents the Fermi energy of the semiconductor, ¢y represents the work function of
the metal, ¢y, represents the barrier height between metal and semiconductor, Ey represents
the valence band of the semiconductor, E, represents the bandgap of the semiconductor, E.
represents the conduction band of the semiconductor, and y, represents the electron affinity
of the semiconductor. (b) The localized surface plasmons can decay radiatively into re-
emitted photons and it can also decay non-radiatively into hot electrons. In noble metals, the
non-radiative decay can occur through intraband excitations in the conduction band or
through interband (such as the d band) excitations. Figures reproduced with permission from:
ref. [1], © 2014 Springer Nature.

Table 1. The measured Schottky barrier height ¢y, (€V) for typical M/S junctions, which are
adapted from refs. [5, 19-27].



Si TiO> GaAs Ge CdSe CdS

Au 0.80 1.00 1.05 0.59 0.70 0.80
Ag 0.83 0.91 1.03 0.54 0.43 0.56
Al 0.81 Ohmic 0.93 0.48 N/A N/A
Ti 0.50 Ohmic 0.84 0.53 N/A 0.84
Cu 0.80 0.85 1.08 0.50 0.33 0.50
Pt 0.90 0.73 0.98 0.65 0.37 1.10
Cr 0.60 0.88 0.82 0.59 N/A N/A

1.1.1.1 Generation of hot electrons

Electrons that are not in the thermal equilibrium with all atoms in the material are normally
named as hot electrons. Hot electrons distributions can be fundamentally clarified by the
Fermi function under an elevated effective temperature [28]. When light with energetic
photons illuminates on the metallic structure, the absorbed photons will transfer their energies
to the electrons in the metal, making their energies higher than that at the thermal equilibrium
and generating hot electrons. In Chalabi’s model [29], he uses an optical model to calculate
the hot electron generation rate in the metal contacts in the M/I/M architecture. He first
calculates the electric field distribution E(7) in one periodic unit under light illumination
with the photon energy of Aw by using the Finite Difference Time Domain (FDTD)
simulations. The local generation rate of hot electrons G (7, w) is then calculated basing on

the local ohmic loss Q (7, w) in the metal as
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where Im(¢) represents the imaginary part of the permittivity of the metal. The generated hot
electrons are assumed to have an isotropic momentum distribution and their energies equal
to the absorbed photons’ energies. The initial energy distribution of hot electrons is expressed
with the combination of the electron density of state (EDOS) and the Fermi functions at the

initial and final states:
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where E represents the hot electron energy (0<<E<<hv), hv represents the photon energy, p(E-
hv) and p(E) represents the EDOS at the initial and final energy levels, respectively, and f(E-
hv) and f(E) are the Fermi distribution functions at the initial and final energy levels,

respectively.

Hot electrons with energies higher than the work function of the material are emitted
from the material via the photoelectric effect [30], producing a photocurrent. A small number
of hot electrons can escape the metal if the energies of absorbed photons are higher than the
work function of metal. Since the photon energy of visible and near infrared (NIR) light is
lower than the work function of the metal, the generated hot electrons are kept in the metal.
But the decay process occurs very fast through the electron-electron and electron-phonon
collisions, which results in a thermalization loss [31]. The first step for the generation of hot
electrons is the metal absorbs the photons. The hot electron generation efficiency is very low
in planar metal due to the high reflection. SPs can result in rapidly increase of electric field
near the metal and photon state density, and therefore improving the absorption efficiency.
SPs in the metallic nanostructure decay in the form of radiatively emitting photons or
generating hot electron-hole pairs through landau damping [32]. Landau damping is a pure
process of quantum mechanics, and a plasma quantum generates an electron-hole pair in 1-
100 fs. The distribution of hot electrons is dependent with plasmon’s energy, the physical
size, the density of state of the metal and the symmetry of the plasmon mode [33]. Since the
momentum of photons and SPs can be neglected compared with the lattice momentum of
electrons, only hot electron-hole pairs with lattice momentum of 0 can be generated through
the direct decay of plasmons in the bulk material. It means that the direct excitation only
occurs when photon’s energy exceeds the threshold of the electron interband transitions in
the metal. Most of hot electrons that are generated through the direct interband transitions
originate from the top edge of d-band in noble metals, and their energies are all above the

Fermi level. If the photon’s energy is lower than the threshold of interband transition, the



absorption and emission of phonons can assist the excitation of density of states with different
momenta, which is called phonon-assisted interband excitation. The nanostructures can also
replace the phonons to excite hot carriers in the conduction band of metals, which is named
geometry-assisted intraband excitation. The last excitation method is called multi-plasmon
excitation, where hot carriers are generated through multi-plasmon decay under the ultra-

strong laser illumination.
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Figure 1.2 (a) Schematic diagram showing the excitation and decay of SPs. SPs that are
excited in a grating or prism normally decay through direct transition or phonon-assisted
transition to generate hot electrons and holes. (b) Comparison of calculated and experimental
linewidth and plasmon decay rate in Au. The theoretical calculation results indicate
cumulative contributions from direct transitions (Direct), which includes surface-assisted
transition (+Surface), phonon-assisted transitions (+Phonon) and resistive loss (+Resistive).
Contributions of resistive loss, geometry-assisted transition, phonon-assisted transition, and

direct transition to absorption for (c) semi-infinite surface and (d) Au nanoparticle with a



diameter of 40 nm. Figures reproduced with permission from: ref. [33], © 2016, American

Chemical Society.

Figure 1.2(a) gives the schematic for the excitation and decay of SPs through direct and
phonon-assisted transitions for the generation of hot electrons and holes [34]. Figure 1.2(b)
shows the comparison of calculated and experimental linewidth and plasmon decay rate in
Au [34]. The theoretical calculation results show the cumulative contributions from direct
transitions (Direct), which includes surface-assisted transition (Surface), phonon-assisted
transition (Phonon), and resistive loss (Resistive). It is found that the direct transition
dominates above the interband threshold (~1.6—1.8 eV) in Au and the sum of other
contributions is smaller than 10%. Figures 1.2(c)-(d) compare the above contributions to the
absorption for bulk gold surface and gold nanoparticle with a diameter of 40 nm [34]. It can
be seen that the geometry-assisted intraband contribution can be neglected for the bulk gold
surface, but it is comparable with respect to the phonon-assisted contribution and resistive

contribution for the gold nanoparticle in the below-threshold range.

1.1.1.2 Transport and collection of hot electrons

Hot carriers generated in metals have an initial space and momentum distribution and they
transport through the material by scattering through the interaction between electrons,
phonons and defects in the metal. The scattering results in a thermalization loss to hot
electrons and make their energies below the Fermi level. The energy of generated hot
electrons in the metal Ej, \; can be expressed as
h2k

Exm = m 4

where ky, represents the hot electron momentum in the metal, and m represents the effective

mass of a hot electron.

Hot electrons can transport in two ways, which are ballistic propagation and diffusion.

Since the dimension of the metallic nanostructure gets close to the mean free path of hot



electrons in metal, both of ballistic propagation and diffusion occur in plasmonic

nanostructures.

As for the collection process of the photoexcited hot electrons, it is clearly clarified in
Scales’s theory [35] and further improved in Chalabi’s model [29]. As shown in Scales’s
model (figure 1.3(a)), the photodetection can occur via a 3-step internal photoemission
process, which includes the photoexcitation, transport and emission in M/S architectures.
Incident photons are absorbed by free electrons in the metal that are in a state below Er, and
then the electron energy is raised to a state above Er and a free hole is left behind
(photoexcitation step). if a hot electron obtains enough energy to cross the Schottky barrier
and heads toward the M/S interface (transport step), then it can be injected into the
semiconductor (emission step) and collected with an external circuit as a photocurrent. When
a hot electron with the momentum of 7kwm reaches the M/S interface at an angle of 9, as

sketched in the left of figure. 1.3(b), the condition for the emission can be stated explicitly as

(Rkyx)

where ky , represents the electron’s momentum in the x component. The escape momentum

(km )y is then defined as

2mey
h b

(kM,Q)x = kycosQ = 6)

which constructs a k-space sphere with a radius of km representing the isotropic distribution
of possible momenta for the hot electron. The right of figure 1.3(b) shows a cross-sectional
sketch in the ky—ky plane bisecting the sphere. The rotation of the sketch around the ky-axis
yields a full k-space sphere and the escape cone is subtended by the solid angle Q. Hot
electrons that have a momentum orientation within the solid angle and satisfy ky, >
(km,a)x Can be emitted (i.e., emission is constrained to hot electrons that have a wavevector

that terminates on the surface of the spherical cap highlighted in gray).



According to the exponential attenuation model and the assumption that the momentum
is isotropous distributed, the probability (P;(E, 8,z)) for hot electrons reaching the M/S
interface with a diffusion angle 6 is evaluated by

P,(E.,2) = ~ @) if —C<g<”
WU 2) =5 P\ T e (E)cos0 ) T 2 2

P,(E,0,z) = 0, otherwise @)

where d represents the distance from the initial position of the hot electron to the M/S
interface and Ivre(E) represents the energy-dependent mean free path of the hot electron in
the metal. The flux N (E, &) of hot electrons that reaches the M/S interface with the angle of
6 can be given by
day
N(E,0) = f G(z) x D(E) X P,(E,6,z)dz. ®)
0
To accurately evaluate the injection efficiency of hot electrons, the reflection induced
by the momentum mismatch at the M/S interface must be taken into consideration. The

transmission probability (T) for hot electrons crossing the M/S interface can be expressed as

4 (% - K5) (k& - K3)

2
(\/kf,[—k§+\/k§ —kf,)

The energy Ey s of hot electron that is injected into the semiconductor can be expressed

©)

as

A%k
Eos =— (10)

where kg is the hot electron momentum in the semiconductor. Since the M/S interface is
invariant in the y direction, the momentum of hot electrons in this direction is reserved.

Therefore, we can get the equation kmy = ksy = ky. The injection efficiency n;,;(E) of hot

electrons across the M/S junction can then be expressed as
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Q
[ 2msin6d6 x N(E,0) X T
Nin (E) = =% : (11)
JZ 2msin6dé x N(E, 6)

Finally, the photocurrent density J can be expressed as

J= ef F N(E,0)d8 X 1in;(E)dE . (12)
@b —%

In 2014, Chalabi et al. uses a similar method to describe the photoemission of hot
electrons across a M/I/M architecture with a consecutive 5-step process [29], as shown in
figure 1.3(c). In the first step, hot electrons are generated in the metallic layers (e.g., top
metallic layer) via photon absorption. According to the large momentum mismatch between
the wave vectors of light and the generated hot electrons, it is assumed that the initial
momenta of generated hot electrons are isotropic and their behaves are the same with free
electrons [36,37]. In step 2, half of the generated hot electrons move towards the metal/oxide
interface. While there is only a limited number of them can reach the interface without losing
their energies through the inelastic collision. In this model, it is assumed that hot electrons
that undergo the inelastic collision make no contributions to the formation of photocurrent.
In step 3, hot electrons reaching the metal/oxide interface have a specific probability to be
injected into the oxide if their energies are higher than the barrier height ¢,. Since the
reflections naturally occur at the metal/oxide interface due to the large momentum mismatch
for electrons in the metal and oxide, the injection probability is usually quite small [38,39].
Figure 1.3(d) shows the energy contours of hot electrons in the top metal and those just cross
the Schottky barrier and reach the left side of the oxide [29]. The circles illustrate all the
terminations of the allowed electron momenta at the energy E. These contours visualize and
describe the ejection process of a hot electron into the oxide barrier. In step 4, hot electrons
being injected into the oxide have a certain probability to propagate through the oxide without
going through the inelastic collisions. Finally, hot electrons that avoid the reflections at the
interface have a certain probability to cross the other side Schottky barrier and be collected

by the opposing metallic layer.
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The calculation for the photocurrent response of the M/I/M architecture is quite similar
to that of the M/S architecture. The first two steps are completely the same (hot electrons’
generation and transport to the M/S or M/I interface), but the next steps are a little different.
In the following, the calculation for the photocurrent response of the M/I/M architecture is
clearly clarified. The probability P, for hot electrons crossing the first M/I barrier can be

given by

@ 4]0E-KD0G KD
= f 4 dk
0

2
<Jk§—k;+Jkgl—k;> 2ke [l = k5

where k; represents the hot electron momentum in the top metallic layer, ko represents the

s (13)

hot electron momentum in the left side of the oxide, and Koi(E) represents the maximum of
kol.

After crossing the left M/l barrier, hot electrons will transport from one side to the other
side of the oxide. The probability (P3) for hot electrons transporting through the oxide without
scattering and reaching the other side of the oxide is given by

P =exp (). (14)

MFP

where t represents the thickness of the oxide and Imep represents the mean free path of hot
electrons in the oxide. The probability for hot electrons crossing the second M/I barrier and

being collected by the bottom metal P4 can be given by

dk,, (15)

[ N CROCET ——
0

P, = _
(\/kg—k§+Jk§r—k§> 2kor [kor — ky

where ky represents the hot electron momentum in the bottom metallic layer, kor represents

the hot electron momentum in the right side of the oxide, and Kor(E) represents the maximum
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of kor. The total probability Pt for hot electrons crossing the left M/S barrier, transporting
through the oxide, crossing the right M/S barrier and being collected by the bottom metal is
given by

Pt0t=P2XP3XP4. (16)

The net photocurrent density /... can be lastly calculated according to the forward

(Ntop-bot) and backward (Ny,o¢—top) fluxes and the total probability

]net =e (f Ntop—>bot(E) X PtotdE - f Nbot—>top(E) X PtotdE) . (17)

Chalabi’s model based on M/I/M architecture conceptually follows Scales’s model that is
developed for hot electron emission in the M/S architecture, but it adds additional physics

with regard to electron reflections at the metal/oxide boundary [38,39].
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Figure 1.3 (a) Emission of a hot electron over the Schottky barrier in the M/S architecture.
(b) The cross-section in the kx—ky plane of the k-space emission cone. The rotation about the

kx-axis yields the full cone. Emission is constrained to carriers having a wavevector that
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terminates on the surface of the spherical cap (highlighted in gray). (c) Band diagram for the
metal/oxide/metal (M/I/M) architecture. The Fermi levels for the top (left) and bottom (right)
metals are Er and Erp, respectively. The barrier height for the metal/oxide junction is ¢g.
When a positive (negative) bias voltage Vapp is applied to the top metal, the barrier is tilted
up (down). Since hot electrons are simultaneously generated in the top and bottom metals,
they can generate the forward photocurrent ltorwara and backward photocurrent lpackward that
run in the opposite directions. The net photocurrent is lforward - lbackward. (d) The constant
energy contours of hot electrons that are in the top metal and the left side of the oxide barrier.
The circles illustrate all terminations of the allowed electron momenta at the energy E. These
contours are used in the visualization and description of the ejection of a hot electron into the
oxide barrier. Figures reproduced with permission from: (a)-(b) ref. [35], © 2010 IEEE; (c)-
(d) ref. [29], © 2014 American Chemical Society.

1.1.2 Present research situation and prospect for hot electron photodetection

The history for photodetectors using internal photoemission can date back to a semicentury
ago. Peter et.al firstly achieve NIR photodetection that is below the bandgap of
semiconductors through using the Schottky junction formed at M/S interface in 1967 [40].
The absorbed photos transfer their energies to free electrons in the metal and those electrons
will cross the M/S barrier once their energies are higher than the barrier height of the Schottky
junction. Since the energies of these electrons are higher than the normal ones, these electrons
are named as hot electrons. The transport of hot electrons from metal to semiconductor
generates a photocurrent which can be measured with an external circuit. Since hot electron
photodetectors operate at room temperature, they don’t ask for subzero refrigeration.
Moreover, they are able to detect NIR light that is below the bandgap of semiconductors,
avoiding the usage of the expensive III-V or II-VI compound-based photodetectors, such as
the GaSh, InAs, GaAs, HgCdTe and InGaAs based photodetectors. Additionally, the resonant
wavelength, bandwidth and polarization dependence can all be modified through controlling
the dimensions of the structures. However, the photoelectric conversion efficiency for the

planar system is commonly very low due to the high reflectance of metals and the low
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generation rate of hot electrons. In the following years, it is found that the structure
absorptance and the conversion efficiency can be effectively improved through the

light/matter interaction with SPs structures [41].

Hot electrons can also be collected using metal/insulator/metal (M/I/M) architecture
apart from the M/S architecture. The generated hot electrons in one side metal go across the
insulator layer (the thickness is commonly less than 10 nm) and be collected by the opposite
metal, resulting in a photocurrent. The insulator can also be replaced by a semiconductor,
which forms the metal/semiconductor/metal (M/S/M) architecture. The mechanisms for the
M/I/M architecture and M/S/M architecture are the same, hot electrons are both extracted
through the Schottky junction [42]. The M/I/TCO architecture is a derived structure for the
M/I/M architecture. Since the absorption coefficient for TCO is small, the absorption of the
metal can be increased and therefor improving the photoelectric conversion efficiency
[43,44]. Additionally, a planar distributed Bragg reflector (DBR) structure is also reported
for hot electron photodetection. Since the Tamm plasmons (TPs) are generated at the
metal/DBR interface which facilitates the generation of hot electrons, the structure also
exhibits a large photoresponsivity [45]. The present research situation for hot electron
photodetectors with M/S architecture, M/I/M architecture and its derivative, and TPs based
architecture are introduced detailedly in the following.

1.1.2.1 Metal/semiconductor architecture

In 2011, Knight et al. demonstrated a compact and wavelength-resonant hot electron
photodetector with the photocurrent response below the bandgap of the semiconductor [46],
as shown in figure 1.4(a). The nanoantenna of this structure not only acts as the light collector
but also the electron emitter. Photons of incident light can be first coupled into the
nanoantenna and excite resonant SPs. The SPs can then directly decay into energetic hot
electrons. After that, these plasmon-induced hot electrons can cross the Schottky barrier
formed at the nanoantenna/semiconductor interface, leading to a photocurrent. Moreover, the
absorption and photoresponsivity spectra can both be modified by tuning the geometry of the

nanoantenna. The plasmonic grating structure can achieve narrowband hot electron
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photodetection [47], as shown in figure 1.4(b). The light irradiation strongly couples to
surface plasmon polaritons (SPPs) that propagate along the periodically distributed slits in
the grating, leading to a narrowband and resonant photoresponse in NIR, which is limited by
the Schottky barrier height instead of the bandgap of silicon. The structure exhibits a
responsivity of 0.6 mA/W with an internal quantum efficiency (IQE) of 0.2%, which is more
than twentyfold of the previously reported nanoantenna-based device. The structure also
shows more than threefold narrower photocurrent response than the nanoantenna-based
device. Li et al. demonstrated the use of metamaterial perfect absorbers (MPAS) that are made
up of ultrathin plasmonic nanostructures can obtain near-unity light absorption [48], as
shown in figure 1.4(c). The structure achieves a perfect absorption of light by coupling the
localized surface plasmon resonance (LSPR) with the Fabry-Perot (FP) resonance. The
structure owns two advantages. The first one is that hot electrons are efficiently and
substantially generated attributing to the perfect absorption. The second one is that most of
the generated hot electrons are close to the M/S interface, which ensures a low thermalization
loss and high transport efficiency. The photocurrent responsivity of this MPA hot electron
photodetector is demonstrated to be more than 3 mA/W that is among the highest level yet
reported. Additionally, the bandwidth of the photocurrent responsivity spectrum can be
broadened through coupling multiple resonators and manipulated via deliberately
engineering the geometry. It is known that only a limited number of hot electrons are
generated and permitted to cross the Schottky barrier when the plasmonic structure is located
on the top surface of the semiconductor. While Knight et al. demonstrated that the hot
electron generation and emission can be greatly increased through embedding the plasmonic
structure into the semiconductor in 2013 [49], as shown in figure 1.4(d). The embedding can
form a 3D Schottky barrier on the vertical sides of the structure, facilitating more emissions
of hot electrons across the Schottky barrier into the semiconductor than the planar Schottky
barrier and therefore increasing the internal quantum efficiency (IQE) for photodetection.
The measured responsivity for the fully embedded device with the embedding depths of 5
nm increases more than 25 times compared to the planar diodes. Even though the concept of

using LSPR based nanoantenna for hot electron photodetection below the bandgap of

15



semiconductor has been demonstrated, the LSPR based structures still cannot meet the
practical requirements for the photodetection. In 2014, Lin et al. proposed the deep-
trench/thin metal (DTTM) active antenna which couples the surface plasmon resonance (SPR)
with the three-dimensional (3D) cavity effects to generate and collect the plasmon-induced
hot electrons in the M/S architecture and thereby increase the photocurrent [50], as shown in
figure 1.4(e). The DTTM active antenna greatly improves the photocurrent response
throughout a broad wavelength range and shows a polarization-independent photodetection.
The measured responsivity of the DTTM active antenna are hundreds of times larger than
that of the previously reported LSPR-based nanoantennas. The structure also exhibits
superior photoelectron conversion efficiency, high degrees of detection linearity for both low
(1 pW/um?) and high (4000 W/cm?) intensity light and the image detection capability for
both visible and IR light. In 2019, Feng et al. developed an all-Si based hot electron
photodetector, which consists of a deliberately designed metasurface that integrates the
antenna with the Si nanowire array [51], as shown in figure 1.4(f). The optical measurement
exhibits that an absorption of 90% occurs at the resonant wavelength of 1050 nm. The
electrical measurements show that the photocurrent responsivity can reach 94.5 mA/W at the
resonant wavelength of 1150 nm with a bandwidth of 480 nm, and the detectivity can reach
4.38 x 10! cm-HzY2/W. Such a high responsivity and detectivity in the NIR are comparable
with respect to that of previously reported 111-V and 11-VI compound photodetectors [52-
54]. The outstanding performance of the structure results from the increased IQE in the one-
dimensional (1D) conduction channels, which accommodates the generated hot electrons for

high conduction in Si nanowires.
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Figure 1.4 Hot electron photodetectors with M/S architecture. (a) Top left: illustration of the
optical nanoantenna structure. Bottom left: SEM image of the structure. Right: measured
photocurrent responsivity (points) for Au antenna with different lengths (Lrod), the solid lines
represent the fitting curves. (b) Top left: schematic diagram of an Au grating on a silicon
substrate. Bottom left: SEM image of the structure. Right: the measured photocurrent
responsivity of the structure for the Au layer thickness of 93 nm (black), 170 nm (grey) and
200 nm (green). (c) Top left: schematic diagram of the MPA photodetector. Top right:
comparison of the calculated (line) and measured (circle) photocurrent responsivity spectra
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for the MPA photodetector. Bottom left: schematic diagram of the polarization-independent
MPA photodetector. Bottom right: comparison of the calculated (line) and measured (circle)
photocurrent responsivity spectra for the polarization-independent MPA photodetector. (d)
Top left: schematic diagram of the fully embedded plasmonic structure. Bottom left:
illustration of the emission cone where hot electrons are permitted to be injected into the
semiconductor. Right: the measured responsivities of the structure for the embedding depths
of 5 nm (blue), 15 nm (green), and 25 nm (red) at the wavelength of 1500 nm. (e) Left:
schematic diagram of the DTTM active antenna structure. Right: photocurrent responsivity
of the DTTM structure in the wavelength range of 1440 to 1590 nm. (f) Top: Schematic
diagram of the all-Si based hot electron photodetector, which consists of a deliberately
designed metasurface that integrates the antenna with the Si nanowire array on a SOI
substrate. Bottom left: the measured photocurrent responsivity spectra for the TM
polarization. Bottom right: comparison of detectivity among this all-Si based hot electron
photodetector and previously reported ones that use the I11-V and 11-V compounds. Figures
reproduced with permission from: (a) ref. [46], © 2011 American Association for the
Advancement of Science; (b) ref. [47], © 2013 Springer Nature; (c) ref. [48], © 2014
American Chemical Society; (d) ref. [49], © 2013 American Chemical Society; (e) ref. [50],
© 2014 Springer Nature; (f) ref. [51], © 2019 American Chemical Society.

1.1.2.2 Metal/insulator/metal and the derived architectures

In 2014, Chalabi et al. proposed the Au-Al2Os-Au (M/I/M) plasmonic structure that reshapes
the top metallic layer into nanostripe antennas [29], as show in figure 1.5(a). The measured
spectral-dependence, voltage-dependence and polarization-dependence of photocurrent
demonstrate that the SPs excitations can lead to a favorable redistribution of electric field in
the nanostripe that enhances the photocurrent. By replacing the insulator with semiconductor
in the M/I/M architecture, the derived architecture metal/semiconductor/metal (M/S/M) is
obtained. Figure 1.5(b) shows the Au-ZnO-Au (M/S/M) photodetector with conformal
metallic grating that is proposed by Wu et al. in 2015 [55]. In comparison with the traditional

grating structure, the multilayer conformal grating structure shows bigger advantages in both
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optical absorption and photocurrent responsivity. The simulation result shows that the
multilayer conformal grating structure obtains a strong and asymmetrical light absorption
and the absorptance of the top metal exceeds 99%. The photocurrent responsivity of the
structure is also predicted to be approximately 3 times of the traditional grating structure due
to the extremely high light absorptance and relatively low M/S barrier height.

The use of transparent conducting oxide (TCO) to extract hot electrons for
photodetection has also been reported as the derived architecture of the M/I/M architecture,
including the M/I/TCO architecture [56] that is shown in figure 1.5(c) and the M/S/TCO
architectures [57, 58] that is shown in figure 1.5(d). Since the absorption coefficient of TCO
is small, light is mostly absorbed by the metal and the M/l or M/S interface, which results in
efficient and asymmetric hot electron generation [56]. The TCO also offers efficient
collection of hot electrons, which results in a large net photocurrent. As for the photoresponse
speed, recent study on hot electron relaxation dynamics [59] demonstrated that the relaxation
time of hot electrons can reach as short as 45 fs. In addition, the photoresponse speed can be
controlled through tailoring the geometry of the plasmonic structure since it is strongly
affected by the local field enhancement. But more work is still required for fully

understanding the mechanism of the photoresponse time of hot electron photodetectors.
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Figure 1.5 Hot electron photodetectors with M/I/M and the derived architectures. (a) Left:

schematic illustration of the Au-Al2Os-Au (M/I/M) plasmonic nanostripe antenna. Right:
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variation of the photocurrent responsivity of the structure with the photon energy for TE and
TM polarized light. (b) Left: schematic diagram of the Au-ZnO-Au (M/S/M) photodetector
with conformal metallic grating. Right: comparison of responsivity spectrum between the
traditional grating structure and the multilayer conformal grating structure. (c) Left:
schematic diagram illustrating the generation and collection of hot carriers across the M/l
Schottky barrier in the metal-Al,0s-TCO (M/I/TCO) structure. Right: photocurrent
responsivity and absorptance spectra of the structure with respect to the light wavelength.
The inset shows the device cross-junction using a monochrome charge coupled device (CCD).
(d) Left: the photo and SEM image of the Au-TiO2-ITO (M/I/TCO) crystal photodetector.
Right: relationship between the responsivity and the applied reverse bias for three different
light wavelengths. Figures reproduced with permission from: (a) ref. [29], © 2014 American
Chemical Society; (b) ref. [55], © 2015 Springer Nature; (c) ref. [56], © 2014 American
Chemical Society; (d) ref. [57], © 2015 American Chemical Society.

1.1.2.3 Tamm plasmons-based architecture

Hot electron photodetectors with M/S, M/I/M and the derived architectures enhance
photocurrent through the excitation of SPs. Another kind of hot electron photodetector that
enhances the photocurrent through the excitation of Tamm plasmons (TPs) has also been
reported currently. TPs are also referred to as optical Tamm states and they exist at the
metal/distributed Bragg reflector (DBR) interface. At the resonant wavelength for TPs, the
electromagnetic surface waves that propagate along the metal/DBR interface are strongly
confined around the interface, resulting in high absorption in the metallic film. This kind of
hot electron photodetectors consist of alternating multilayers (DBR) with different refractive
index and metallic film. Since the TPs-based architecture exhibits a relatively large
photoresponse and does not ask for complicated fabrication techniques, such as electron-
beam (EB) lithography, reactive ion etching (RIE) and EB evaporation, hot electron
photodetectors with TPs-based architecture dramatically simplify the traditional SPs-based
architectures and open the pathway for achieving low-cost and high-responsivity hot electron

photodetection. Figure 1.6(a) shows a planar hot electron photodetector that is made up of a
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thin metallic layer and a DBR [60]. The absorptance of the structure almost reaches 0.93,
leading to a high generation rate of hot electrons that is more than 34-fold of the planar M/S
architecture without a DBR. The electric field increases with the penetration depth of light in
the metal, which results in a strongly concentrated hot electron generation at the DBR/metal
interface. The measured responsivity of the structure is over 30 times of the conventional
grating structure. Additionally, the structure exhibits a facile tunability of the resonant
wavelength from visible to NIR range, sustained performance at oblique incidence and
multiband photodetection. TPs are also used to enhance the generation rate of hot electrons
in the M/S/M architecture and therefore improve the photocurrent, as shown in figure 1.6(b)
[61]. Results show that the top Au layer absorbs over 87% of light due to the excitation of
TPs at the DBR/metal interface. Such a high absorptance leads to a large and unidirectional
photocurrent, and the photocurrent responsivity of the structure is much higher than the
conventional nanostructures. Additionally, the structure exhibits a narrowband and readily
tunable TP resonance and polarization-independent of photocurrent. Zhang et al. proposed a
planar microcavity-integrated structure for hot electron photodetection in 2016, in which the
M/S/TCO architecture and a buffer layer are sandwiched by two asymmetrical DBRs [62],
as shown in figure 1.6(c). The simulation results show that both the absorption efficiency and
the resonant wavelength of the structure can be readily manipulated through tailoring the
thickness of the buffer layer and the pairs of the top DBR. The absorptance in the metal can
reach 0.92 at the resonant wavelength, which is more than 21 times of the structure without
a microcavity. The theoretical calculations exhibit that the photocurrent responsivity of the
structure can reach 239 nA/mW at 0 V, which is twice of the structure without a microcavity.
By replacing the metallic film in conventional TP structure with a M/S/TCO architecture,
Wang et al. proposed a wavelength-selective photodetector around the wavelength of 1550
nm [63], as shown in figure 1.6(d). The structure exhibits a sharp and narrow reflectance
spectrum with the bandwidth of 43 nm attributing to the excitation of TPs at the DBR/metal
interface. The measured photocurrent responsivity reaches the peak with a value of 8.26

nA/mW and the responsivity variation is more than 80% when the light wavelength only
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changes 52 nm (from 1581 to 1529 nm), thus leading to a wavelength-selective
photodetection in the near infrared.
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Figure 1.6 Hot electron photodetectors with TPs-based architecture. (a) Left: schematic
diagram of the planar DBR-based Au/TiO, Schottky photodetector. Right: comparison of the
calculated responsivity between the proposed structure and the reference (planar Au/TiO:
structure without DBR). (b) Left: schematic diagram of the DBR-MSM hybrid structure.
Right: the calculated responsivities for the TPs hot electron photodetector (TP-HE PD) and
surface plasmon hot electron photodetector (SP-HE PD) as a function of the applied voltage.
(c) Left: schematic illustration of the planar microcavity-integrated hot electron
photodetector. Right: comparison of the calculated responsivity between the proposed
structure and the reference without the microcavity. (d) Left: schematic illustration of the
DBR-based M/S/ITO hot electron photodetector. Right: the measured photocurrent
responsivity of the proposed structure (black points) at 0 V and the absorptance spectrum
difference (red curve) between the metallic layer (Ametar) and the ITO layer (Airo). The inset
shows the relationship between the measured photocurrent and the incident power of light.
Figures reproduced with permission from: (a) ref. [60], © 2019 The Royal Society of
Chemistry; (b) ref. [61], © 2017 American Chemical Society; (c) ref. [62], © 2016 The Royal
Society of Chemistry; (d) ref. [63], © 2019 The Royal Society of Chemistry.
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1.2 Refractive index sensing

1.2.1 Basic theory for refractive index sensing

Refractive index (RI) sensing is a technique that uses RI sensors to monitor the refractive
index variation of the dielectric medium. Sensitivity (S) and figure of merit (FOM) are two
important values to estimate the performance of RI sensors. Sensitivity (S) is defined as the
ratio of the change in output (e.g., resonant wavelength, resonant angle or intensity) to the
variation of RI of the surrounding medium. For example, if the output of a RI sensor is
resonant wavelength, the sensitivity (S) can be calculated by

G M _L-2
T An n,—-ng’

(18)

where A represents the resonant wavelength of the RI sensor, n represents the refractive index
of the surrounding dielectric medium, 4, represents the resonant wavelength corresponding
to the refractive index of ni, and A, represents the resonant wavelength corresponding to the
refractive index of n,, as shown in figure 1.7(a). FOM is a gauge for the minimal detectable

variation of the refractive index and it can be evaluated by

FOM = (19)

FWHM’

where FWHM represents the fullwidth at half-maximum and the definition is shown in figure
1.7(b). RI sensors with large sensitivity and FOM simultaneously are desirable for real

applications.
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Figure 1.7 (a) Schematic shows the reflectance spectrum variation with the change of
refractive index of the surrounding dielectric medium for RI sensors. (b) Schematic shows
the definition of FWHM.

Metal-based plasmonic RI sensor and dielectric-based photonic R1 sensor are two main types
of RI sensors. In this thesis, we focus on the investigation of metal-based plasmonic RI sensor.
Basing on whether the excited plasmon is localized to a metallic nanostructure or oscillates
at the metal/dielectric interface, metal-based plasmonic Rl sensor can be separated to
localized surface plasmon resonance (LSPR) based sensor and surface plasmon polariton
(SPP) based sensor.

LSPR represents the collective electron charge oscillations in metallic nanostructures, such
as metallic nanoparticles. At the resonance condition, the electric field is strongly enhanced
and highly localized around the nanostructure, resulting in the output (e.g., resonant
wavelength, resonant angle or intensity) to be sensitive to the variation of the surrounding
dielectric medium. Nanoparticle-based and nanohole-based architectures are two main
architectures for LSPR-based RI sensors. LSPR-based RI sensors have the advantages of
simplicity, low-cost and easy for integration. But LSPR-based RI sensors typically have a

broad bandwidth and exhibit a low FOM due to the strong radiative damping.

SPP based RI sensors typically achieve larger sensitivities than LSPR based RI sensors due
to the longer plasmon decay length [64,65] and bigger interaction volume between the
propagating wave and the sample. SPP is a nonradiative electromagnetic surface wave that

propagates along the metal/dielectric interface. The oscillations of electron charges at the
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metal/dielectric interface are very sensitive to the minute change of the surrounding dielectric
medium. SPP cannot be excited at a planar metal/dielectric interface by direct illumination.
The exciting wave must have specific momentum for the excitation of SPP. To fulfill the
momentum requirement, four types of SPP based RI sensors have been reported, which are
prism-coupled SPP based RI sensor, grating-coupled SPP based RI sensor, waveguide-
coupled SPP based RI sensor and fiber-coupled SPP based RI sensor [66]. The schematics of
the four types of SPP based RI sensor are shown in figure 1.8. Prism-coupled SPP based RI
sensor is the first developed and most widely used for RI sensing. The Kretschmann
configuration [67], as shown in figure 1.8(a), and the Otto configuration [68] are the two
configurations for prism-coupled SPP based RI sensors. Both of them are made up of a prism
with high refractive index (np), a thin metallic film and a dielectric layer (surrounding
dielectric medium) with a relatively lower refractive index (ng) than the prism. The
evanescent wave generated by the incident light at the prism/metal interface with total
reflection penetrates into the metal layer with a certain dipth and excites SPP propagating
along the metal/dielectric interface when the phases of the evanescent wave and the SPP are

matched, which is shown as [69]

&m + N3

. EmNG
konpsm9 =Re{Bsp} =Re{ko | — 5> (20)

where k, represents the wavenumber in free space, 6 represents the incident angle of light,
Bsp represents the propagation constant of SPP, ¢,,, represents the permittivity of metal which
can be shown as €, = e + ien;. A variation in the Rl of the dielectric layer leads to a
change in the wave phase and results in a variation in the spectral response of the sensor. The
diffracted light waves in the metal grating can couple to SPP for the grating-coupled SPP

based RI sensors, as shown in figure 1.8(b), when the following coupling condition is

satisfied [69]
_ 2m emni
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where mis an integer that represents the diffraction order and A is the period of the diffraction
grating. The advantage of the waveguide-coupled SPP based RI sensor is miniatured structure
dimensions and easy for integration. As shown in figure 1.8(c), the guided transverse
magnetic (TM) polarized light first propagates through the waveguide, then penetrates into
the metal strip evanescently and last the SPP is excited at the metal/superstrate interface [70].
The coupling between the incident light and the SPP for waveguide-coupled SPP based RI
sensor is similar with the prism-coupled SPP based RI sensor. For fiber-coupled SPP based
RI sensor, the fiber core works as the prism in the Kretschmann configuration. To achieve
high performance with the fiber-coupled SPP based RI sensor, some modifications are
required to the optical fibers for the coupling of the core-guided light and SPP, such as strip
the fiber cladding completely and deposit metal layers on the fiber core [71], as shown in
figure 1.8(d). Fiber-coupled SPP based RI sensors exhibit some advantages over the prism-

coupled SPP based RI sensors, such as small footprint, low cost and remote sensing ability.
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Figure 1.8 The schematics of the four types of SPP based RI sensor: (a) prism-coupled SPP
based RI sensor, (b) grating-coupled SPP based RI sensor, (c) waveguide-coupled SPP based

RI sensor and (d) fiber-coupled SPP based RI sensor. Figures are redrawn from ref. [70].
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1.2.2 Present research situation and prospect for refractive index sensing

LSPR based RI sensors mainly consists of LSPR sensor based on nanoparticle and LSPR
sensor based on nanoholes. As shown in figure 1.9(a), LSPR sensors based on nanoparticle
have different configurations, such as nanosphere (i), nanocube (ii), nanorod (iii) and
nanoprism (iV). The corresponding SEM images for these configurations are shown in figure
1.9(b). Khan et al. demonstrated that the aspect ratio (R) of the nanoparticle, defined by R =
L/d, plays the key role in determining the sensitivity of LSPR sensors based on nanoparticles,
regardless of the composition, shape, dimension, and cross-sectional area [72]. The measured
sensitivities (S) for LSPR sensors based on different nanoparticles exhibit a linear
relationship with the aspect ratio (R), as shown in figure 1.9(c). A linear relationship between
the sensitivity and the initial resonant wavelength A;spr o Can be also obtained when Ay gpg o
is smaller than 1000 nm, as shown in figure 1.9(d). The sensitivity splits when A spg o
exceeds 1000 nm, which indicates the sensitivity of LSPR sensor based on nanoparticle
depends more linearly on the aspect ratio than the initial resonant wavelength. Up to now,
the reported highest sensitivity and FOM for LSPR sensor based on nanoparticle are 1816
nm/RIU [73] and 23 RIU [74].
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Figure 1.9 (a) LSPR sensors based on nanoparticles with the shapes of i: nanosphere, ii:
nanocube, iii: nanorod and iV: nanoprism. (b) SEM images for i: Au nanospheres, ii: Au
nanocubes, iii: Au nanorod and iV: Au nanoprism. (c) The measured sensitivity for LSPR
sensors based on nanoparticles as a function of (c) aspect ratio (R), and (d) resonant
wavelength (A spr o). Figures reproduced with permission from ref. [72], © 2016 American

Chemical Society.

LSPR sensors based on nanoholes generally show a similar sensitivity with LSPR sensors
based on nanoparticles, but they usually have a higher FOM attributing to the excitation of
Bloch wave SPP [75] or Fano resonance [76] which shows a smaller FWHM than LSPR [77—
79]. The template stripped Ag nanohole array is one of the typical architectures for LSPR
sensors based on nanoholes, as shown in figure 1.10(a) [80]. Liu et al. proposed a LSPR
sensors made up of an Ag nano-Lycurgus cup (NLC) array in 2013, where the sidewall of
NLC was decorated with Ag nanoparticles, as shown in figure 1.10(b) [81]. The measured
average sensitivity of this sensor reaches as high as 8066 nm/RIU with the FOM of 179 RIU 2.
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Such a high FOM has exceeded the theoretical limit (108 RIU™?) of standard Au based SPP
sensors [82]. Nanohole-based 3D structures have also been used for RI sensing [83-85]. As
shown in figure 1.10(c), the Ag disk-in-volcano array exhibits a sensitivity more than 900
nm/RIU [86].
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Figure 1.10 LSPR sensors based on nanoholes. The schematic and SEM images of the LSPR
sensor based on: (a) template stripped Ag nanohole array, (b) nano Lycurgus cup array and
(c) disk-in-volcano array. Figures reproduced with permission from: (a) ref. [80], © 2011
American Chemical Society; (b) ref. [81], © 2013 WILEY - VCH Verlag GmbH & Co.
KGaA, Weinheim; (c) ref. [86], © 2015 The Royal Society of Chemistry.

SPP based RI sensors are commercially available now due to the high sensitivity and FOM.
SPP based RI sensors can be separated into prism-coupled SPP based RI sensor, grating-
coupled SPP based RI sensor, waveguide-coupled SPP based RI sensor and fiber-coupled
SPP based RI sensor [66]. The reports show that the sensitivities of prism-coupled SPP based
RI sensors can easily exceed 1000 nm/RIU with the Kretschmann configuration [66]. The
sensitivity can even reach 31400 nm/RIU for the Au-coated prism-coupled SPP sensor [87].

The prism-coupled multichannel SPP based sensors have also been proposed [88,89]. As
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shown in figure 1.11(a), a 8-channel SPP based RI sensor combing the traditionally channel
with the wavelength division multiplexing was proposed by Homola in 2005 [88]. This
sensor is able to obtain two SPP dips in the transmission spectrum. The sensitivity of it
reaches 8800 nm/RIU with simultaneous detection of multiple analytes. Grating-coupled SPP
based RI sensors also have different architectures, such as 1D metal grating and 2D metal
grating. The Au-covered TiO2 1D grating based sensor exhibits a sensitivity around 940
nm/RIU with a FOM of 62.5 RIU™ [90]. Homola et al. reported a 1D grating-coupled SPP
sensor with SPR coupler and disperser [91], as shown in figure 1.11(b). The sensitivity of
this sensor achieves more than 600 nm/RIU. SPP based RI sensors with 2D gratings, such as
nanopyramidal gratings [92], nanotrench gratings [93] and crossed gratings [94], are
demonstrated to have improved the sensitivity and FOM compared with the 1D grating based
sensors. Waveguide-coupled SPP based sensors are reported to have similar sensitivity with
prism-coupled SPP based sensors [95]. As shown in figure 1.11(c), a Cu-coated polymer
waveguide-coupled SPP sensor exhibits the coupling of the core mode of the waveguide and
the SPP mode, resulting in a sensitivity over 48600 nm/RIU with the FOM of 160 RIU™ [96].
The waveguide-coupled SPP sensors with symmetrical metal-cladding architectures have
also been reported for R1 sensing [97,98]. Fiber-coupled SPP based RI sensors with different
architectures have also been demonstrated, such as the geometry-modified fibers, grating-
assisted fibers and specialty fibers. As shown in figure 1.11(d), the metallic grating on fiber
surface (i) [99] and U-shaped fiber (ii) [100] are two common geometry-modified fibers for
RI sensing. Grating-assist fiber sensors make gratings in fiber cores instead of on the fiber
surface. Long period fiber grating and short period fiber grating are two types of grating-
assisted fibers according to the period of the grating. The short period fiber grating usually
refers to fiber Bragg grating (FBG), as shown in (iii) of figure 1.11(c) [100]. Some specialty
fibers have also been proposed for R1 sensing besides the traditional fibers, such as the hollow
fiber [101], as shown in (iV) of figure 1.11(c), the microstructured optical fiber [102] and

polarization-maintaining fiber [103].
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Figure 1.11 (a) Prism-coupled SPP based RI sensor with multichannel. i: working principle,

ii: the experimental setup of the SPP sensor with 8 channels. (b) Grating-coupled SPP based

RI sensors with the SPR coupler and disperser. (¢) Cu-coated polymer waveguide-coupled

SPP based RI sensor. i: the fabrication process, ii: the microscope image of the end of the

face, iii: the sensitivity and FOM of the sensor. (d) Schematics of fiber-coupled SPP based

RI sensors with different configurations: i: metal grating on fiber, ii: U-shaped fiber, iii: fiber

Bragg grating (FBG), iV: hollow fiber. Figures reproduced with permission from: (a) ref.
[88], © 2005 Elsevier B.V.; (b) ref. [91], © 2008 Elsevier B.V.; (c) ref. [96], © 2016 IEEE;
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1.3 Thesis overview

1.3.1 Research purpose and significance

The research purposes for this thesis are: (1) studying the mechanisms for hot electron
photodetectors (chapter 1), (2) designing and fabricating hot electron photodetectors with
excellent spectral-selectivity, narrow bandwidth, and high responsivity in the
telecommunication C-band. To achieve this goal, we propose the deliberately designed hot
electron photodetectors which are Si channel-separated parallel grating structure (chapter 2),
Si channel-separated interdigitated grating structure (chapter 3), DBR-film structure and
grating-on-DBR structure (chapter 4), (3) building a theoretical model to quantify the
photocurrent response in terms of the optical and electrical properties of hot electron
photodetectors and finding solutions for improving the photocurrent response according to
the model. (4) designing a RI sensor using new architecture to achieve R sensing with high
sensitivity and figure of merit.

Even though a plenty of hot electron photodetectors with different plasmonic structures
have been reported till now, the low generation efficiency of hot electrons, low internal
quantum efficiency, and small photocurrent responsivity limit their actual applications.
Therefore, the investigation on how to increase the photoelectric conversion efficiency of hot
electron photodetectors is urgently needed. The emergence of SPs-based hot electron
photodetector enhances the generation efficiency of hot electrons and facilitates the
photocurrent. But more SPs-based hot electron photodetectors with different architectures
(M/S, M/I/IM, M/SIM, M/IITCO, M/SITCO, etc.) are still required to further improve the
photocurrent responsivity. At the same time, it is also of crucial importance to increase the
photoresponse speed of hot electron photodetectors. As for RI sensing, it is important to
propose new metal-based plasmonic RI sensors with new architectures to achieve high
sensitivity and figure of merit simultaneously. To achieve this goal, the plasmon mode should
be deliberately designed to get stronger electric field enhancement at the metal/dielectric

interface besides the conventional pure LSPR mode and SPP mode.
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1.3.2 Research content

In this thesis, we explore the mechanism for hot electron photodetectors, and propose a Si
channel-separated parallel grating structure, a Si channel-separated interdigitated grating
structure, a DBR-film structure and a grating-on-DBR structure. The first two structures
exhibit a spectrally selective photodetection with relatively high responsivity and narrow
bandwidth in the telecommunication C-band. The DBR-film structure excites the TPs to
facilitate the photocurrent responsivity. The grating-on-DBR structure further improves the
generation of hot electrons and facilitates the photocurrent responsivity attributing to the
grating-on-DBR mode. The theoretical calculations of the generation, transport and
collection of hot electrons, and the photocurrent responsivity of the proposed structures are

also investigated.

In chapter 1, the basic theory for hot electron photodetectors is introduced, including
the generation, transport and collection process of hot electrons. The formation of
photocurrent in hot electron photodetectors is also clearly clarified. The present research
situations for hot electron photodetectors with M/S architecture, M/I/M and the derived
architectures, and the TPs-based architecture are also introduced. Lastly, the overview for
this thesis, including the research purpose and significance, and the research content, is

clearly clarified.

In chapter 2, a Si channel-separated parallel grating structure is proposed and
investigated. Due to the strong field enhancement at the metal/air interface and tunable
resonant wavelength with the change of refractive index (RI) of the surrounding medium, the
structure shows a high potential for the application of refractive index sensing in the near
infrared. The structure exhibits a strong capacity to trap and confine light with different
plasmon modes. The channel enhanced surface plasmon polariton (SPP) mode enhances the
electric field at the metal/air interface at normal incidence, resulting in the reflectance dip
highly sensitive to the change of refractive index of the surrounding medium. The linear
fitting sensitivity corresponding to this mode reaches as high as 775 nm/refractive index unit

(RIU) with the figure of merit (FOM) approaching 48, which is competitive with previously
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reported RI sensors with plasmonic nanostructures. The electric fields at the metal/air
interface and the top-surface of Si channels are also strongly enhanced attributing to the
coupling of SPP mode and channel mode when the incident light is tilted, exhibiting a high
sensitivity to the refractive index variation of the surrounding medium. The linear fitting
sensitivity corresponding to this mode at the incident angle of 3° reaches 753 nm/RIU with
a FOM of 13. The reflectance dip shows no shift to the change of the surrounding medium
for the SPP mode that propagates along the M/S interface because of the weak field
enhancement at the Au/air interface. However, by taking advantage of the SPP induced hot
electrons, the structure overcomes the native limitations from the bandgap of semiconductors
and achieves sub-bandgap photodetection with relative high responsivity. The measured
responsivity for the structure with the period of 850 nm shows the spectral selectivity in the
C-band with the peak responsivity of 72.5 nA/mW at the resonant wavelength of 1538 nm.
The measured responsivity for the structure with a period of 840 nm steadily decreases across
the C-band as the wavelength increases. The responsivity variation within the C-band reaches
as high as 70.5%, demonstrating the excellent spectral selectivity in the C-band. With these
outstanding properties, the proposed structure is promising for numerous applications that

require narrowband and spectrally selective detection.

In chapter 3, a Si channel-separated interdigitated grating structure is investigated both
theoretically and experimentally. The structure efficiently guides and confines light in the
structure through the excitation of SPPs at the M/S interface, leading to strongly resonant and
narrowband optical response and strong field enhancements. By taking advantage of the
narrowband optical response and the enhanced generation of hot electrons, the structure
achieves spectrally selective photodetection with high responsivity in the C-band. The
measured full-width at half maximum (FWHM) reaches as narrow as 23 nm and the
measured responsivity reaches as high as 804 nA/mW at the resonant wavelength of 1550
nm and the bias voltage of 0.08 V, showing a competitive performance with respect to
previously reported Si-based NIR photodetectors. The responsivity represents a large
variation of 59% when the light wavelength is varied by only 20 nm, from 1550 nm to 1530

nm. A theoretical model is also performed to quantify the photocurrent response in terms of
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the optical and electrical properties of the structure. The strongly resonant and narrowband
photocurrent response and readily tunable resonant wavelength not only enable the structure
to achieve spectrally selective photodetection in the near-infrared but also make it amenable
to the application of sensing devices, imaging devices and other optoelectronic devices
working in the sub-bandgap regime of semiconductor materials.

In chapter 4, we propose a DBR-film structure and a grating-on-DBR structure. The
DBR-film structure consists of 5 pairs of alternating SiO/Si layers and an ultrathin Au film
on the top. It achieves a high absorptance of 0.83 at the resonant wavelength of 1547 nm.
The generation of hot electrons is enhanced by the excitation of TPs at the metal/DBR
interface, which facilitates the photocurrent response. The grating-on-DBR structure further
increases the absorptance in the C-band and shows a larger modulation (relative to the
incident wave) compared with the DBR-film structure and Si-based Au grating structure. The
distribution of electric field in the structure is strongly enhanced at the metal/DBR interface,
which is likely originating from the coupling of FP resonance and TP resonance due to the
grating-on-DBR mode. Due to the strong field enhancement at the metal/DBR interface, the
generation of hot electrons in the metal is greatly facilitated and a large photocurrent is
produced. The two structures both exhibit a narrowband and high photocurrent responsivity
in the near-infrared, which opens a new way for the TPs-based hot electron photodetectors.

In chapter 5, the conclusions for the research on hot electron photodetectors and the plan

for the future work are clarified.
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Chapter 2 : Spectrally selective photodetection and refractive
index sensing in the near infrared using a Si channel-separated

parallel grating structure

2.1 Introduction

2.1.1 Photodetection

Plasmonic nanostructures have received extensive attention due to their ability to increase
the harvesting of incident light from free space and concentrate electromagnetic energy to
nanoscale volumes through the excitation of surface plasmons (SPs). With this outstanding
property, plasmonic nanostructures have been widely used to enhance the performance of
optoelectronic devices, such as photocatalysis devices [1, 2], solar energy harvesting devices
[3, 4], lasing devices [5, 6], imaging devices [7], monitoring devices [8], and photodetectors
[9-14]. SP-based photodetectors generally have higher external quantum efficiencies and
responsivities than conventional photodetectors because of the enhanced light absorption and
the ability to generate hot electrons through the nonradiative decay of SPs [15, 16].
Photodetectors incorporating hot electrons are also being referred to as hot electron
photodetectors. In hot electron photodetectors, hot electrons with energies exceeding the
barrier height can cross the barrier before thermalization and be injected into the conduction
band of the semiconductor/insulator, resulting in a photocurrent that can be detected with an
external circuit. The most frequently discussed configurations of hot electron photodetectors
are metal-insulator-metal (MIM) configuration, metal-semiconductor (MS) configuration
and metal-semiconductor-metal (MSM) configuration. For MIM configuration, one of its
biggest drawbacks comes from the low efficiency of hot electron generation and propagation
across the high M/I barrier [16, 17]. Due to the high M/I barrier, the probability of hot
electrons excited by low-frequency photons crossing the barrier is low, and this limits the
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photodetection in the ultraviolet (UV) and visible ranges [16, 18-20]. The emergence of MS
and MSM configurations has resolved the high barrier problem as they have a relatively
lower barrier height compared to the MIM configuration. Hot electron photodetectors with
these two configurations overcome the native limitations from the bandgap of
semiconductors, enabling the selective detection of photons whose energy (hv) is higher than
the barrier height (¢n) but lower than the bandgap (Eg) (i.e., pp<<hv<<Ey). Therefore, hot
electron photodetectors with MS and MSM configurations are capable of achieving
photodetection at sub-bandgap energies of semiconductors, extending the photodetection to
the near infrared (NIR) range [12, 13, 21, 22].

In hot electron photodetectors with MS configurations, such as antennas [21, 22],
metamaterial perfect absorbers [23], Au gratings [24, 25], nanowires [26-28], waveguides
[29, 30], and deep-trench/ thin-metal structures [31], hot electrons are generated in a single
metallic layer and produce a unidirectional photocurrent. In MSM configurations, the
semiconductor component is commonly sandwiched between two opposite metallic layers,
such as top/bottom or left/right metallic layers, resulting in hot electrons being generated in
both metals and transporting in opposite directions. A net photocurrent in the MSM
configuration can be generated by creating an asymmetrical absorption in the two metallic
layers by using different structures or different materials. Another way to obtain a net
photocurrent is to apply a bias voltage to produce asymmetrical Schottky junctions in the
structure. An increasing number of hot electron photodetectors with MSM configurations
have been reported in recent years, including Au nanodipole arrays [32], waveguide-based
Al/p-Si/Cu structure [33], and conformal Au/ZnO/Au grating [34]. In both MS and MSM
configurations, the grating-based structures usually offer strong light confinement and the
resonant wavelength is readily tuned over a wide range by adjusting the period of the
structure or the incident angle of light. In this chapter, we propose a Si channel-separated
parallel grating structure (MSM configuration) by integrating a subwavelength Au grating
with Si channel arrays. The structure takes advantage of the MSM configuration and

combines the features of plasmonic gratings with hot electrons for spectrally selective
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photodetection at telecommunication wavelengths. The insights gained from this study can

help aid the realization of ultracompact and efficient hot electron photodetectors.
2.1.2 Refractive index sensing

The refractive index (RI) sensor with plasmonic nanostructures has attracted intensive
attentions since the excited surface plasmons are sensitive to the minute variation of the
refractive index of the surrounding dielectric medium, which enables it to be a label-free
biochemical sensor with extremely high sensing performances [35-39]. The localized surface
plasmon resonance (LSPR) based sensor and surface plasmon resonance (SPR) based sensor
are two kinds of RI sensors with plasmonic nanostructures, basing on whether the excited
plasmon is localized to a metallic nanostructure or oscillates at the metal/dielectric interface.
In the past decades, LSPR-based RI sensors have drawn much attention with the advantages
of simplicity, low-cost and readiness for integration. However, LSPR-based sensors typically
have a broad bandwidth and exhibit a low figure of merit (FOM), a gauge for the minimal
detectable variation of the refractive index, due to the strong radiative damping. This shortage
has triggered substantial efforts aiming to enhance the performances of LSPR-based sensors.
Some efforts have been payed to reduce the full-width at half-maximum (FWHM) of LSPR-
based sensors and therefore increase the FOM values [40-43]. One effective approach is to
couple the LSPR with other plasmon mode which owns a smaller FWHM, like the split ring
resonator-bar structure [44], nanocross-nanobar structure [45], cavity-coupled nanorod array
[46] and plasmonic gold mushroom array [47]. Another reported scheme is generating lattice
plasmon resonances whose FWHM is below 10 nm using periodically metallic nanoparticle
arrays [48-50]. The other method is to increase the interface between the metallic
nanostructure and the surrounding medium as much as possible, for example, lifting the
metallic nanoparticles above the substrate by nanopillars to decrease the overlap between the
substrate and the enhanced field [51]. Despite the aforementioned efforts, there is still a long
way for the LSPR-based RI sensors to outpace the SPR-based RI sensors [52,53]. The SPR-
based RI sensors typically generate an evanescent field due to the collective oscillations of

electrons at the metal-dielectric interface. The rapid decay of evanescent field enables the
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SPR-based RI sensors exploit a high sensitivity to the minute change of refractive index of
the surrounding medium. SPR-based RI sensors commonly utilize a standard prism that
couples to a metallic surface, like the Kretschmann configuration, or diffraction grating to
compensate the momentum mismatch to excite the SPR. The prism-excited SPR-based RI
sensors have been deeply studied in the past years [54-56] and are commercialized nowadays
with a considerable sensitivity and FOM values. The diffraction grating-excited SPR is also
substantial utilized in the optical fiber grating R1 sensors [57-59] and the metallic grating RI
sensors [60-64]. But the sensitivity and FOM values of the diffraction grating-excited SPR
RI sensors are much lower compared with prism-excited SPR-based RI sensors [65,66]. To
improve the sensing performance of the diffraction grating-excited SPR sensors, we propose
a Si channel-separated parallel grating structure with the excitation of channel enhanced SPP
mode in this chapter. The proposed structure exhibits a sensitivity as high as 775
nm/refractive index unit (RIU) with the FOM approaching 48, demonstrating the potential as
a qualified RI sensor.

2.2 Experiment and simulation results

2.2.1 Structure diagram and fabrication process

Figure 2.1(a) shows a schematic diagram of the proposed Si channel-separated parallel
grating structure, which consists of an n-type Si substrate and Au slabs separated by Si
channels. A bias voltage is applied on the leftmost and rightmost Au slabs of the grating. The
cross-section of one periodic unit of the structure is shown in figure 2.1(b). The width (w)
and height (h) of the Si channel, the thickness of the Au slab (t), the period of the structure
(p), and the incident angle (8) of light are all indicated. A linear polarizer is used to polarize
normally incident light either along the direction of the Si channels (transverse electric, TE)
or orthogonal to them (transverse magnetic, TM). The dimensions of the structure are w =
270 nm, h =200 nm and t = 40 nm. p ranges from 820 to 880 nm. The fabrication process of
the structure is illustrated in figure 2.1(c). First, the electron-beam (EB) resist (ZEP520A,

Zeon Corporation, Tokyo, Japan) was coated on the Si substrate by spin coating.
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Subsequently, the coated EB resist was patterned through EB lithography (F7000S-VDO02,
Advantest, Tokyo, Japan). Following this, a reactive ion etching (RIE) system (Plasmalab 80
Plus, Oxford Instruments, Abingdon-on-Thames, UK) was used to etch the Si substrate. A 2-
nm thick Ti layer was deposited before the Au deposition using EB evaporation (Peva-400E,
Advanced System Technology Co., Tokyo, Japan). The function of the Ti layer is to increase
the adhesion between the Si substrate and the Au layer. Without an adhesion layer the Au
layer may detach easily from the Si substrate during the lift-off process. Lastly, the EB resist

and the top Au layer were removed by lift-off in a dimethylacetamide ultrasonic bath at 60°C.

Si substrate

(c) 1. EB resist coating 2. EB lithography 3. Si etching (RIE)

4. EB evaporation
5. Lift-off of Ti and Au

= Sj

=== EB resist

=i~ el -
Au

Figure 2.1 (a) The schematic diagram of the Si channel-separated parallel grating structure.

The bias voltage is applied to the leftmost and rightmost of the Au slabs. (b) The illustration
of a periodic unit of the cross-section of the structure. The width and height of the Si channel
are w and h, respectively. The thickness of the Au slab is t, the period of the structure is p
and the incident angle of light is 6. k represents the Poynting vector of incident light, E
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represents the electric field and H represents the magnetic field. (c) The fabrication process
for the Si channel-separated parallel grating structure, including EB resist coating, EB
lithography, Si etching by RIE, Au deposition by EB evaporation, and lift-off.
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Figure 2.2 SEM images for the fabricated Si channel-separated parallel grating structure with
different imperfections: (a) EB lithography problem, (b) etching problem and (c) lift-off
problem.

Due to the incorrect operations and inaccurate parameters, some unsatisfying samples
with different imperfections are fabricated as shown in figure 2.2. Figure 2.2(a) shows the
scanning electron microscope (SEM) images of the fabricated samples that have EB
lithography problems. It is seen that the Si channels are in irregular shapes and the channel

width is much narrower than the designed value (280 nm). The middle fracture even occurs
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in some Si channels. The RIE technique also brings etching problems to the fabrication, such
as the formations of round head in the top of Si channel and rounded corners in the bottom.
The etching depth and width of Si are also hard to control. The EB resist and Au layer on the
top of Si channels are not completely removed and leads to Au cladding if the lift-off process
is not accurately performed, as show in figures 2.2 (c). Moreover, inappropriate lift-off can

lead to excess remove of Au from the substrate.

0
1000 1200 1400 1600 1800 2000

Wavelength (nm)
(@) o

Absorptance

0
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Figure 2.3 (a) left: schematic diagram shows some Au layers are excessively removed from
the substrate after lift-off, right: the corresponding SEM image, (b) influence of removing
Au layer from the substrate on structure absorptance, (c) left: schematic diagram shows that
both the EB resist and Au layer are kept on the top of Si channels after lift-off, right: the
corresponding SEM image, (d) influence of the residual EB resist and Au layer on top of Si

channels after lift-off on structure absorptance.

The influences of these imperfections on the structure absorptance are further
investigated. Figure 2.3(a) illustrates the schematic diagram (left) and SEM image (right)
showing some Au layers are excessively removed from the substrate after inappropriate lift-

off. The influence of removing Au layer from the substrate on structure absorptance is shown
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in figure 2.3(b). The absorptance spectrum exhibits a narrowband and high absorptance at
the resonant wavelength for the structure with Au layer between adjacent Si channels. In
contrast, the absorptance spectrum exhibits a very low absorptance (almost 0) across the
wavelength range of 1000-2000 nm for the structure without Au layer between adjacent Si
channels. The schematic diagram (left) and SEM image (right) showing the residual EB resist
and Au layer on top of Si channel after lift-off is given in figure 2.3(c). The influence of the
residual EB resist and Au layer on structure absorptance is shown in figure 2.3(d). The
absorptance peak corresponding to the structure with the residual EB resist and Au layer
exhibits a small redshift compared with the structure without the residuals, and an another
absorptance peak with a broad bandwidth occurs at a short wavelength.

During the EB evaporation of Au, the Au layer is easily deposited on the sidewalls of
Si channels, as shown in the schematic diagram (left) and SEM image (right) of figure 2.4(a).
The influence of the thickness of Au layer on the sidewalls of Si channel on structure
absorptance is investigated as shown in figure 2.4(b). The absorptance spectrum exhibits a
narrowband and high absorptance at the resonant wavelength for the structure with no
deposition (0 nm) of Au layer on the sidewalls of Si channel. When the thickness of Au layer
on the sidewalls of Si channel increases to 5 nm and 10 nm, the peak absorptance shows a
rapid decrease and the bandwidth increases. Additionally, the resonant wavelength shows a
small blueshift with the increase of the thickness of Au layer on the sidewalls. Actually, the
deposition of Au layer on the sidewalls of Si channels mainly attribute to the use of all-
directional deposition techniques, such as the magnetron sputtering, as shown in figure 2.4(c).
Since the emitted metal atoms are generated through the collision with the incident argon
ions in magnetron sputtering, these metal atoms reach the substrate with all directions and
lead to a nondirective deposition. In contrast, the metal atoms can achieve unidirectional
deposition if we use the electron-beam evaporation technique, as shown in figure 2.4(d). We
can avoid the deposition of Au layer on the sidewalls of Si channels when the sample is put

right underneath the target, as shown in position a in the figure.
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Figure 2.4 (a) Schematic diagram (left) and SEM image (right) shows the undesired
deposition of Au layers on the sidewalls of Si channel. (b) Influence of the thickness of Au
layer on the sidewalls of Si channel on structure absorptance. (c) Schematic diagram of the

magnetron sputtering. (d) Schematic diagram of the electron-beam evaporation.

The fabricated sample with small imperfections is shown in figure 2.5. Figures 2.5(a)
and (b) show the top-view of the left and right parts of the structure, respectively. Figure
2.5(c) displays the magnified top-view of the structure. The tilted magnified top-view of the

structure is shown in figure 2.5(d).
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Figure 2.5 SEM images for the fabricated Si channel-separated grating structure with small
imperfections: (a) top-view of the left part of the structure, (b) top-view of the right part of
the structure, (c) magnified top-view of the structure and (d) magnified tilted view of the

structure.
2.2.2 Optical properties
2.2.2.1 Strong light confinement and field enhancement due to the SPP mode

To investigate the optical properties of the Si channel-separated parallel grating structure, the
simulated reflectance (Rsim), transmittance (Tsim) and absorptance (Asim) Spectra of the
structure, computed with the rigorous coupled-wave analysis (RCWA, DiffractMOD, Rsoft
Design Group, Ossining, NY, USA), are first examined, as shown in figure 2.6(a). The light
is normally incident with TM-polarization, and the period of the structure (p) is 840 nm. The
absorptance peak (point B) reaches 0.8 at the resonant wavelength of 1524 nm. The measured
reflectance (Rexp) Spectrum, characterized by the FT-IR spectrometer (VIR-300, JASCO,
Tokyo, Japan), exhibits a full-width at half maximum (FWHM) as narrow as 24 nm. The
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measured and simulated reflectance spectra are not perfectly matched due to imperfections
in the fabrication, including the undesired deposition of a thin Au layer (about 2 nm in
thickness) on the sidewalls of Si channels during the EB evaporation, the formations of
trapezoidal sidewalls and bottom rounded corners in Si channels during the Si etching, etc.
Figure 2.6(b) illustrates the definition of FWHM, which is the width of a reflectance spectrum
measured between two points on the reflectance-axis with the amplitude of (Rmax + Rmin) / 2,
where Rmax and Rmin represent the maximum and minimum reflectance, respectively. In order
to investigate the origin of the strong and narrowband absorption of the structure at the
resonant wavelength (points B), the simulated electric field distributions in the x- (Ex) and z-
direction (Ez), computed with the finite-difference time-domain technique (FullWave, Rsoft
Design Group, Ossining, NY, USA), are provided in figure 2.6(c). The perfectly matched
layer (PML) boundary conditions are applied in the z-direction at the top and bottom of the
simulation domain, and the periodic boundary condition is applied in the x-direction. For
comparison purposes, the simulated electric field distributions at point A (4 = 1300 nm), as
defined in figure 2.6(a), are also given in figure 2.6(c). It is seen that the electric fields of Ex
and E; are both quite weak at the non-resonant wavelength (point A). In contrast, the electric
field at the resonant wavelength (point B) exhibits strong enhancements at the corners of the
Au slabs and the Au/Si interface as a result of the excitation of the surface plasmon polariton
(SPP) at the Au/Si interface.
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Figure 2.6 The optical properties of the Si channel-separated parallel grating structure. The
light is normally incident and TM-polarized, and the period of the structure is 840 nm. (a)
The simulated reflectance (Rsim), transmittance (Tsim) and absorptance (Asim) Spectra of the
structure. The measured reflectance (Rexp) Spectrum is represented by the brown dashed line.
(b) The definition for FWHM. (c) The simulated electric field distributions in the x- (Ex) and
z-direction (E;) for points A and B, as defined in (a).

To study the properties of the SPP mode excited at the Au/Si interface, the dependence
of reflectance on the period of the structure and the incident angle of light are investigated.
The simulated (Sim) and measured (Meas) reflectance variation with light wavelength under
different periods (p) of the structure is given in figure 2.7(a). Both the simulated and
measured reflectance dip exhibit a redshift when the period increases from 820 to 880 nm,
demonstrating the facile tunability of the resonant wavelength. This property is further

demonstrated in figure 2.7(b), which shows the simulated reflectance variation with light
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wavelength and period of the structure. The resonant wavelength of the SPP mode redshifts
linearly with the period, matching well with the experiment result. Figure 2.7(c) shows the
simulated (Sim) and measured (Meas) reflectance spectra at different incident angles () of
light. Only one reflectance dip occurs at the resonant wavelength when the light is normally
incident (0°), while the reflectance dip splits when the incident angle increases to 3° and 6°.
Moreover, the distance between the two dips increases with the incident angle. This splitting
of the resonance is due to the strong angular dependence of the SPP mode, which is indicated
in figure 2.7(d) where the simulated reflectance variation with light wavelength and the
incident angle of light is shown. The reflectance splits when the incident angle increases from
3° to 25°, and the resonance gradually becomes weaker and lastly disappears when the

incident angle is even larger.
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Figure 2.7 The optical properties of the Si channel-separated parallel grating structure. The
light is TM-polarized. (a) The measured (Meas) and simulated (Sim) reflectance spectra for
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different periods (p) of the structure. The light is normally incident. (b) The simulated

reflectance variation with light wavelength and period of the structure. The light is normally

incident. (c) The measured (Meas) and simulated (Sim) reflectance spectra at different

incident angles (¢) of light. The period of the structure is 840 nm. (d) The simulated

reflectance variation with light wavelength and the incident angle of light. The period of the

structure is 840 nm.
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Figure 2.8 (a) The simulated absorptance variation with Si channel width (w) and light

wavelength. (b) The simulated absorptance variation with Si channel height (h) and light

wavelength. (c) The simulated absorptance variation with Au layer thickness (t) and light

wavelength. (d) The simulated absorptance variation with Ti layer thickness and light

wavelength. Unless otherwise noted, the structure dimensions are w = 270 nm, h = 200 nm

and p =860 nm. The light is normally incident with TM-polarization.
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The influence of the structure dimensions on the absorptance is also investigated. The
effect of Si channel width (w) on the structure absorptance is shown in figure 2.8(a). The
structure exhibits strong plasmon resonances at the resonant wavelength of 1500 nm when w
Is 700 nm, and 1550 nm when w is 270 nm. Since the absorptance changes rapidly with the
variation of w, it asks for a strict control of w in the fabrication. The influence of the Si
channel height (h) on the structure absorptance is shown in figure 2.8(b). The structure
exhibits a strong plasmon resonances when h exceeds 200 nm. Moreover, the resonant
wavelength shows no shift with the increase of h. According to the simulated absorptance
variation with Au layer thickness (t) and light wavelength as shown in figure 2.8(c), the
strong plasmon resonances are observed when the Au layer thickness ranges between 40 to
90 nm. Additionally, the resonant wavelength slightly shifts with an increase of the Au layer
thickness. The influence of the Ti layer thickness on the absorptance is shown in figure 2.8(d).
The increase of Ti layer thickness not only weakens the plasmon resonances but also
broadens the resonance bandwidth. According to the absorptance variation with the sweep of
the structure dimensions, it demonstrates that the optimized parameters for the generation of
plasmon resonances at the wavelength of 1550 nm are: w = 270 nm, h = 200 nm, t = 40 nm

and p =860 nm.
2.2.2.2 Tunable resonant wavelength for refractive index sensing

The Si channel-separated parallel grating structure also exhibits other optical behaviors
besides the SPP mode. Figure 2.9(a) shows the reflectance variation with light wavelength
and incident angle of light in air using the rigorous coupled wave analysis (RCWA). Unless
otherwise noted, the structure dimensions are h = 150 nm, t = 65 nm, p = 860 nm and w
ranges from 185 nm to 225 nm in this section, and the light is normally incident with TM-
polarization. According to the reflectance variation and the electric field distribution (further
clarified in figure 2.9(c)), the channel enhanced SPP mode propagating along the Au/air
interface, channel mode, the coupling of SPP mode and channel mode, and the SPP mode
propagating along the Au/Si interface are observed. Point A; is defined at the channel

enhanced SPP mode propagating along the Au/air interface with the resonant wavelength
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around 830 nm under normal incidence. Point Az is defined at the channel mode with the
resonant wavelength around 1150 nm under normal incidence. Point Az defined at the SPP
mode with the resonant wavelength around 1520 nm under normal incidence. Point Az is
defined at the coupling of SPP mode and channel mode with the resonant wavelength around
975 nm under the incident angle of 3°. The measured reflectance spectra for different incident
angles of light in air for the structure are shown in figure 2.9(b). The reflectance dip A1 (A =
850 nm), dip A2 (A = 1100 nm) and dip Az (A = 1514 nm) are observed when the incident
angle is 0°, which match well with the simulation results shown in figure 2.9(a). The
reflectance dip A4 occurs at the resonant wavelength around 980 nm when the incident angle
of light increases to 3° and 6°. Additionally, dip A1 shows a blueshift, dip A2 nearly keeps
stable and dip As splits when the incident angle of light increases from 0° to 6°. The measured
reflectance spectrum matches well with the simulation result for the incident angle of 0° and

3°, as illustrated in figure 2.9(c) and (d), respectively.
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Figure 2.9 The optical properties of the Si channel-separated parallel grating structure for
the structure dimension of h = 150 nm, t = 65 nm, p = 860 nm and w = 185 nm in air. The
light is normally incident with TM-polarization. (a) The simulated reflectance variation with
light wavelength and the incident angle of light. The surrounding medium is air. (b) The
measured reflectance spectra for different incident angles of light. The experimental and

simulated reflectance spectra for the incident angle () of (c) 0° and (d) 3°.

To demonstrate the potential of the Si channel-separated parallel grating structure for
the application of refractive index sensing, the simulated reflectance variation with light
wavelength and the incident angle of light in deionized (DI) water is first investigated, as
shown in figure 2.10(a). In comparison with the reflectance variation in air (figure 2.9(a)),
the resonant wavelength corresponding to the channel enhanced SPP mode propagating along
the Au/water interface (point A1) and the coupling of SPP mode and channel mode (point As)
in DI water both exhibit a redshift. While the SPP mode propagating along the Au/Si interface
(point Asz) shows no shift when the surrounding medium changes from air to DI water. The
channel mode corresponding to point Az, as shown in figure 2.9(a), disappears when the
surrounding medium turns to DI water. Point Ao is defined at the non-resonant wavelength
(A = 1700 nm) with normal incidence for reference. The measured reflectance spectra for
incident angle of 0°, 3° and 6° in DI water are shown in figure 2.10(b), matching well with
the simulation results shown in figure 2.10(a). Two reflectance dips (points A1 and Az) are
observed when light is normally incident (6 = 0°). When the incident angle of light increases
to 3° and 6°, the reflectance dip As splits and the reflectance dip A4 appears. The reflectance
dip A disappears with the increase of incident angle of light due to the decrease of light

confinement.

In order to further unveil the plasmon resonance conditions in the structure when the
surrounding medium turns to DI water, the electric field distributions in x- (Ex) and z-
direction (E) for points Ao, A1, Az and A4 are calculated by the FDTD technique, as shown
in figure 2.10(c). At non-resonant wavelength (point Ao), the electric field Ex and E; are both
quite weak. For point Az, the simulated electric field distribution demonstrates the presence
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of SPP mode propagating along the Au/water interface. Since the electric filed is further
enhanced by the Si channel, the plasmon mode corresponding to point Az is defined as
channel enhanced SPP mode. Since the electric field is strongly enhanced at the Au/water
interface, the reflectance dip Az is likely sensitive to the variation of the surrounding medium.
The electric field distribution corresponding to point Az exhibits strong field enhancements
at the corners of the Au slabs and the Au/Si interface due to the excitation of SPP mode
propagating along the Au/Si interface. Since the field enhancement at the Au/water interface
is weak at this mode, reflectance dip As tends to be insensitive to the variation of the
surrounding medium. For point As, the electric field is strongly enhanced at the top-surface
of the Si channel and the Au/water interface due to the coupling of channel mode and SPP
mode propagating along the Au/water interface. The reflectance dip A4 is also likely sensitive
to the variation of the surrounding medium since the electric field is strongly enhanced at the

Au/water interface.
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Figure 2.10 (a) The simulated reflectance variation with light wavelength and the incident

angle of light for the structure immersed in DI water. (b) The measured reflectance spectra
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in DI water for incident angles of 0°, 3° and 6°. (c) The electric field distributions in the x-

(Ex) and z-direction (E;) for points Ao, A1, Az and A, as defined in (b).
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Figure 2.11 (a) The measured reflectance spectra at normal incidence of the Si channel-
separated parallel grating structure immersed in the solvent of DI water, ethanol and 2-
propanol. (b) Relationship between the measured resonant wavelength corresponding to dip

Az and the refractive index of the surrounding medium.

Evaluation of the refractive index sensing ability of the Si channel-separated parallel
grating structure is first investigated by changing the surrounding medium from DI water to
ethanol and 2-propanol. The measured reflectance spectra in DI water, ethanol and 2-
propanol are shown in figure 2.11(a). The light is normally incident (6 = 0°). It is seen that
the reflectance dip A1 exhibits a redshift gradually when the surrounding medium changes
from DI water (n = 1.321) to ethanol (n = 1.353) and 2-propanol (n = 1.369), which attributes
to the channel enhanced SPP mode that propagates along the Au/air interface. On the contrary,
the reflectance dip As shows no changes to the variation of the surrounding medium since

there is no electric field enhancement at the Au/air interface corresponding to this SPP mode.

To quantificationally examine the refractive index sensing ability of the reflectance dip
Au, the sensitivity S, defined as S =AA /An, where 4 represents resonant wavelength and n
represents refractive index, and the figure of merit FOM, defined as FOM = S/ FWHM, are
used for the characterization of the sensing capacity. The relationship between the resonant
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wavelength corresponding to reflectance dip A1 and the refractive index of the surrounding
medium is shown in figure 2.11(b). The resonant wavelength exhibits a linear relationship
with the refractive index with the linear-fitting sensitivity of 775 nm/RIU and FOM of 48,
demonstrating the potential for refractive index sensing application. The sensitivity and FOM
values of the Si channel-separated parallel grating structure are compared with the reported
RI sensors with plasmonic nanostructures, as shown in Table 1. It is seen that our proposed
structure exhibits relatively high sensitivity and FOM values simultaneously, showing a
competitive performance with respect to previously reported R1 sensors and indicating a great

potential for refractive index sensing.

Table 1. Summary of the sensitivity and FOM values of reported RI sensors with

plasmonic nanostructures

Resonant FWHM Sensitivit
Nanostructure [reference] wavelength (nm) (nm) (nm /RIU{ FOM
Nanoparticle array [67] 700 14 365 21.5
Nanodisk clusters [68] 750 N/A 900 5.7
Split ring resonator-bar [44] 1450 121 1225 10.1
“XI” structure [45] 1305 145 685 4.7
Au nanorings [69] 980 23 380 16.5
Au mushroom arrays [47] 1250 10 1010 108.0
Cavity-coupled nanorod array [46] 1300 90 303 34
U-cavity [38] 845 24 807 57.0
Fabry-Pero.t cavity with Au 920 212 600 280
nanoparticle array [70]
Dielectric patch array backed by a 1270 10 340 39
metal plane [71]
1D Au grating [64] 680 N/A 524 N/A
Metal-covered PMMA grating with
metallic sidewalls [72] 480 150 458 N/A
Si channel-separated parallel 1135 16 775 48.0

grating structure (This work)
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The measured reflectance spectra of the Si channel-separated parallel grating structure
immersed in the solvent of DI water, ethanol and 2-propanol at the incident angle of 3°, 6°
and 9° are illustrated in figures 2.12(a)-(c), correspondingly. The reflectance dip As always
exhibits a redshift when the surrounding medium changes from DI water to ethanol and 2-
propanol for all the incident angles of 3°, 6° and 9°. While the splitting reflectance dip As
shows no shifts to the change of the surrounding medium. Figure 2.12(d) gives the sensitivity
and FOM variations for reflectance dip As with respect to the change of incident angle of
light and Si channel widths (w). Both the sensitivity and FOM values for reflectance dip A4

fall down with the increase of incident angle, but the values increase when the Si channel
width increases from 185 to 225 nm.
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Figure 2.12 The measured reflectance spectra of the Si channel-separated parallel grating
structure immersed in the solvent of DI water, ethanol and 2-propanol at the incident angle

of (a) 3°, (b) 6° and (c) 9°. (d) Sensitivity and FOM variations for reflectance dip A4 with the
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incident angle of light when the surrounding medium changes from DI water to ethanol. The

Si channel width (w) increases from 185 to 225 nm.

The measured reflectance spectra in a series of surrounding media for reflectance dip
A4 at the incident angle of 3° are given in figure 2.13(a). The reflectance dip Asshows a
redshift with the refractive index, increasing from 1274 nm at n=1.321 to 1397 nm at n=1.479.
The relationship between the resonant wavelength corresponding to reflectance dip A4 and
the refractive index of the surrounding medium is shown in figure 2.13(b). The resonant
wavelength shows a linear relationship with the refractive index. The linear fitting sensitivity
and FOM for reflectance dip Asare 753 nm/RIU and 13, respectively, which are relatively

smaller compared with the reflectance dip A:.
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Figure 2.13 (a) The measured reflectance spectra when the structure is immersed in 8
different solvent. The incident angle of light is 3°. (b) Relationship between the measured
resonant wavelength corresponding to reflectance dip As and the refractive index of the

surrounding medium. The incident angle of light is 3°.
2.2.3 Photocurrent response
2.2.3.1 Generation and transport of hot electrons

To obtain a better understanding of the behavior of hot electrons and the process governing

the photocurrent, a band diagram illustrating the generation and transport processes of hot
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electrons in one periodic unit of the Si channel-separated Au grating structure is shown in
figure 2.14(a). The Fermi level of the positive Au slab is Erand the Fermi level of the negative
Au slab is Ef+ qVa upon the application of a bias voltage Va on the adjacent Au slabs. Since
the photon energy (hv) within the C-band is higher than the Au/Si barrier height (p» = 0.75
eV) [34] and lower than the bandgap of Si (Eq = 1.12 eV), electron-hole pairs cannot be
directly generated in the Si from light absorption. Therefore, only hot electrons generated in
the Au slabs contribute to the photocurrent. Hot electrons with an energy exceeding the
barrier height can go across the Au/Si Schottky barrier into the conduction band of the Si. As
hot electrons are simultaneously generated in the negatively and positively biased Au slabs,
they can generate the forward (iforward) and backward photocurrents (ibackward) that flow in the
opposite directions. These two opposite photocurrents produce a net photocurrent iph = |iforward
- inackward| that depends on the properties of the metal, the barrier height and the bias voltage
[15]. In order to examine the spatial distributions of energy and generated hot electrons in
the structure, the distributions of normalized absorbed power density and hot electron
generation rate in one periodic unit of the structure is simulated, as shown in figure 2.14(b).
The absorbed power density Paps is linked to the local Ohmic loss in the metal, and hot
electron generation rate G is based on one absorbed photon excites one hot electron, which

is expressed as [16]

5 2
sw|E({F, w
Paps = #, )

S L2
Paps _ £i|E(r'w)|

¢ =0 2h

@

where ¢; is the imaginary part of the permittivity of Au, w is the angular frequency of incident
light, E(# ) is the electrical field density at the position #, and # is the reduced Planck
constant. It is seen that the Au slabs absorb almost all the power of the incident light. From
the distribution of the normalized hot electron generation rate, it is found that most of hot
electrons are generated in the vicinity of the Au/Si interface, which ensures the generated hot

electrons have a low thermalization loss and high transport efficiency.
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To further investigate the electrical properties of the structure, the electric potential
distribution in the structure is simulated, as shown in figure 2.14(c). The period number is
simplified to 5 and the bias voltage Va is applied on the leftmost and rightmost Au slabs in
the simulation. The electric potential in the structure drops from V. at the positive slab
(leftmost side) to 0 V at the grounded slab (rightmost side). As such, the electric field
directions represented with the arrows are unified to point from the horizontal-left to the
horizontal-right. The arrow indicates the direction of the electric field and the arrow length
represents its intensity. The current density distribution and the current flow direction in the
structure are further simulated, as shown in figure 2.14(d). The arrows indicate the direction
of current flow and the arrow length represents its intensity. Seen from the simulation, the
current density is concentrated in the Au slabs. Since the electric field directions are unified
to point from the horizontal-left to the horizontal-right in the structure, the current formed by

hot electrons transport flows horizontally in the structure.

(a) C-band light (¢, < hv < Eg) i: absorbed power ii: hot electron generation rate
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Figure 2.14 (a) The band diagram for the Si channel-separated parallel grating structure. Ey
and E represent the valence band and conduction band energies of n-Si, respectively. Egq
represents the bandgap energy of n-Si. Electron-hole pairs cannot be directly generated
because the energy of the C-band light is lower than the bandgap of Si. The Fermi level of
the positive Au slab is Er and the Fermi level of the negative Au slab is Ef + qVa upon the
application of a bias voltage Va on the Au slabs. Hot electrons transporting from the negative
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Au slab to the positive Au slab generate a forward current (iforward) and the reverse transport
generates a backward current (ibackward). The net photocurrent (iph) iS |iforward - ibackward|. (b) The
distributions of (i) normalized absorbed power density and (ii) hot electron generation rate in
one periodic unit of the structure. (c) The electric potential distribution in the structure at the
bias voltage of Va. The arrow indicates the direction of the electric field and the arrow length
represents its intensity. (d) The simulated current density distribution in the structure and an
enlarged view of one periodic unit. The arrow indicates the direction of the current flow and

the arrow length represents its intensity.
2.2.3.2 Spectrally selective photodetection in the near infrared

To evaluate the photocurrent response of the structure under illumination, the responsivity
(R) is calculated by R = (ipn - ia) / Pin, Where iph represents the photocurrent, iq represents the
dark current and Pin represents the effective power of light illuminated on the structure. In
our experiment, the center of the structure was illuminated at normal incidence by a C-band
wavelength tunable laser source (TLG-210, Alnair Labs Corporation, Tokyo, Japan). The
effective area of the structure under illumination was 0.785 mm?. A photodiode amplifier
(PDA200C, Thorlabs, New Jersey, US) was used to supply a bias voltage (1 V) on the
structure. It is noted that since the structure is highly symmetrical, hot electrons transports
generate an equal forward and backward photocurrent at the bias voltage of 0 V and this leads
the corresponding photocurrent to be 0 A. Therefore, the proposed structure can only work
under the bias condition. When the bias voltage V satisfies the requirement eV > Ay, the
backward current (ibackward) 1S zero and hence the photocurrent (iforward - ibackward) 1S maximal.
In this chapter, we mainly explore the photocurrent response of the proposed structure in the
telecommunication C-band (1530-1565 nm) so that the photon energy hv is in the range of
0.793~0.811 eV. To satisfy eV > hv, the applied bias voltage to the structure is 1 V in the

experiment.

The experiment setup for measuring the photocurrent under irradiation is shown in

figure 2.15, which includes a bias module (power supply, model PDA200C, Thorlabs, New
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Jersey, US), a lock-in amplifier (model LI5640Y, NF Corporation, Yokohama, Japan), a
optical chopper (model MC1F10, Thorlabs, New Jersey, US) and a C-band wavelength
tunable laser source (model TLG-210, Alnair Labs Corporation, Tokyo, Japan). Unless
otherwise noted, the light is normally incident and TM-polarized with a light intensity of 10
mW, and the effective area of the structure under illumination is about 0.785 mm?,

B laser source

B A
J

&= lock-in amplifier

B - P
bias module = Ref (in)
(power supply) v :

Figure 2.15 The experiment setup for measuring the photocurrent under light irradiation.

The measured responsivity for the structure with a period of 850 nm and the
corresponding reflectance spectrum are given in figure 2.16(a). The responsivity exhibits
spectral selectivity in the C-band with a peak value reaching 72.5 nA/mW at the resonant
wavelength of 1538 nm. The responsivity variation is opposite to the variation of the
reflectance over the C-band, suggesting the photocurrent is directly proportional to the
absorptance of the structure. It is noted that the absorptance and reflectance of the structure
have opposite behaviors in the C-band, as indicated in figure 2.6(a). The measured
responsivity for the structure with a period of 840 nm and the corresponding reflectance
spectrum are shown in figure 2.16(b). Through decreasing the period of the structure, the

resonant wavelength is blue-shifted to 1520 nm. The responsivity steadily decreases across
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the C-band as the wavelength increases, dropping from 64.5 nA/mW (Rq) at 1530 nm to 19.0
nA/mW (R2) at 1565 nm. The responsivity variation within the C-band (R1-R2)/R1-100%

reaches as high as 70.5%, demonstrating the excellent spectral selectivity in the C-band.

The reasons why the responsivity is measured only for the period of 840 nm and 850
nm are twofold: (1) The responsivity variation for the period of 850 nm spans the complete
reflectance dip over the C band and therefore both an increase and a decrease in the
responsivity can be observed (figure 2.16(a)). This peak in responsivity demonstrates that the
observed response is due to hot electrons and not to a drift in the system such as the thermal
effect, which should produce a slow and steady variation due to the increase of the sample
temperature. The thermal effect is also discussed in the end of this chapter. (2) To increase
the spectral selectivity of the structure in the C-band (1530 nm to 1565 nm), the responsivity
should exhibit a large steady variation over the complete range of wavelengths in the C band.
In other words, the reflectance variation in the C-band should be steady (monotonic function)
and so we selected the sample with the reflectance dip corresponding to the lower bound
(1530 nm) of the C band. For the sample with a period of 840 nm, the dip of the reflectance
spectrum is at 1520 nm and the reflectance is steadily decreasing across the C-band, so that

the responsivity variation exhibits an excellent spectral selectivity behavior (figure 2.14(b)).

In order to investigate the polarization dependence of photocurrent of the structure, the
photocurrents under different polarization angles are measured, as shown in figure 2.16(c).
The period of the structure is 850 nm, and the light wavelength is 1538 nm. 0° is defined as
the electric field direction pointing along the Si channels. The measurement results show that
the Si channel-separated Au grating structure is strongly polarization-dependent. The
generation of hot electrons is strongly enhanced at TM polarization (90°, 270°) and a large
photocurrent is produced, whereas fewer hot electrons are generated at TE polarization (0°,
180°, 360°) and therefore it produces a small photocurrent. The ratio of photocurrent at TM
polarization to that at TE polarization reaches as high as 26:1. The insets show the normalized
electric field distributions in one periodic unit of the structure at TE and TM polarizations.

For TE polarization, the electric field is quite weak and there is only minimal enhancement
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of the electric field at the bottom of Si channels. On the contrary, for TM polarization, the
electric field is strongly enhanced at the corners of the Au slabs and the bottom Au/Si
interface, indicating the presence of SPP. Figure 2.16(d) shows the photocurrent variation
with the light intensity at the wavelengths of 1530, 1538 and 1546 nm. The period of the
structure is 850 nm. The photocurrent shows a linear dependence on the light intensity,
confirming the generation of hot electrons mainly results from the single photon-hot electron
interaction [11]. Since the resonant wavelength is 1538 nm, the measured photocurrent at this

wavelength is much larger than any other wavelength.
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Figure 2.16 The electrical properties of the Si channel-separated parallel grating structure
under illumination. The light is normally incident, and the applied bias voltage on the
structure is kept at 1.0 V. The measured responsivities and the reflectance spectra for the
structure period of (a) 850 nm and (b) 840 nm. The light is TM polarized with an intensity of
12.7 mW/mm?. (c) The dependence of the measured photocurrent on the polarization angle
of light. The period of the structure is 850 nm, and the light wavelength is 1538 nm with an
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intensity of 12.7 mW/mm?. The polarization angle of 0° is defined as the electric field
direction pointing along the Si channels. The two insets show the electric field distributions
at TE and TM polarization. (d) The measured photocurrent variation with the light intensity
at the wavelengths of 1530, 1538 and 1546 nm. The period of the structure is 850 nm, and
the light is TM-polarized.

The temporal photoresponse of the structure upon periodic illumination was recorded
with an oscilloscope and a mechanical shutter. The measured temporal photoresponse of the
structure upon the periodic illumination is shown in figure 2.17(a). The period of the structure
is 850 nm, and the light is TM polarized with an intensity of 12.7 mW/mm?. To evaluate the
photoresponse speed, the rise time (t) is defined as the time required for photocurrent to
increase from 10% to 90% of the saturation value, and the fall time (t) is the time required
for photocurrent to decrease from 90% to 10% of the saturation value. According to the
definition, the calculated tr and tr upon the periodic illumination of the structure are 150 and
166 ms, respectively, as shown in figures 2.17(b) and (c).

The photoresponse speed of MSM photodetectors with interdigitated electrodes are
primary limited by the transit time (t) of photocarriers travelling across the active region and
the resistance-capacitance (RC) time constant (trc).”>"” A simplified approximation to the
overall response time (t) of the photodetector can be calculated by ¢t = /tZ + t2..”> ™ "® The
transit time ti of photocarriers in our structure can be neglected since the Si channel is only
270 nm and the mean drift velocity for photocarrier in silicon under the high electric field
gets close to 107 cm/s, leading to the ty as small as 2.7 ps. The RC time constant trc is much
larger than ty because of the formation of large internal capacitance at the
metal/semiconductor interface. Therefore, the relatively slow photoresponse of our structure
is due to the presence of large internal capacitance formed at the M/S interface, which leads
to a large resistance-capacitance (RC) time constant. The small difference between the
measured tr and tr of our structure may be explained by the recombination effects and the

presence of defect state in the structure.
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Figure 2.17 (a) The temporal photoresponse of the structure upon the periodic illumination.
The period of the structure is 850 nm, and the light is TM polarized with an intensity of 12.7
mW/mm?. The rise time (t;) and fall time (t;) upon the periodic illumination is shown in (b)

and (c), respectively.

2.3 Discussion

In summary, we proposed a Si channel-separated parallel grating structure for refractive
index sensing and spectrally selective photodetection in the C-band in this chapter. The
structure owns a strong capacity to trap and focus the incident light by different plasmon
resonance modes. The channel enhanced SPP mode can enhance the electric field at the
Au/air interface at normal incidence, which makes the reflectance dip highly sensitive to the
change of the refractive index of the surrounding medium. The linear fitting sensitivity
reaches as high as 775 nm/RI1U with the FOM value approaching 48, which is competitive

with previously reported RI sensors with plasmonic nanostructures. The electric field at the

73



Au/air interface and the top-surface of Si channels are also strongly enhanced attributing to
the coupling of SPP mode and channel mode when the incident light is tilted, exhibiting a
high sensitivity to the variation of refractive index of the surrounding medium. The linear
fitting sensitivity at the incident angle of 3° reaches 753 nm/RIU with a FOM of 13. The SPP
mode that propagates along the Au/Si interface confines light at the corners of the Au
nanoslab and the Au/Si interface. But the reflectance dip shows no shift to the change of the
surrounding medium due to the weak enhancement at the Au/air interface. However, by
taking advantages of the SPP-induced hot electrons, the structure overcomes the native
limitations from the bandgap of semiconductors and achieves sub-bandgap photodetection
with relative high responsivity. The measured responsivity for the structure with a period of
850 nm shows the spectral selectivity in the C-band. The peak responsivity reaches 72.5
nA/mW at the resonant wavelength of 1538 nm, suggesting that the responsivity variation in
the C-band is a result of hot electrons that are excited by SPPs coupled at the resonant
wavelength. The measured responsivity for the structure with a period of 840 nm steadily
decreases across the C-band as the wavelength increases. The responsivity variation within
the C-band reaches as high as 70.5%, demonstrating the excellent spectral selectivity in the
C-band. With these outstanding properties, the proposed structure is promising for numerous

applications that require narrowband and spectrally selective detection.
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Chapter 3 : Spectrally selective and high responsivity
photodetection in the near infrared using a Si channel-separated

interdigitated grating structure

3.1 Introduction

Surface plasmons (SPs), the coherent oscillations of free electrons in metals that can be
excited with electromagnetic waves, play a key role in routing and manipulating light at
nanoscale volumes [1-3]. Relying on the properties of high-field concentrations and resonant
scattering, SPs have been widely used in a variety of applications, such as surface-enhanced
spectroscopy and sensing devices [4,5], solar energy harvesting devices [6,7], medical
devices [8,9], imaging devices [10], monitoring devices [11] and photodetectors [12-17]. The
main advantage of SPs-based photodetectors over conventional photodetectors is their ability
to facilitate the generation of photoexcited hot electrons or generate plasmon-induced hot
electrons at high efficiencies [14,16], which leads them also being referred to as hot electron
photodetectors. In hot electron photodetectors, a metallic nanostructure is commonly located
at the active region to effectively collect light and enhance the electromagnetic field intensity.
The electromagnetic energy can then be transferred to the hot electrons and ensure them to
possess enough momentum to cross the M/S barrier before thermalization. After that, the hot
electrons will be injected into the conduction band of the semiconductor, resulting in a
photocurrent that can be detected with an external circuit. This enables the selective detection
of photons whose energies (hv) are higher than the barrier height (¢b) but lower than the

bandgap (Eg) of a semiconductor (i.e., pp<<hv<<Ejg).

Hot electron photodetectors have been investigated in a variety of architectures,
including antennas [18-21], nanorods [22,23], nanowires [24-26], waveguides [27-29], metal
gratings [30-32], and gratings with deep trench cavities [33]. Among them, grating based
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structures exploit an efficient approach for strong light confinements through exciting surface
plasmon polaritons (SPPs), leading to a resonant and narrowband photocurrent response. In
this chapter, we propose a Si channel-separated interdigitated grating structure, reshaping the
Au grating from a traditionally parallel structure to an interdigitated structure and separating
the Au grating with U-shaped Si channels. The structure takes advantage of strongly resonant
and narrowband optical response and the generation of hot electrons, realizing the spectrally

selective photodetection in the C-band.

3.2 Experiment and simulation results

3.2.1 Structure diagram and fabrication process
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Figure 3.1 (a) The schematic diagram of the Si channel-separated interdigitated grating
structure. (b) The cross section of one periodic unit of the structure. TM and TE represent the
polarizations of light. k represents the Poynting vector of incident light, E represents electric
field and H represents magnetic field. (c) The SEM image of the fabricated sample which
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clips the middle part and shows the left and right sides of the structure. The insets show the

magnified views of the structure.

The schematic diagram of the Si channel-separated interdigitated grating structure is
illustrated in figure 3.1(a). The structure is made up of two interdigitated Au gratings
separated by U-shaped Si channels. The cross section of one periodic unit of the structure is
shown in figure 3.1(b). The width (w) and height (h) of the Si channel, the thickness (t) of
the Au slab, the period (p) of the structure and the incident angle (#) of light are all defined
in the figure. The illustrations for TM- (transverse magnetic) and TE-polarized (transverse
electric) light are also displayed in the figure. Unless otherwise noted, the light is TM-
polarized and normally incident in this chapter. The dimensions of the structure are w = 280
nm, h =200 nm, t = 40 nm. p ranges from 820 to 890 nm, and the thickness of Ti layer is 2
nm. Figure 3.1(c) displays the scanning electron microscope (SEM) image of the fabricated
sample with the center of the structure cropped out. The insets display the magnified views
of the structure.

The fabrication process for the Si channel-separated interdigitated grating structure is
the same with the Si channel-separated grating structure, as illustrated in figure 3.2. The
fabrication process includes the electron-beam (EB) resist coating, EB lithography, reactive
ion etching (RIE) of Si, EB evaporation of Ti and Au, and lift-off.

1. EB resist coating 2. EB lithography 3. Si etching (RIE)

4. EB evaporation
5. Lift-off of Ti and Au

mm Si

mm EB resist

—x el - I-IJ
Au

Figure 3.2 The fabrication process for the Si channel-separated interdigitated grating

structure.
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Due to the complicated nanofabrication techniques, some samples with different
imperfections are also fabricated. The two main issues come from the non-uniform deposition
of Au layers (this issue has been clearly clarified in chapter 2), and the unsuccessful lift-off.
As shown in figures 3.3(a)-(b), some Au layers are not deposited or uniformly deposited
between Si channels. Since the bias voltage is applied to the adjacent Au layers when
measuring the photocurrent under light illumination, this non-uniform deposition of Au layer
leads to no electrical connection problem. The unsuccessful lift-off also brings in big
imperfections to the sample, such as the Au cladding on Si channels as shown in figure 3.3(c)
and the Au layers are residual on the sample after lift-off as shown in figure 3.3(d). The Au
cladding and residual Au layers on Si channels lead to short circuit during the photocurrent

measurements as the bias voltage is applied to the adjacent Au layers.

TN ;; }:‘ - =

no deposirtiont

e———L

1.0kV 8.3mm x18.0k SE( 2 m | 2.0kV 8.9mm x35.0k SE(UL) 2019/08/06

Figure 3.3 The fabricated samples with different imperfections. (a)-(b) Au layers are not
uniformly deposited between Si channels. (¢) Au cladding occurs after the unsuccessful lift-
off. (d) residual Au layer is left after unsuccessful lift-off.
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The samples with more than 100 Si channels are difficult to achieve the perfect lift-off
without Au cladding and residual Au on the structure, which leads to a short circuit problem.
To deal with this problem, the Si channel number (N) is reduced which efficiently decreased
the short circuit probability. SEM images for the fabricated samples with the Si channel
number of 80, 50 and 20 are shown in figure 3.4 (a)-(c), respectively. To clearly show the
structure of the sample, the left part and right part of the sample are presented and the middle
part of the structure is cropped out.

N =280

2.0kV 9.0mm x1.10k SE(UL) 2019/08/06

N=50

2.0kV 9.0mm x1.80k SE(UL) 2019/08/06

2.0kV 9.0mm x4.00k SE(UL) 2019/08/06

Figure 3.4 The fabricated samples with different Si channel numbers (N). (a) N = 80, (b) N
=50, (c) N = 20.
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3.2.2 Optical properties

The optical properties of the Si channel-separated interdigitated grating structure are first
evaluated through examining the simulated reflectance (Rsim), transmittance (Tsim) and
absorptance (Asim) spectra of the structure, as shown in figure 3.5(a). The period of the
structure is 850 nm. The absorptance spectrum exhibits a sharp peak (point P2) with a
modulation of 0.81 (relative to the incident wave) at the resonant wavelength of 1538 nm.
Around the resonant wavelength, a reflectance dip also occurs in the simulated and measured
(Rmeas) reflectance spectra, showing an opposite variation to the absorptance spectrum in the
C-band. The FWHM of the measured reflectance spectrum reaches as narrow as 23 nm. The
facile tunability of the resonant wavelength is demonstrated through changing the period (p)
of the structure and the incident angle () of light, as shown in figure 3.5(b). With the increase
of p (from 830 to 890 nm) or & (from 0° to 9°), the resonant wavelength both show a steady
redshift. The resonant wavelength is also found to split when 6 exceeds 3°, suggesting a

strong angular dependence.

To clarify the origin of the strongly resonant and narrowband optical response of the
structure, the simulated electric field (|E|) distribution at the resonant wavelength (point P2)
is provided in figure 3.5(c). For comparison purpose, the simulated electric field distribution
at a non-resonant wavelength (point P1) is also given in the figure. Points P1 and P2 are both
defined in figure 3.5(a). The electric field is quite weak at point P1. In contrast, at point P>,
the electric field enhancement not only occurs at the corners of Au slabs but also appears at
the M/S interface, indicating the presence of SPPs. The electric field phase distributions in
the x (phase Ex) and z (phase E;) directions at point P> are further investigated, as shown in
(iii) and (iv) of figure 3.5(c). The distribution of phase E; exhibits an antisymmetric behavior
between the left and right parts of the structure. While the distribution of phase Ex exhibits a
symmetric behavior between the left and right parts, revealing a coupling of surface plasmons
between the adjacent Au slabs. The distributions of the time-averaged Poynting vector field
(i) and absorption (ii) at point P> are shown in figure 3.5(d). The Poynting vector field

distribution shows the direction of the light flow and reveals the ability of the structure to
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guide and confine light inside the nanoscale volume. The distribution of absorption shows
that the light is predominantly absorbed by the Au slabs, and the absorption is much higher

near the M/S interface due to the excitation of SPPs.
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Figure 3.5 The optical properties of the Si channel-separated interdigitated grating structure.
(@) The simulated reflectance (Rsim), transmittance (Tsim) and absorptance (Asim) spectra of
the structure. The measured reflectance (Rmeas) is represented by the brown dashed line. The
period of the structure is 850 nm. (b) The simulated absorptance spectra under different
periods (p) of the structure and different incident angles () of light. (c) The distributions of
electric field (|E|) at i: point P1 and ii: point P2. Points P1and P2 are defined in (a). The electric
field phase distributions in the iii: x and iv: z directions at point P,. (d) The distributions of i:

the time-averaged Poynting vector field and ii: absorption at point P-.

The measured reflectance spectra for different periods (p) of structure is shown in figure
3.6. The light is normally incident with TM-polarization. It can be seen that the reflectance
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dip exhibits a redshift when p increases from 820 to 880 nm. The reflectance variation with
the period and light wavelength, as shown in the inset, demonstrates that the linearly redshift

of the reflectance dip is due to the excitation of SPP mode.
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Figure 3.6 The measured reflectance spectra for different periods (p) of structure. The light

is normally incident with TM-polarization.
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Figure 3.7 The measured reflectance spectra for different periods (p) of structure. The period

is 840 nm and the light is at TM polarization.

90



Figure 3.7 shows the measured reflectance spectra for different incident angles (¢) of
light. The period of structure is 840 nm, and the light is TM-polarized. The reflectance
spectrum exhibits a single dip when the light is normally incident (6 = 0°). While two dips
occur in the reflectance spectrum when the incident angle increases from 3° to 9°, and the
left dip shows a blueshift with 6 and the right dip shows a redshift with 6. This splitting
phenomenon is also due to the presence of SPP mode, which is demonstrated by the simulated

reflectance variation with incident angle and light wavelength, as shown in the inset.

3.2.3 Photocurrent response
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Figure 3.8 The electrical properties of the Si channel-separated interdigitated grating
structure under illumination. The period of the structure is 860 nm. Unless otherwise noted,
the incident power of light illuminated on the structure is 10 mW. (a) Comparison between
the measured responsivity and the measured reflectance spectrum for TM-polarized light.

The inset shows the measured responsivity and reflectance for TE-polarized light. The bias
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voltage applied on the interdigitated Au gratings is 0.08 V. (b) Dependence of the measured
responsivity on the polarization angle of light. 0° is defined as the electric field direction
pointing along the Au grating. The bias voltage is 0.08 V. (c) The spectral dependence of
measured responsivity under the bias voltages of 0.02, 0.05 and 0.08 V. The inset shows the
logarithmic current-voltage curve under dark condition. (d) The relationship between the
measured photocurrent and the incident power of light illuminated on the structure for the
wavelengths of 1540, 1550 and 1560 nm. The bias voltage is 0.05 V.

In order to evaluate the photocurrent response of photodetectors under illumination, the
responsivity (R) is calculated by R = (ipn - i) / Pin, Where ipn represents the photocurrent, igq
represents the dark current and Pi, represents the effective power of light illuminated on the
structure. Figure 3.8(a) shows the measured photocurrent responsivity and the measured
reflectance spectrum of the structure. The bias voltage applied on the interdigitated Au
gratings is 0.08 V. Unless otherwise noted, the incident power of light illuminated on the
structure is 10 mW with an effective area of 0.785 mm? in this chapter. The measured
responsivity exhibits spectral selectivity in the C-band with a peak value of 804 nA/mW that
decreases by 59% when the light wavelength is varied by only 20 nm (from 1550 to 1530
nm). The responsivity of our proposed structure is dozens of times of that of the optical
antennas [18], planar Tamm plasmonic structure [34], surface plasmon waveguide [35], and
Fabry-Perot microcavity [36]. It is also several times of that of the silicon microring resonator
[37], deep-trench/thin metal Ni-Si device [38] and traditional Au grating structure [30]. The
detail about the comparisons of responsivity among the reported Si-based NIR
photodetectors is shown in Table 3.1. The variation in the responsivity is opposite to that in
the reflectance spectrum, which indicates that the photocurrent is directly proportional to the
absorptance of the structure. It is noted that the absorptance and reflectance spectra of the
structure exhibit opposite variations in the C-band, as indicated in figure 3.3(a). In contrast
to TM-polarized light, the measured responsivity and reflectance for TE-polarized light are
nearly constant over the C-band, as shown in the inset of figure 3.8(a). Figure 3.8(b) further
investigates the dependence of responsivity on the polarization angle (5) of light. The

responsivity reaches a maximum when the light is TM-polarized (90°, 270°) and drops to a
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minimum when the light is TE-polarized (0°, 180°, 360°), exhibiting a cos?s angular
dependence. The ratio of responsivity at TM-polarization to that at TE-polarization almost

reaches as high as 64:1.

The spectral dependence of responsivity under different bias voltages is presented in
figure 3.8(c). The measured responsivity increases with the bias voltage. The peak value of
responsivity is 266 nA/mW for a bias voltage of 0.02 V, but it rapidly reaches 804 nA/mW
when the bias voltage rises to 0.08 V. The inset shows a logarithmic current-voltage curve
under dark condition. The dark current is as small as 0.01 pA at 0 V and it is still less than
10 nA even the bias voltage increases to 0.1 V. Figure 3.8(d) shows the relationship between
the photocurrent and the incident power of light illuminated on the structure for the
wavelengths of 1540, 1550 and 1560 nm. The photocurrent linearly increases with the
incident power, confirming that the generation of hot electrons predominantly results from

the single photon-hot electron interaction [17].

Table 3.1 Comparisons of responsivity among reported Si-based NIR photodetectors

Bias Voltage Responsivity
Photodetectors Wavelength (nm) V) (nA/mW) Reference
striped waveguides on silicon 1550 0 0.046 [39]
optical antennas 1250 0 ~9.7 [18]
Planar Tamm plasmonic structure 1581 0 8.26 [34]
surface plasmon waveguide 1550 -0.1 20.4 [35]
Fabry-Perot microcavity 1550 0 63 [36]
embedding plasmonic nanostructure 1500 0 64 [40]
Cul/p-Si Schottky photodetector 1550 1 80 [41]
0 50
plasmonic-crystal-hot-electron structure 900 [42]
-4 1.1x10*
0 120
silicon microring resonator 1550 [37]
-15 250
Silicon Schottky photodetector 1550 -0.45 226 [43]
silicon surface-plasmon Schottky 1550 01 250 [44]
photodetector
deep-trench/thin-metal Ni-Si device 1550 0 330 [38]
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Au grating-Schottky photodetector 1460 0 600 [30]

metamaterial perfect absorber photodetector 1250 0 3.37x10° [45]
sub-bandgap hot-hole photodetector 1550 -0.1 1.3x10* [46]
all-Si based photoelectronic detector 1150 0 9.45x10* [47]
porous silicon photodetector 1550 -6 1.8x10° [48]
resonant cavity based photodetector 860 -2 3.86x10° [49]
highly doped p-type Si photodetector 1375 0.275 >10° [50]

Si channel-separated interdigitated grating 1550 0.08 804 this work
structure

The time-dependent photoresponse of the structure is shown in figure 3.9(a). The light
is switched on/off by using a mechanical shutter. To evaluate the photoresponse speed, the
rise time (t;) is defined as the time required for responsivity to increase from 10% to 90% of
the saturation value, and the fall time (tr) is the time required for responsivity to decrease
from 90% to 10% of the saturation value [39]. As shown in figures 3.9(b) and (c), the
calculated tr and tr of the structure are 150 and 155 ms, respectively.
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Figure 3.9 (a) The time-dependent photoresponse of the structure. The rise time (tr) and fall

time (tr) of the structure are shown in (b) and (c), respectively. The period of the structure is
860 nm.
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The simulated electric potential distribution in the structure at the bias voltage of Vaand
the equivalent circuit diagram are shown in figure 3.10(a). The arrow indicates the direction
of the electric field and the arrow length represents its intensity. Since the bias voltage is
applied on the adjacent Au slabs, the electric field points horizontally from the positive Au
slab to the negative Au slab, and the electric field directions in the adjacent periods are
opposite. The equivalent circuit for the structure is a parallel connection, including the
resistances of Rau, Rschootky (Rschootky 1S formed at the M/S interface) and Rsi in one period.
Figure 3.10(b) shows the simulated current density distribution in the structure and an
enlarged view of one periodic unit. The arrow indicates the direction of current flow and the
arrow length represents its intensity. Seen from the enlarged view, there are many paths for
the current flow. However, the effective current flows horizontally in the structure, from the
positive Au slab to the negative Au slab. The current flowing in other paths makes no

contribution to the photocurrent due to the inelastic collision and thermalization loss.

(2)

one period

(b) (parallel connection)
! |

jmax

.i min

Figure 3.10 (a) The simulated electric potential distribution in the structure at the bias voltage

of Vaand the equivalent circuit diagram. The bias voltage is applied on the adjacent Au slabs.
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The arrow indicates the direction of the electric field and the arrow length represents its
intensity. (b) The simulated current density distribution in the structure and an enlarged view
of one periodic unit. The arrows indicate the directions of the current flow and the arrow

length represents its intensity.
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Figure 3.11 (a) The band diagram of one periodic unit of the structure according to Chalabi’s
model [20]. The Fermi level of the left Au slab is Ef and the Fermi level of the right Au slab

is Er + gVa upon the application of a bias voltage Vaon the Au slabs. The transports (D@®)
@®) of hot electrons across the M/S/M junctions generate iforward and ibackward, and the net

photocurrent (iph) IS iph = iforward - Ibackward. (D) The comparison between the calculated and

measured responsivities with light wavelength.

To further clarify the generation process of photocurrent in the structure, the band
diagram for one periodic unit of the structure is studied according to Chalabi’s model [20],
as illustrated in figure 3.11(a). Since the photon energy (hv) within the C-band is higher than
the Ti/Si barrier height (pp = 0.17 eV [11]) and lower than the bandgap of Si (Eg = 1.12 eV),
electron-hole pairs cannot be generated in the Si and therefore only hot electrons generated
in the Au slabs contribute to photocurrent. Hot electrons transport across the M/S/M junctions
generate a forward (iforward) and a backward (ibackwara) photocurrent in five consecutive steps,

and the net photocurrent (ipn) is calculated by iph = iforward - Ibackward. AS an example of the
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generation of iforwarg, the five transport steps of hot electrons are: (D generation in the Au slab,
2 movement to the first M/S interface, ® crossing of the first M/S barrier, @ transport
through the Si channel and & crossing of the second M/S barrier and injection into the
adjacent Au slab. The details about how to calculate the transport probability for each step
and the photocurrent responsivity of the structure are clarified in the theoretical calculation
section. Since the structure is highly symmetrical, hot electrons transports generate an equal
iforward and ibackward at the bias voltage of 0 V and this leads i,n = 0 A. However, the M/S/M
junctions and the Fermi levels of the adjacent Au slabs become asymmetrical upon the
application of a bias voltage Va on the Au slabs, thus generating an unequal iforward aNd ibackward
and producing a net photocurrent iph. According to this model, the theoretical calculation
reproduces the spectral dependence of responsivity and exhibits the same spectral selectivity

with the experiment in the C-band, as shown in figure 3.11(b).

3.3 Theoretical calculation of photocurrent response

Hot electron generation and transport in each periodic unit of the Si channel-separated
interdigitated grating structure is the same. For one periodic unit, since hot electrons are
simultaneously generated in the left and right Au slabs after receiving the incident photon
energy, both forward and backward photocurrents that flow in the opposite directions are
generated. According to Chalabi’s model [20], the transports of hot electrons during the
generation of forward and backward photocurrents can be separated into five steps with
specific probabilities (P): @ generation in the Au slab, @ movement to the first M/S
interface (P1), ® crossing of the first M/S barrier (P2), @ transport through the Si channel
(P3) and ® crossing of the second M/S barrier and injection into the adjacent Au slab (Pa).

The theoretical calculation for the generation of forward photocurrent is clarified in the

following, and the same procedure can be used to calculate the backward photocurrent.

(1) Generation in left Au slab
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We use an optical model to calculate the hot electron generation rate in the Au slabs of the
structure. The electric field distribution is first simulated using the Finite Element Method
(COMSOL) technique. The absorbed power density (abs(r,w)) is then linked to the local

Ohmic loss in the metal, which can be expressed as [52,53]

eiw|E(F,w)|2

. M

abs(?,w) =

where 7 represents the position, w represents the angular frequency of light, &i represents the
imaginary part of the permittivity for Au, and E(# w) represents the electrical field.
Assuming one absorbed photon of light generates one hot electron-hole pair, the density of

hot electrons is expressed as

. . . abs (7, w)
Ne(7, ) = Ny (7, ) = Npn (7, 0) = ———. )
w
The hot electron generation rate G(r,») can be then calculated by [52,53]
- o 2
GG w) = abs (7, w) _ &|EF w)| 3

hw 2h

where 7 represents the reduced Planck constant. The initial energy distribution D(E) of the
generated hot electrons is described by the multiplication of the joint density of states (DOS)

at the initial and final energies, as given by [53,54]

p(E — h)f(E —hv)p(E)[1 — f(E)]

D(E) = — ) 4
Jo PE = h)f(E = hv)p(E)[1 — f(E)]dE
p(E) = aVE, ©)
1
f(E) = F=E; (6)

1+exp( T )’
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where E represents hot electron’s energy (0<<E<<hv), p(E-hv) represents the parabolic
electron DOS at the initial energy level, p(E) represent the parabolic electron DOS at the final
energy level, f(E-hv) and f(E) represents their corresponding Fermi distribution functions, a
IS a constant, Er represents the Fermi level at thermal equilibrium, ks represents the
Boltzmann constant, and T represents the temperature.

(2) Movement to the left M/S interface

The probability P1 for hot electrons successfully reaching the M/S interface without losing

energy through the inelastic collision is expressed as [53,55]

1 [ d
Py exp ( ) ao, (7

T o, ~ A.c0s6

where @ represents hot electron’s moving angle, 61 represents the minimum accepting angle,
6. represents the maximum accepting angle, 1e represents the mean free path of hot electrons

in Au, and d represents the distance between the position of hot electrons and the M/S
interface. With hot electron generation rate G(r,), the initial energy distribution D(E), and
the probability for hot electrons reaching the M/S interface Pi, the flux F(r,»,E) of hot

electrons that successfully reach the M/S interface can be expressed as
F(,w,E) = G(#, w)D(E)P;. ®)
(3) Crossing of the left M/S barrier

The kinetic energy Eau, Of the hot electron that is generated in the left Au slab (Eau,) is
expressed as

Epui = Epy +E, ©)

where Er, represents the Fermi level for the left Au slab and E (0<<E<<hv) represents hot
electron’s energy above the Fermi level. Hot electron’s momentum for the left Au slab kau,

can be expressed as
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Kau; = - = - , (10)

where m;, represents the effective mass of an electron and 7 represents the reduced Planck
constant. After crossing the first M/S barrier, hot electron’s Kinetic energy in the left side of

the semiconductor Es;, is expressed as
Esiy = E — ¢y, (11)

where ¢p represents the barrier height. Hot electron’s momentum in the left side of the

semiconductor ksi, can be calculated as

_VJEsyi2mg  J(E —p) 2m;
ksii = - = " - (12)

As shown in figure 3b, the hot electron that successfully reaches the M/S interface can cross
the Schottky barrier only if its momentum component in the x direction kaux is larger than
the threshold kes, which defines an escape cone. The probability Pesc for hot electrons being

in the escape cone can be expressed as
_dQ 2msinfd6 ky

Pesc - B
4 4
2kay ’kf\u,z - ka,

where ky represents the momentum component in the y direction. Since the momentum of hot

(13)

electrons in the y direction is reserved, it can be obtained that kauy = ksiy = ky. The probability

Pret for hot electrons crossing the Schottky barrier without reflection is given by

4kaun,kisin, 4\/ (Ku — k3) (kG — k3)

2= 2’
(kcaun, + kesin,) ( \/kﬁu,l — k2 + J kg, — kﬁ)

(14)

Pref =
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where Ksi ix represents the x-component of ksj i and K¢au i« represents the x-component of kau,i.
The transmission probability P> for hot electrons crossing the first Schottky barrier is

expressed as

Ksi1 () Ksit(E) 2 /kéi,z — k3 k,
P, :f PescPrefdky = f 2ky ldky, (1)
0 0 u,
(\/klzku,l - kf, + \/kéi,l - ka,)

where Ks;(E) represents the maximum of ksi; and it can be expressed as

(16)

\/(ESi l)max $2me (Av :
' — ¢p)2m
Ksii(E) = (ksiy) = - = v b °.

h

(4) Transport through the Si channel

After crossing the left M/S barrier, hot electrons will transport from one side to the other side
of the semiconductor. The probability Ps for hot electrons transporting through the
semiconductor without scattering and successfully reaching the other side of semiconductor

is given by [52]

where w represents the width of the Si channel, i represents the mean free path of hot

electrons in Si.
(5) Crossing of the right M/S barrier

The hot electron’s kinetic energy Esir that reaches the right side of the semiconductor is

expressed as

Esiy =E —q@p t+ eV, (18)
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where e represents the electron charge and V represents the bias voltage. The momentum of

hot electrons in the right side of the semiconductor ks is expressed as

VEsir-2m;  \J(E—p+eV)-2m;
kSi,r = h = h s (19)

The kinetic energy of hot electrons in the right Au slab (Eau,) is given by
Enur = Epy + E + eV, 20)

where Er, represents the Fermi level of the right Au slab. The momentum of hot electrons in

the right Au represents (kau,r) is given by

_\/m_\/(EF,r‘l'E‘FeV)-ZmZ
h - .

kAu,r - A (2 1)

The probability P4 for hot electrons crossing the second Schottky barrier is calculated

analogously to Eq. 15,

Ksir(E) 2 ’k.lzku,r - kal k
P, = f ~dk,, (22)
0

2 2 2 2 ’ ksi,r
( kSi,r - ky + kAu,r - k)’)

where Ks;r(E) represents the maximum of ks;r and it can be given by

B \/(ESi'r)max $2me 3 J(v — @y +eV) - 2m}
max h o h ’

Ksir(E) = (ksir) (23)

With the total transport probability (P2P3sPs), we can calculate the internal quantum

efficiency (IQE, defined as #) for the generation of the forward photocurrent [52,53]

1 (Een
Morwara = 5— | PoPsPudE, (24)
ph Yoy,
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where Epn represents the photon energy of light. The internal quantum efficiency for the
generation of backward photocurrent can be derived in an analogous manner. The net

photocurrent (ipn) can be given by [52,53,57]

iph = eNIF(?; w, E)forwardnforward - F(?’ w, E)backwardnbackwardla (25)

where N represents the period number. The responsivity R is calculated by R =iy, / P, where

Pinc represents the incident power of light illuminated on the structure. The responsivity and
photocurrent can also be calculated by [58]: R = eA|n¢arward — Mbackwaral/hw and iy, =

RP;,., Where A represents the optical absorptance.

According to this model, we can theoretically calculate the photocurrent responsivity of
the structure. Figure 3.12(a) shows the calculated normalized hot electron generation rate in
one periodic unit of the structure. As expected, hot electrons are generated in the Au slabs
and predominantly generated near the Au/Si interface due to the excitation of SPPs. Figure
3.12(b) shows the calculated initial energy distribution D(E) of hot electrons that are
generated in the Au slabs with a light wavelength of 1530 nm. The shaded area represents
the proportion of hot electrons with energy above the Au/Si barrier height (¢b). Figure 3.12(c)
shows the probability (P1) for hot electrons reaching the Au/Si interface after their
generations, which depends on the moving angle of hot electron, the distance between the
hot electrons and the Au/Si interface and the mean free path of hot electrons in Au. Since the
acceptance angle range (6> -61) at the bottom corner (close to the Au/Si interface) of the Au
slab in the structure is as large as 270°, the corresponding P1 reaches a peak with a value of
0.75. The value of Py for the inner edges close to the Au/Si interface is 0.5 (acceptance angle

range #» -6, = 180°) and decreases gradually with the distance away from the interface.

Figure 3.12(d) depicts the hot electrons states on a constant energy contour in the Au
slab and the Si channel, showing the allowed terminations of hot electron momentum at a

certain energy [14,21]. The escape momentum kes (minimum momentum that is required for

crossing the Schottky barrier) is shown as k., = \/2mi¢@y/h. The hot electron that reaches
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the Au/Si interface can cross the Schottky barrier only if their x-component momenta kaux is
larger than kes, which defines an escape cone as indicated by the shaded area. 2 is defined as
the maximum angle for the momentum kay within the escape cone. The maximum momentum
component in the y-direction of hot electrons in the Si channel is noted (ksiy)max and can be

expressed as (ksiy)max = (kau)q * sinq.
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Figure 3.12 (a) The calculated normalized hot electron generation rate in one periodic unit
of the structure. (b) The initial energy distribution D(E) of hot electrons that are generated in
the Au slab with a light wavelength of 1530 nm. (c) The probability (P1) for the generated
hot electrons reaching the Au/Si interface. (d) Schematic illustration of the constant energy
contours for hot electrons in the Au slab and the Si channel. The circles indicate the outlines
of the allowed hot electron momenta at a certain energy E. Only hot electrons whose
momenta are comprised within the escape cone (the shaded area) can be injected into the Si.

The calculated internal quantum efficiency (IQE) for the generation of the forward and

backward photocurrents in the structure is shown in figure 3.13(a). Due to the symmetry of
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the structure, the variations of the forward and backward IQEs show a symmetric behavior.
The total IQE (IQEforward - IQEbackward) IS O at the bias voltage of 0 V, but it rapidly increases
with the bias voltage. When IQE reaches the maximum (IQE#orward reaches the maximum and
IQEbackward falls to 0 or vice versa) at a certain voltage, the responsivity obtains the maximum
value. The calculated spectral dependence of responsivity for the structure is shown in figure
3.13(b), which also exhibits spectral selectivity in the C-band. The calculated responsivity
reaches the peak with a value of 813 nA/mW at the resonant wavelength of 1550 nm,

matching well with the experiment result (804 nA/mW).
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Figure 3.13 (a) The dependence of calculated IQE on the bias voltage for the generation of
the forward and backward photocurrents. (b) The calculated responsivity variation with light
wavelength. The structure dimensions are w = 280 nm, h = 200 nm, t = 40 nm and p = 860
nm. The light is normally incident with TM-polarization and the incident power illuminated

on the structure is 10 mW with an effective area of 0.785 mm?. The bias voltage is 0.08 V.

3.4 Discussion

In summary, a Si channel-separated interdigitated grating structure is investigated both
theoretically and experimentally in this paper. The structure efficiently guides and confines
light in the structure through the excitation of SPPs at the M/S interface, leading to strongly

resonant and narrowband optical response and strong field enhancements. By taking
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advantage of the optical response and the generation of hot electrons, the structure achieves
spectrally selective photodetection in the C-band. The measured FWHM reaches as narrow
as 23 nm and the measured responsivity reaches as high as 804 nA/mW at the resonant
wavelength of 1550 nm and the bias voltage of 0.08 V, showing a competitive performance
with previously reported Si-based NIR photodetectors.
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Chapter 4 : Narrowband and high responsivity photodetection

in the near infrared using Tamm plasmons-based structures

4.1 Introduction

Hot electrons that are generated via photon absorption and plasmon decay in metals can be
extracted for lots of applications, which includes photocatalysis [1,2], photovoltaics [3,4],
surface imaging [5,6], sensors [7] and photodetectors [8-12]. In terms of hot electron
photodetector, it enables efficient and direct below bandgap photodetection with tunable
resonant wavelength through manipulating the structure dimensions instead of using novel
materials (MoS,, graphene, perovskite, etc). Hot electrons with energies higher than the M/S
barrier height can cross the Schottky barrier and be injected into the semiconductor, leading
to a photocurrent [13]. However, the internal photoemission efficiency for most hot electron
photodetectors is too low for practical applications due to the inefficient hot electron
generation rate, big thermalization loss during the transport, and large momentum mismatch
at the M/S interface [14].

Surface plasmons (SPs) provide an efficient solution to improve the internal
photoemission efficiency via: (1) strongly localizing the photon energy within the nanoscale
region where a plenty of hot electrons can be generated [15-19], (2) facilitating the hot
electron generation rate because the absorption cross section is larger than the physical cross
section of the structures [20], (3) decreasing the thermalization loss of hot electrons due to
the substantial generation of hot electrons close to the M/S interface [21], and (4) generating
hot electrons with high energies and modifying their initial momentum distributions [22]. Up
to now, a plenty of SPs-based metallic structures have been reported to improve the internal
photoemission efficiency of hot electron photodetectors, which includes nanowires [23],
nanorods [24], nanoholes [25], nanoparticles [26], gratings [27], etc. For example, the Si-

based grating structure exhibits a high responsivity with a narrow bandwidth, and the internal
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quantum efficiency (IQE) is approximately 20-fold of the plasmonic nanoantenna structure
[27]. Through using an ultrathin Au film whose thickness is smaller than the mean free path
(MFP) of hot electrons in Au, the disordered metamaterial nanoholes achieve a broadband
and high absorption with the highest responsivity ever reported [25,28]. By placing an Au
mirror beneath the Au nanodisk decorating with a TiO2 film, the antenna/spacer/mirror
structure results in a 10-fold enhancement to the responsivity compared to the identical
structure without the mirror attributing to the coupling of SPs mode and Fabry—Pérot (FP)
mode [29]. The plasmonic crystal based metallic nanorods exhibit a more than 30 times
enhancement in the photoelectric conversion efficiency across the visible and near infrared
(NIR) regime compared to the planar reference due to the high absorption, favorable hot
electron distribution, and the formation of three-dimensional (3D) Schottky junction [24].
Nevertheless, most reported SPs-based hot electron photodetectors use hybrid or novel
architectures with delicate design [30-36], which commonly have subwavelength patterns
that ask for complicated and high-cost fabrication techniques [37].

Recently, another type of plasmons named Tamm plasmons (TPs) or optical Tamm
states that is formed at the metal/distributed Bragg reflector (DBR) interface was reported
[38-40]. The DBR consists of alternating multilayers with different refractive indexes,
leading to periodic variation of refractive index in the structure. The optical wave is partially
reflected at the boundary of each layer, and the multilayers can constitute a DBR if the optical
thickness of each layer is a quarter of the central wavelength of the DBR. Through exciting
TPs, the electromagnetic surface wave is strongly confined at the metal/dielectric interface,
leading to high absorption of light in the metal [41]. In comparison to SPs, TPs can be excited
without requiring for specific polarization of light and thus it is applicable in many fields
[42], including photovoltaics [43], polariton lasers [44], sensors [45-47], optical switches [48]
and photodetectors [49].

Zhang. et.al reports a TPs-based planar hot electron photodetector through introducing
a DBR integrated with a collection layer in the metal/semiconductor/metal (M/S/M)

configuration in 2017 [50]. The simulation results show that light can be strongly confined
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at the metal/dielectric interface and the metal layer absorbs over 87% of light. The structure
shows a resonant and narrowband photocurrent response with facile tunability and angle-
independence. In 2019, Yu. et.al reports an Au/TiO2 Schottky photodetector that consists of
a thin Au film (20-40 nm) and a DBR made up of 9 pairs of alternating SiO2/TiO> layers [51].
The structure can absorb about 93% of light by exciting TPs and the hot electron generation
rate is more than 34 times of the reference without the DBR. Since the electric field increases
with the penetration depth of light in the Au layer, hot electrons are substantially generated
near the Au/TiO; interface. The calculated responsivity of the structure is more than 30 times
of the conventional grating structure. Additionally, the resonant wavelength corresponding
to TPs resonances of the structure exhibits a facile tunability across the visible and NIR
ranges and independent of the incident angle of light. Wang. et. al reports a DBR-based
metal/semiconductor/ITO (M/S/ITO) structure in 2019 [52]. For the first time, they
experimentally demonstrated a wavelength-selective photodetector around the wavelength of
1550 nm. The structure exhibits a sharp and narrowband reflectance dip at the resonant
wavelength of 1581 nm with the full-width at half-maximum (FWHM) of 43 nm due to the
excitation of TPs. The photocurrent responsivity of the structure reaches the peak with a
value of 8.26 nA/mW at the resonant wavelength of 1581 nm and the responsivity variation
reaches more than 80% when the light wavelength changes within 52 nm (from 1529 to 1581
nm). However, the responsivities of the reported TPs-based structures are still too low for
practical applications. The investigation on new TPs-based structures with high responsivity
and facile tunability in the NIR range is urgently required. Here, we propose a DBR-film
structure and a grating-on-DBR structure. The DBR-film structure generates substantial hot
electrons in the Au film due to the excitation of TPs at the metal/DBR interface, and it
exhibits a high photocurrent responsivity attributing to the low Ti/Si barrier height. The
generation of hot electrons is further enhanced in the grating-on-DBR structure which is
likely originating from the coupling of Fabry-Perot (FP) resonance and TP resonance due to

the grating-on-DBR mode, leading to a much higher responsivity.
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4.2 Structure diagram

Figure 4.1 shows the three-dimensional (3D) structure diagram and cross-sections for the
DBR-film structure (A) and the grating-on-DBR structure (B). Structure A is made up of a
DBR consisting of 5 pairs of alternating SiO2/Si layers and an Au film. Structure B is made
up of a DBR (5 pairs of alternating SiO2/Si layers) and an Au grating. The substrates for the
two structures are both quartzs. The thicknesses of SiO., Si and Au layers in the two
structures are Hi, H2 and Hs, respectively. The width of Au slab of the grating in structure B

is D and the period of the structure is p.
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Figure 4.1 The 3D structure diagram (top) and cross-sections (bottom) for the DBR-film
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structure (A) and grating-on-DBR structure (B). The thicknesses of SiO2, Si and Au layers
are Hi, Hz and Hs, respectively. The width of Au slab in structure B is D and the period of

the structure is p.
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Figure 4.2 The fabrication processes for the DBR-film structure (structure A) and grating-
on-DBR structure (structure B).

The recommended fabrication processes for the DBR-film structure (structure A) and
grating-on-DBR structure (structure B) are shown in figure 4.2. For structure A, the
fabrication process consists of two steps. First, 5 pairs of alternating SiO./Si layers are
deposited on a quartz substrate using an RF-magnetron sputtering machine (CFS-4ES,
Shibaura Engineering Works Co., Ltd, Yokohama, Japan). Subsequently, the Ti and Au film
are deposited onto the DBR through electron-gun (E-gun) evaporation (Peva-400E,
Advanced System Technology Co., Tokyo, Japan). The 3 nm thick Ti layer not only increases
the adhesion between Si and Au but also decreases the barrier height (¢ (Ti/Au) < ¢(Si/Au),
where ¢(Ti/Au) represents the barrier height between Ti and Au, and ¢(Si/Au) represents
the barrier height between Si and Au). The fabrication process for the grating-on-DBR
structure includes 5 steps, which is more complicated than the DBR-film structure. First, 5

pairs of alternating SiO2/Si layers are deposited on a quartz substrate using the same RF-
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magnetron sputtering machine. Second, the electron-beam (E-beam) resist (ZEP520A, Zeon
Corporation, Tokyo, Japan) is coated onto the DBR. Following this, the E-beam resist is
patterned using E-beam lithography (F7000S-VD02, Advantest, Tokyo, Japan). After that,
the Ti and Au layer are deposited on the structure through E-gun evaporation. The function
of the 3 nm thick Ti layer is to increase the adhesion between Si and Au and decrease the
barrier height. Last, the E-beam resist and Au layer on the top are removed through lift-off

in a dimethylacetamide ultrasonic bath.

4.3 Strong light absorption and field enhancement

Figure 4.3(a) shows the schematic diagrams of four different structures, which are DBR-film
structure (A), grating-on-DBR structure (B), pure DBR structure (C) and traditional Si-based
grating structure (D). Structure A consists of 5 pairs of DBR and an Au film, structure B
consists of 5 pairs of DBR and an Au grating, structure C only consists of 5 pairs of DBR,
and structure D consists of a Si substrate and an Au grating. The function of a 3 nm thick Ti
layer in structure A, B and D is to increase the adhesion between Si and Au and decrease the
barrier height. To generate TPs in structure A and B, the optical thickness (Hopt) for each
alternating SiO2/Si layer in the two structures is required to be a quarter of the central
wavelength (Aper) of the DBR, which is shown as Hopt = Apsr/4. Since the relationship
between the physical thickness (H) and the optical thickness of the material is H = Hope/n (0
represents the refractive index of the material), the thicknesses of SiO2 (H1) and Si (H.) are
calculated by Hi = Apsr/4n(SiO2) and H2 = Apsr/4n(Si), respectively. To demonstrate the
improved optical behaviors of structure A and B, the simulated reflectance and absorptance
spectra of the four structures are compared, as shown in figure 4.3(b). In order to tune the
resonant wavelength corresponding to TPs resonances into the C-band (1530-1565 nm), H;
H> and Hs are calculated to be 205 nm, 86 nm and 30 nm, respectively, in structure A and B.
The width (D) of Au slab is 500 nm and the structure period (p) is 820 nm in structure B. The
values of Hi and Ha in structure C are the same with that in structure A and B. The width of

the Au slab and the period of structure D is 500 nm and 820 nm, respectively. The light is
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normally incident with TM-polarization. Seen from the reflectance spectrum of structure A,
a reflectance dip occurs in the forbidden band of the pure DBR structure (C), indicating the
excitation of TPs. A reflectance dip also appears around the same resonant wavelength in
structure B, exhibiting a much lower reflectance compared to that of structure A and a much
narrower bandwidth than that of structure D. It is also seen that the DBR-film structure (A)
and the grating-on-DBR structure (B) both have a much higher absorptance at the resonant
wavelength than the traditional Si-based grating structure (D). The peak absorptance for

structure B is a litter higher than that for structure A.
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Figure 4.3 (a) Schematic diagrams of the DBR—film structure (A), the grating-on-DBR
structure (B), the pure DBR structure (C) and the Si-based grating structure (D). (b) The
simulated reflectance and absorptance spectra for structure A, B, C and D. The structure
dimensions are H1 = 205 nm, H> =86 nm and Hz = 30 nm in structure A, B and C. The width
(D) of the Au slab is 500 nm and the period (p) is 820 nm in structure B. For structure D, the
width of the Au slab and the period of the structure is 500 nm and 820 nm, respectively. The

thickness of Ti layer is 3 nm in structure A, B and D. The light is normally incident with TM-
polarization.
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4.3.1 Optical properties for the DBR-film structure

The influence of the number (N) of the pair of DBR that is made up of alternating SiO2/Si
layers on the absorptance of the DBR—-film structure is investigated, as shown in figure 4.4.
The structure dimensions are Hi = 205 nm, H2 =86 nm, Hz = 30 nm, and the thickness of the
Ti layer is 3 nm. The light is normally incident. It is seen that the absorptance is very low
when N is 1. While the absorptance begins to increase and the spectrum exhibits spectral
selectivity when N increases to 2. The peak absorptance reaches the maximum with a value
of 0.83 at the resonant wavelength of 1547 nm when N increases to 5. Since the absorptance
spectrum shows no changes when N is further increased, the optimized N is 5.
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Figure 4.4 The simulated absorptance spectra for the DBR—film structure with different pairs

of DBR. The structure dimensions are Hy = 205 nm, H> = 86 nm and Hz = 30 nm. The light
is normally incident.

The simulated reflectance, transmittance and absorptance spectra for the DBR-film
structure are shown in figure 4.5(a). The structure dimensions are Hy = 205 nm, H>= 86 nm,
Hz =30 nm, and the light is normally incident. Unless otherwise noted, N is 5 in this chapter.
As shown in the figure, the absorptance spectrum reaches a peak (point P2) with a value of

0.83 at the resonant wavelength of 1547 nm. The reflectance also drops to the minimum at
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the same resonant wavelength. The transmittance always stays at a very low level (close to
0) within the wavelength range of 1000 to 2000 nm. To compare the optical behaviors of the
structure at the non-resonant wavelength and resonant wavelength, the electric field (|E|)
distributions at points P1 and P> are investigated, as shown in figure 4.5(b). The electric filed
Is quite weak at the non-resonant wavelength (P1). On the contrary, the electric field is much
stronger at the resonant wavelength (P2) compared to that at the non-resonant wavelength.
The electric field is strongly enhanced at the fourth and last SiO./Si interfaces due to the
generation of TPs and reaches the maximum at the last SiO2/Si interface. Since the TPs decay
with the distance away from the SiO/Si interface and the Ti/Si interface is close to the last
SiO/Si interface (only 86 nm in distance), the electric field at the Ti/Si interface is still very

strong.
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Figure 4.5 (a) The simulated reflectance, transmittance and absorptance spectra for the DBR-
film structure. The structure dimensions are Hy = 205 nm, H, =86 nm, H3=30 nm and N =
5. The thickness of the Ti layer is 3 nm, and the light is normally incident. (b) The simulated

electric field distributions for points P1 and P2 in the structure.

The simulated absorptance variation with the Au layer thickness (Hs) and light
wavelength in the DBR-film structure is shown in figure 4.6(a). The resonant wavelength
corresponding to TPs resonances exhibits a blueshift with the increase of Hs when Hs is

smaller than 40 nm. Once Hs exceeds 40 nm, the TPs resonances begin to decay until
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completely disappear which indicates the incident light is all reflected by the thick Au layer.
The optimized thickness for the Au layer is between 10 to 30 nm. Since the thicknesses of
the alternating SiO./Si layers are subject to the central wavelength (Apgr) of the DBR to
excite TPs, it is of crucial importance to investigate the influence of Apgr 0n the structure
absorptance. The simulated absorptance variation with Apgr and light wavelength is shown
in figure 4.6(b). The resonant wavelength linearly increases with Apgr, indicating the facile
tunability of TPs resonances in the NIR range. The angular dependence of the simulated
absorptance of the structure is shown in figure 4.6(c). The resonant wavelength
corresponding to the TPs resonances shows a blueshift with the incident angle of light.
Moreover, the TPs resonances become weaker and weaker with the increase of the light angle.
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Figure 4.6 The simulated absorptance variation with different parameters of the structure.
Unless otherwise noted, the structure dimensions are Hi = 205 nm, H> = 86 nm, Hz = 30 nm,
N =5, and the light is normally incident. (a) The simulated absorptance variation with the Au

layer thickness (Hz) and light wavelength. (b) The simulated absorptance variation with the
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central wavelength (Apgr) of the DBR and light wavelength. (c) The simulated absorptance

variation with the incident angle of light and light wavelength.
4.3.2 Optical properties for the grating-on-DBR structure

The simulated reflectance, transmittance and absorptance spectra for the grating-on-DBR
structure are shown in figure 4.7(a). Unless otherwise noted, the structure dimensions are D
=500 nm, p =820 nm, Hy =205 nm, H>= 86 nm, H3= 30 nm, N =5, and the light is normally
incident with TM-polarization. The absorptance spectrum exhibits several peaks at points Py,
P> and P3. The absorptance at point P3 reaches as high as 0.95 at the resonant wavelength of
1547 nm. To check the optical behaviors of the structure at different resonant wavelengths,
the electric field distributions at points P1, P2, Ps and P4 (non-resonant wavelength) are
investigated, as shown in figure 4.7(b). At point Py, the electric field is strongly enhanced in
the first, third and last SiO- layers due to the FP resonance. On the contrary, the electric field
is enhanced in the second and fourth SiO: layers for point P2. For point Pz, the electric field
is strongly enhanced at the last SiO./Si interface and Ti/Si interface, which is likely
originating from the coupling of FP resonance and TP resonance due to the grating-on-DBR
mode. The electric field at the non-resonant wavelength (point P4) is very weak, which is

used as a reference.
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Figure 4.7 (a) The simulated reflectance, transmittance and absorptance spectra for the
grating-on-DBR structure. The structure dimensions are D = 500 nm, p = 820 nm, H1 = 205
nm, H2 =86 nm, Hz =30 nm and N = 5. The thickness of the Ti layer is 3 nm, and the light
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is normally incident with TM-polarization. (b) The simulated electric field distributions for

points Py, P2, Pz and P4, which are defined in (a).

The simulated reflectance variation with the width (D) of the Au slab and light
wavelength is shown in figure 4.8(a). The resonant wavelength corresponding to point Pz, as
defined in figure 4.7(a), shows a small blueshift when D increases from 200 to 700 nm. The
influence of the thickness (Hz) of the Au slab on the reflectance is also investigated, as shown
in figure 4.8(b). The resonant wavelength shows a blueshift and the resonance bandwidth
becomes narrower and narrower when Hz increases from 0 to 30 nm. The resonant
wavelength and bandwidth almost keep stable when Hs exceeds 50 nm. The reflectance
variation with the period of the structure and light wavelength is shown in figure 4.8(c). The
resonant wavelength corresponding to point Ps exhibits a redshift with the increase of the
period. The influence of the central wavelength (Aogr) of the DBR on the reflectance is given
in figure 4.8(d). The resonant wavelength corresponding to point Ps exhibits a linearly

redshift with Apgr, demonstrating the presence of TPs resonances.
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Figure 4.8 The simulated reflectance variation with different structure dimensions and light
wavelength of the grating-on-DBR structure. Unless otherwise noted, the structure
dimensions are D = 500 nm, p = 820 nm, H1 = 205 nm, H2= 86 nm, Hz =30 nm and N = 5.
The thickness of the Ti layer is 3 nm, and the light is normally incident with TM-polarization.
(a) The simulated reflectance variation with the width (D) of the Au slab and light wavelength.
(b) The simulated reflectance variation with the thickness (Hs) of the Au slab and light
wavelength. (c) The simulated reflectance variation with the period (p) of the structure and
light wavelength. (d) The simulated reflectance variation with the central wavelength (Apgr)

of DBR and light wavelength.

4.4 Theoretical calculation of photocurrent responsivity

4.4.1 Generation, transport and collection of hot electrons

The formation of photocurrent in the DBR-film structure and grating-on-DBR structure is
mainly attributed to the generation, transport and collection of hot electrons in the structures.
The detailed calculation of the photocurrent responsivity in the two structures is clarified in

the following.
(1) Generation of hot electrons

The absorbed power density (abs(#, w)) of the structure is first obtained linking to the local

Ohmic loss in the Au layer

siw|ﬁ(7,w)|2

. ©

abs(?,w) =

where r represents the position, o represents the angular frequency of light, & represents the
imaginary part of the permittivity of Au, and E(#, w) represents the electrical field. The hot

electron generation rate G (7, w) can then be expressed as
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G(F, w) ” T ,

@

where 7 represents the reduced Planck constant.

(2) Transport and collection of hot electrons

The generated hot electrons will transport to the metal/semiconductor (M/S) interface and be
injected into the semiconductor after crossing the Schottky barrier with a specific probability
(P). The kinetic energy of a hot electron that is generated in the Au layer Eay is expressed as

Epu = Ep +E, 3)

where Er represents the Fermi level of the Au layer and E (0 < E < hw) represents hot
electron energy above the Fermi level. The hot electron momentum in the Au layer kau can
be expressed as

2miE 2mi(Ex + E
kAuz\/ he Au=\/ e(hF )’ (4)

where mj, represents the effective mass of an electron. The hot electron kinetic energy after

crossing the M/S barrier into the Si (Esi) is expressed as

Esi = E — ¢y, %)

where ¢y, represents the barrier height. The hot electron momentum in the Si (ksi) is expressed

as

_ J2mEg _ V2mi(E — ¢y,)
h h )

ks; )

As discussed in chapter 3, the hot electron that successfully reaches the M/S interface can
cross the Schottky barrier only if its momentum component in the x direction (kau)x is larger
than the threshold kes, which defines an escape cone. The probability Pesc for hot electrons

being in the escape cone is shown as
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where ky represents the momentum component in the y direction. The probability Prer for hot

(N

electrons crossing the Schottky barrier without reflection is expressed as

p _ 4‘(kAu)x(kSi)x _ 4\/(k[2\u - k)%)(kgi - klz,)

T ((kawdx + (ks )? 2’
[+ Ji& i3

where (ksi)x represents the x-component of ksi. The transmission probability P for hot

electrons crossing the M/S Schottky barrier is expressed as

Ksi(E) Ksi(E) 2 kéi - kJZ/ ky
P PcPrerdhy = | “ k)
0 0 Au
<\/kf\u — k3 + \/kgi - k32/>
where Ksi(E) represents the maximum of ks; and it is calculated by
2m}(Es;) 2m;(hw — @)
Ksi(E) = (ksi)max = y2m hSI =2 = y2me 5 : (10)
The internal quantum efficiency (IQE, defined as #) can be shown as
1 (Een
n=—-— PdE , (1)
Epn b

where Epn represents the photon energy. The photocurrent responsivity R and photocurrent

Iph can then be expressed as

R=—, (12)

iph = RPjpc, (13)
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where A represents the optical absorptance and Pinc represents the incident power of light

illuminated on the structure.
4.4.2 Narrowband and high responsivity photodetection in the near infrared

The calculated normalized hot electron generation rates G for the DBR-film structure and the
grating-on-DBR structure are shown in figure 4.9(a) and (b), respectively. The structure
dimensions are D = 500 nm, H1 = 205 nm, H2= 86 nm, Hz= 30 nm and N = 5. The thickness
of the Ti layer is 3 nm, and the light is normally incident with TM-polarization. It is seen that
the generation rate of hot electrons decreases from the M/S interface to the other side of the
Au film in the DBR-film structure. Hot electrons are substantially generated in the middle
part of the Au slab in the grating-on-DBR structure, which attributes to the strong field

enhancement in the middle of the Au slab as shown in figure 4.7(b).

max

Substrate Substrate

Figure 4.9 The normalized hot electron generation rates G for the (a) DBR-film structure,
and (b) the grating-on-DBR structure. The structure dimensions are D = 500 nm, Hy = 205
nm, H> =86 nm, Hz=30 nm and N = 5. The thickness of the Ti layer is 3 nm, and the light is
normally incident with TM-polarization.
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The calculated photocurrent responsivity of the DBR-film structure for different Au film
thicknesses (Hs) is shown in figure 4.10(a). The inset shows the electrical connection, where
the photocurrent is measured between the Au film and the top Si layer. The responsivity
spectrum exhibits a narrowband and resonant photocurrent response. With the increase of Hs
(from 20 to 50 nm), the resonant wavelength shows a blueshift and the peak responsivity and
the bandwidth both decrease. Figure 4.10(b) shows the calculated responsivity for different
incident angles (6) of light. When @ increases from 0° to 45°, the responsivity spectrum

exhibits a narrowband and tunable resonant wavelength with the variation of 6.
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Figure 4.10 The calculated photocurrent responsivity of the DBR-film structure for (a)
different Au film thicknesses (Hs), and (b) different incident angles (6) of light. The inset in
(a) shows the electrical connection for measuring the photocurrent. Unless otherwise noted,
the structure dimensions are Hi = 205 nm, H> = 86 nm, Hz = 30 nm and N = 5. The thickness
of the Ti layer is 3 nm, and the light is normally incident.

The calculated photocurrent responsivity of the grating-on-DBR structure for different
thicknesses (Hs) of the Au slab is shown in figure 4.11(a). The inset shows the electrical
connection, where the photocurrent is measured between the Au slab and the top Si layer.
When Hs increases from 20 nm to 50 nm, the responsivity spectrum shows a blueshift and
the bandwidth becomes narrower and narrower. The tunability of the responsivity spectrum
can also be controlled through changing the width (D) of the Au slab, as shown in figure

4.11(b). The responsivity spectrum exhibits a very small redshift when D increases from 400
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to 600 nm, but it shows a large redshift when D increases to 700 nm and the peak responsivity
decreases. The responsivity spectrum also shows a tunable resonant wavelength when the
structure period (p) increases from 800 to 860 nm, as shown in figure 4.11(c). The appearance
of the ultra-narrow and small peak around the wavelength of 1415 nm is due to the FP
resonance which has been discussed in section 4.3.2. The calculated responsivity is strongly
dependent on the incident angle of light (), as shown in figure 4.11(d). The responsivity
spectrum shows a blueshift and splits when & increases from 0° to 30°.
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Figure 4.11 The calculated photocurrent responsivity of the grating-on-DBR structure for (a)
different thicknesses (Hs) of the Au slab, (b) different widths (D) of the Au slab, (c) different
periods (p) of the structure, and (d) different incident angles (6) of light. The inset in (a)
shows the electrical connection for measuring the photocurrent. Unless otherwise noted, the
structure dimensions are D =500 nm, p = 820 nm, H: = 205 nm, H> =86 nm and Hz = 30 nm.

The thickness of the Ti layer is 3 nm, and the light is normally incident with TM-polarization.
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The comparison of photocurrent responsivity among the reported TPs-based hot
electron photodetectors is shown in Table 1. Seen from the comparison, the responsivities of
our proposed DBR-film structure (10737 nA/mW) and grating-on-DBR structure (11933

nA/mW) are both in the highest level ( > 10000 nA/mW), showing a competitive

performance with previously reported TPs-based hot electron photodetectors. Moreover, the
responsivities of our proposed two structures are more than 17 times of the Si-based grating
structure (600 nA/mW) [56].

Table 1: Comparison of photocurrent responsivity among TPs-based hot electron

photodetectors
Resonant wavelength
Structure [reference] Bias (V) Responsivity (nA/mW)
(nm)

DBR-based MSM structure [50] 813 0 13.7 (cal.)
Si0,/TiO,-Au film structure [51] 892 0 750 (cal.)
M-S-ITO-DBR structure [52] 1581 0 8.26 (exp.)

microcavity integrated DBR M/S/TCO structure [53] 850 0 239 (cal.)
DBR-M-S structure [54] 1100 0 16000 (cal.)
DBR-film structure [this work] 1547 0 10737 (cal.)
grating-on-DBR structure [this work] 1549 0 11933 (cal.)

Note: cal. represents calculation result, and exp. represents experiment result.

4.5 Discussion

In this chapter, we propose a DBR-film structure and a grating-on-DBR structure. The DBR-
film structure achieves a high absorptance of 0.83 at the resonant wavelength of 1547 nm.

The generation of hot electrons in the Au film is enhanced by the excitation of TPs at the
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metal/DBR interface, which facilitates the photocurrent responsivity. The grating-on-DBR
structure further increases the absorptance at the resonant wavelength, and shows a larger
modulation (0.95) compared with the DBR-film structure (0.83) and the traditional Si-based
grating structure (0.5). The electric field distribution in the structure is strongly enhanced at
the Ti/Si interface due to the grating-on-DBR mode. Therefore, the generation of hot
electrons is significantly facilitated and a large photocurrent responsivity is obtained. The
calculated responsivities of the proposed two structures both exhibit a narrowband and high
responsivity photodetection in the near infrared. The calculated responsivities of the DBR-
film structure (10737 nA/mW) and the grating-on-DBR structure (11933 nA/mW) are both

among the highest level (> 10000 nA/mW), showing a competitive performance with

previously reported TPs-based hot electron photodetectors.
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Chapter 5 : Conclusions and future work

Hot electron photodetectors are commonly made up of M/S architecture, M/I/M architecture
and the derived architecture (M/S/M, M/I/TCO, M/S/TCO, etc.). The formation of

photocurrent consists of a 3-step internal photoemission process (D photoexcitation, @
transport and (3 emission) in M/S architectures, or a 5-step photoemission process of hot
electrons across the M/I/M and the derived architectures (eg, @ generation in one metal
contact, @ reach the first M/1 interface, @ cross the first M/I barrier, @ transport through

the insulator, ® cross the second M/1 barrier and be collected by the opposing metal contact).

For all architectures, hot electrons can be generated in the metallic structure via either
photoexcitation or the decay of plasmons. After the generation, only the hot electrons with
the momentum inside the escape cone and higher energy than the barrier height can cross the
barrier and be collected. The internal photoemission of hot electrons over a bulk Schottky
junction (M/S, M/1, etc.) is usually a very inefficient process due to the poor light absorption,
broad energy distribution of hot electrons and isotropic hot electron momentum distribution.
To increase the photoelectric conversion efficiency and the photocurrent response of hot
electron photodetectors, plasmonic structures that are capable of inducing surface plasmon
resonances (SPRs) and further increasing the light absorption are deliberately designed. Both
the broadband and narrowband high-absorption in the specific wavelength range (visible,
near infrared, middle infrared) can be achieved through using different plasmonic structures
and materials. For example, to achieve the spectrally selective and high-responsivity hot
electron photodetection in the near infrared, we deliberately design a Si channel-separated
parallel grating structure as shown in chapter 2 and a Si channel-separated interdigitated
grating structure as shown in chapter 3 in this thesis. Due to excitation of SPP mode, these
two structures strongly trap and confine light at the M/S interface and corners of the Au
nanoslabs at the resonant wavelength within the near infrared, resulting in a narrowband and

sharp absorption with a peak of 0.81 through controlling the structure period, incident angle
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and polarization of light. The measured responsivity spectra of these two structures exhibit
the same variation with the absorptance spectra (opposite to the variation of the reflectance
spectra), showing a narrowband, spectral selectivity and high responsivity photodetection in
the telecommunication C-band. The measured photocurrent responsivity of these two
structures show a competitive performance with respect to the previously reported Si-based
NIR photodetectors. Through changing the component material and structure dimensions,
these grating-based channel structures are promising for achieving photodetection in the
middle infrared (MIR) and even terahertz (THz) ranges. The theoretical calculation to
quantify the photocurrent response in terms of the optical and electrical properties of hot
electron photodetectors can also be performed using Scales’s model (for M/S architecture)
or Chalabi’s model (for M/I/M architecture), which are both demonstrated to match well with
the experimental results. On the other hand, due to the strong field enhancement at the
metal/air interface and the spectrally-selective absorption of light at the resonant wavelength,
the resonant wavelength of the proposed structure exhibits a highly sensitive shift with the
minute change of the refractive index (RI) of the surrounding medium, showing a potential

for the application of refractive index sensing in the near infrared region.

Apart from the plasmonic structures with the excitation of SPs, the currently proposed
TPs-based planar structures have also drawn much attentions. TPs or optical Tamm states
exist at the metal/DBR interface. At the resonant wavelength for TPs, the electromagnetic
surface wave propagating along the metal/DBR interface can be highly confined around the
interface, allowing for strong absorption by the metallic film. This kind of hot electron
photodetectors consist of alternating multilayers (DBR) with different refractive indexes and
metal film, generating TPs at the DBR/metal interface. The biggest advantage of the TPs-
based planar structure is that even though it is free of complicated nanofabrication process
(electron-beam lithography, etching, lift-off, etc.), it still exhibits a large photocurrent
response, such as our proposed DBR-Au film structure as shown in chapter 4. The proposed
DBR-film structure consists of alternating Si/SiO> layers and an Au film. Due to the
generation of TPs, the proposed structure achieves narrowband and spectrally selective

photodetection by only using planar Si/Au architecture. By generating the grating-on-DBR
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mode, we propose a grating-on-DBR structure as shown in chapter 4. The structure is likely
to couple the FP resonance and TP resonance, which further enhances the generation of hot
electrons in the metal and facilitate the formation of photocurrent. The calculated
photocurrent responsivity of the grating-on-DBR structure is larger than most of ever
reported TPs-based hot electron photodetectors till now. Through changing the pair of DBR,
the component material and the grating dimensions, this grating-on-DBR structure is

promising to achieve photodetection in MIR and THz ranges.

To further explore and investigate hot electron photodetection, my plan for the future
work is: (1) investigating the thermodynamic loss mechanisms in hot electron photodetectors
and finding strategies to achieve efficient hot electron photoconversion. (2) continuing
designing new structures with novel architectures to improve the photoelectric conversion
efficiency, the photocurrent responsivity and the photoresponse time. (3) designing structures
with 2D materials for broadband and high responsivity photodetection, such as graphene,

perovskite, MoS,, etc.
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