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Abstract
Light manipulation is an important method to enhance the light-matter interactions in micro and nano photonic materials and structures by generating useful
electric field components and increasing time and pathways of light propagation
through the micro and nano materials and structures. For example, quantum well
infrared photodetector (QWIP) cannot absorb normal incident radiation so that
the generation of an electric field component which is parallel to the original incident direction is a necessity for the function of QWIP. Furthermore, the increase
of time and pathways of light propagation in the light-absorbing quantum well
region will increase the chance of absorbing the photons.
The thesis presents the theoretical studies of light manipulation and lightmatter interaction in micro and nano photonic materials and structures, aiming at
improving the performance of optical communication devices, photonic integrated
devices and photovoltaic devices.
To design efficient micro and nano photonic devices, it is essential to know
the time evolution of the electromagnetic (EM) field. Two-dimensional and threedimensional finite-difference time-domain (FDTD) methods have been adopted in
the thesis to numerically solve the Maxwell equations in micro and nano photonic
materials and structures.
Light manipulation in micro and nano material and structures studied in this
thesis includes: (1) light transport in the photonic crystal (PhC) waveguide, (2)
light diffraction by the micro-scale dielectric PhC and metallic PhC structures
(gratings); and (3) exciton-polaritons of semiconductor quantum dots, (4) surface
plasmon polaritons at semiconductor-metallic material interface for subwavelength
light control. All these aspects are found to be useful in optical devices of multiple
beam splitter, quantum well/dot infrared photodetectors, and solar cells.
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Chapter 1
Introduction
Light is important for our understanding of the universe because light interacts
with matter so that the light-matter interaction can tell us a great deal about the
nature of the matter. Light-matter interaction can be regarded as the interaction
between photons and electrons in matter. Large light-matter interaction and increased time/pathways of photons propagating in the light-absorbing regions are
needed in photovoltaic devices and light-absorbing devices, such as solar cells and
photodetectors. So, how to manipulate and control light to couple the light to the
light-absorbing materials, e.g., quantum wells (QWs) and quantum dots (QDs), is
very important.
In the middle of 1800’s, James Clerk Maxwell proposed the Maxwell equations
to describe the propagation of an electromagnetic (EM) wave. The concept of
photon was introduced to interpret the blackbody radiation and photoelectric effect at the beginning of 20th century by Max Planck and Albert Einstein. Light
is understood to have both particle and wave characters depending on different
situations [1, 2]. The study of light, i.e., optics, has been an important research
area in modern physics. The theories of optics developed roughly in the following
sequence: (1) ray optics, (2) wave optics, (3) EM optics, (4) quantum optics. The
quantum optics theory can explain most of the optical phenomena; The EM optics
theory always treat light in the classical optics region; Wave optics can be seen
as a scalar approximation of EM optics. Ray optics can handle the light when
the wavelength is much short [3]. Fig. 1.1 shows the relationship between these
theories.
Fig. 1.2 shows the EM spectrum. In this thesis, we focus on the visible-light
and near/middle Infrared (NIR/MIR) wavelengths.

1.1

Optical diffraction and interference

Photonics mainly focuses on the function and application research of light, including novel micro and nano photonic materials and devices, and their applications in
optical communication, computing, display technology, energy, biology, and etc.
11
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Figure 1.1: The theories of optics.
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Figure 1.2: (a)Electromagnetic wave spectrum. The shaded region shows the
wavelength region we have focused on in this thesis. (b) Solar cell (from
http://en.wikipedia.org/wiki) (c) quantum well infrared photodetector (QWIP)
(from http://www.ir-nova.se/)
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With the rapid improvement of micro/nano fabrication techniques such as
electron-beam lithography, ion-beam milling, self-assembly techniques of molecular beam epitaxy (MBE) and metal-organic chemical vapor deposition (MOCVD),
micro and nano photonic structures, such as dielectric photonic crystals (PhCs),
metallic PhC structures, surface plasmon polariton structures, and QWs/QDs have
been developed extensively. They play key roles in both fundamental research and
applied research including quantum optics/electronics and optoelectronic devices.
Wave-optics based diffraction and interference are two important ways to manipulate light in micro/nano photonic structures/devices. In the limit where the
wavelength (λ) is small relative to the structure, “diffraction” refers to deviations
from geometric optics due to the fact that λ > 0. For the optical scattering from
periodic structures such as PhCs, “diffraction” refers to the phenomenon of multiple reflected/refracted waves that arises because λ < ∞, and especially in the case
where λ/2 is comparable to the periodicity of the structures [4]. In this thesis,
we use “diffraction” in the latter sense for our PhC structures including reflection,
refraction, diffraction and interference in our PhC structures [5, 6]. Diffraction
grating is an optical structure or component with periodic structure, which splits
and diffracts incident light into several beams traveling in different directions by
modifying the phase and amplitude of the incident wave. The directions of these
beams depend on the geometry of the grating and the wavelength of the light [3].
Optical interference is a phenomenon in which two or more optical waves meeting in the same point of space and time can form a resultant wave of larger or
smaller amplitude (i.e. constructive interference and destructive interference). Interference usually refers to the interaction of waves coming from the same source
or having the same or similar frequency. The interference pattern that occurs
under certain conditions provides a highly directional beam or split beam pattern
[7, 8, 9], which is useful in the optical communications. See more details in chapter
4.

1.2

Dielectric photonic crystals

The lattice constants of PhCs are usually in the same order as the visible-light and
near-infrared radiation wavelengths, so wave-optics based PhC structures have
good diffraction effects on the solar radiation and near infrared radiation. For
example, in solar cells, PhCs can diffract incoming beams into highly oblique
angles, which increases the pathways of photons inside the absorbing material;
and the light with frequencies outside the photonic bandgap can be refracted and
scattered into photonic modes with a high photon density of states in the lattice,
which increases the trapped photons and the time spent by photons propagating
in the solar cell. These effects can help to maximize the probability of absorption
and to exceed the ray-optics based (traditional) 4n2 limit for solar cells in a broad
region of wavelengths.
Since the pioneering works of E. Yablonovitch and S. John [10, 11] that pro-
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(a)

(b)

(c)

Figure 1.3: Illustration of (a) 1D, (b) 2D, and (c) 3D photonic crystals.

posed the photonic bandgap in periodic dielectric structures, the term photonic
crystal (PhC) has been used to describe the structures with a periodic dielectric
function (permittivity ²) in one or more dimensions, as shown in Fig. 1.3.
The materials of PhCs can be either dielectric or metallic materials. Similar
as conventional crystals which can provide an energy bandgap for electrons in the
crystal, PhCs can provide energy bandgaps for the photons, thus can control and
manipulate the propagation of light by utilizing the dispersion relation, i.e. band
structure of PhCs (a relation between the wave vector and the frequency).
One-dimensional (1D) PhCs including periodic stacks of parallel planar multilayers film (such as Bragg mirror) had been studied before 1987. 1D photonic
crystal bandgap (stop-band) was found by L. Rayleigh in 1887 [12]. Now they are
used in highly reflective mirrors/coatings in optical devices, for example, LEDs
and VCSEL [13]. They have also been used in grating structures to diffract and
reflect optical waves at certain angles [14]. V. P. Bykov speculated the situations
for two dimensional (2D) and three dimensional (3D) PhCs [15]. The concept of
3D photonic crystals was discussed by Ohtaka in 1979 [16]. By 1991, Yablonovitch
had demonstrated the first 3D photonic bandgap in the microwave regime by
using the famous Yablonovite structure [17]. In 1996, T. F. Krauss made the
first demonstration of a 2D photonic crystal at optical wavelengths [18]. All these
opened the door for fabricating semiconductor material based PhCs. 2D PhCs have
been used firstly in PhC fibres by Philip Russell to enhance the properties of optical
fibres [19]. Other 3D PhCs were also fabricated, like woodpile structures, inverse
opals and stacked 2D PhCs [20, 21, 22]. 3D PhCs also comprise arrays of cubes,
spheres, holes of various shapes and other active units such as QDs, organized in
lattice structures like those found in natural crystals [23, 24, 25, 26, 27].
PhC cavities are introduced in perfect PhCs to create local modes (or group of
modes) at a frequency (or some frequencies) within the photonic bandgap (PBG).
PhC cavities usually have very high quality factors due to the light resonance,
which can enhance the optical amplitude. High-Q PhC cavities can be used in
very low-threshold lasers, resonators, antennas, high-sensitivity filters, sensors and
detectors [28, 29, 30, 31, 32], and the PhC cavities are also important for the
application of cavity quantum electrodynamics and light diffraction and trapping.

1.3. METALLIC PHC STRUCTURES
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See more details in chapter4.
Light whose frequencies are within the PBG can be guided from one location
to another by PhC waveguides (line defects in perfect PhCs). The PhC waveguide
can be used in directional emitter, beam splitter and coupler in free-space optics
or photonic integrated circuits. Guided modes in 2D dielectric PBG crystals have
been studied in many previous works [33, 34]. See more details in chapter4.

1.3

Metallic PhC structures

1D, 2D and 3D PhCs made of metallic elements have been proposed to create artificial dielectrics with fully controllable dielectric permittivity from optical wavelengths to the microwave domain. Metallic photonic crystals have properties different from those of dielectric ones. Metallic PhC structures always refer to 1D/2D
metallic gratings or 3D PhCs consisting of periodic metallic units (such as metallic
spheres). Reflective metallic gratings based on geometry optics, i.e., conventional
optical diffraction gratings lithographically patterned on the tops of photodetectors [35, 36] were proposed at the end of 20th century and used in the real devices
now.
With the rapid improvement of nanofabrication techniques, wave-optics based
metallic diffraction gratings and surface Plasmon polaritons (SPPs) structures
have been extensively investigated both theoretically and experimentally. Surface plasmon exists as electron oscillations at the interface between two materials whose signs of real part of dielectric constants are different. When it interacts (couples) strongly with the light (photon), SPP is created. Many nanoscale metallic structures such as nano-particle chains [37] and nano-wires [38]
have been developed, which are able to be used in sub-wavelength optical devices, such as plasmonic lenses [39, 40, 41, 42], surface plasmonic waveguides
[37, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55], plasmonic light sources
[56, 57, 58, 59, 60], and active plasmonic devices [61, 62, 63, 64, 65, 66, 67, 68].
Nano-scale optical components for high-density photonic integrated circuits are
more and more important according to Moore’s law. From wave-optics point of
view, when the dimensions of an optical component are similar to or smaller than
the wavelength of the light, the light propagation will be interfered by optical
diffraction [2]. This effect limits the minimum size of optical devices as well as the
density of photonic integrated circuits. These restrictions in the subwavelength
optics regime are very critical to the conventional optical production (this is also
called as “diffraction limit”) [69, 70, 71, 72, 73, 74, 75]. The field of plasmonics
is becoming an exciting area for the application of surface/interface plasmons in
merging the fields of photonics and electronics in nanoscale[70, 76]. SPP can
be constructed into nanoscale photonic circuits to carry both optical signals and
electric currents [77, 78] and overcome the diffraction limit effectively. This can
minimize the size of the optical components to the sub-100nm scale which benefits
the integration of the optical components in micro or nano scale electronic systems
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[70, 71, 72, 73]. Some practical applications like light guiding and manipulation in
the nanoscale, bio-detection at molecular level have been realized [79, 80, 81, 82,
83].
The dispersion relationship of an SPP at a dielectric-metal interface is
ksp

·
¸1/2
ω
²d ²metal
=
c ²d + ²metal

(1.1)

where ω is the frequency of the EM wave, and c is the speed of light in vacuum. ²d
is the positive permittivity of dielectric material, and ²metal is a complex dielectric
function of metal. To excite a SPP, momentum conservation must be satisfied so
that the wave vector of the incident light paralleling to the surface k|| should equal
to the SPP wave vector ksp . However, for ordinary light shining on the smooth
semiconductor-metal interface,
ksp > k||
(1.2)
Kretschmann [84] and Otto [85] configurations are normally used to provide the
necessary momentum conservation. Another method is to use periodic corrugations in the metal surface, where the periodicity of the structure leads to the
phase matching. The diffraction gratings made of metallic film with hole arrays
[77, 86, 87] have been used in QW and QD infrared photodetectors (QWIP and
QDIP) to diffract the normal-incident infrared radiation and create strong EM
field enhancement in the near field region due to the subwavelength mode confinement. Plasmonic excitation using metallic nanoparticles has also been extensively
studied to harvest light for solar cell applications [88, 89, 90]. See more in Chapter
4.

1.4

Quantum dots

Besides SPP, when a strong coupling between EM waves and excitons in lowdimensional semiconductor structures (such as QDs) occurs [91, 92, 93], the excitonpolaritons created in the QDs can also have the characteristics of both photonics
and electronics. This exciton-polariton effect offers another solution to overcome
the diffraction limit.
QD is an artificial creation of quantum confinement of a few electrons, holes or
excitons in three spatial directions. Based on the advanced semiconductor materials grown techniques such as MBE and MOCVD, III-V semiconductor (gallium
arsenide (GaAs)/indium arsenide (InAs)) QDs can be fabricated [94]; II-VI semiconductor (CdS/CdSe) QDs for solar cells can be produced by chemical synthesis
[95]. Fig. 1.4 (a) and (b) shows these two types of QDs.
Generally speaking, the typical size of a QD is about 2 to 18 nm in radius. By
controlling the geometrical size and shape, the properties of QDs are relatively easy
to be engineered. The emission peak (resonance) frequency of a QD is sensitive to
both its size and composition. While reducing the size of a semiconductor material
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Solid-state based QDs

Solution-based QDs
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Figure 1.4: (a) Solid-state based QDs, (b) chemically synthesized solution-based
QDs, (c) QW/QDIPs, (d) QDs solar cell.
to a small size approaching its exciton Bohr radius, the exciton will not be able
to move freely due to the quantum confinement, resulting in quantized energy
spectra, sharp density of states, and spatially localized wave functions. Because
of these electronic and optical properties, QDs have many important applications:
diode lasers, light emitting devices (LED), optical amplifiers, photovoltaic devices
(solar cells and photodetectors in Fig. 1.4 (c) and (d)), quantum calculations and
computers, and biological sensors [96, 97, 98, 99, 100, 101, 102]. In this thesis, we
focus on light-matter interaction in the QDs infrared photodetectors (QDIPs) and
QDs solar cells.

1.5

QDs based infrared photodetectors and solar
cells

Infrared photodetectors made of semiconductor materials generally contain solidstate-based QWs or QDs which are fabricated by MBE and MOCVD methods.
The first clear demonstration of QWIPs was made in 1987 [103]. Since then,
tremendous progress was made by the Bell Laboratories’ group (see [104] and references therein). Now, large focal plane arrays (FPAs) with excellent performance
have been fabricated [35, 105, 106, 107, 108, 109, 110, 111, 112]. The detection
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mechanism in both QWIPs and QDIPs relies on the intraband photoexcitation of
electrons from confined states in the conduction band wells to the extended states
in continuous band.
There are two types of the photocarrier extraction methods: photoexcited carriers are swept out of the light absorbing region by (1) an externally applied electric
field (photoconductive), and (2) built-in internal field due to inversion asymmetry
(photovoltaic). QWIP and QDIP adopt the photoconductive detection mechanism, where photoexcited carriers are moved out of the QW/QD region by an
externally applied electric field [113]. QDIPs are similar to GaAs/AlGaAs QWIP,
with the QWs replaced by the self-assembled InAs QDs in GaAs matrix. An ideal
QDIP is expected to be substantially superior to a QWIP because of the advantage
of the normal incidence response for QDIPs.
In common infrared focal plane arrays (FPAs), a near-transparent epoxy underfill is used between pixels for mechanic support as shown in Fig. 1.4(c) [114].
(The refractive index of epoxy is about 1.5). SiO2 or Si3 N4 thin films are also
used to cover on the pixels as passivation-materials whose optical absorptions are
also very small [112, 115]. Indium bumps serve as the electrical interconnection
between detector pixels and readout integrated circuits (ROIC) unit cells, and the
detector substrate is thinned to reduce the crosstalk from substrate.
Solar cells are devices converting solar energy into electricity. It has been developed from the first generation solar cells, i.e., p-n junction silicon cells, then the
thin-film solar cells, to the third generation solar cells, which include nanocrystal solar cells, QD/dye-sensitized hybrid solar cells, as well as polymer solar cells
[95, 116, 117, 118, 119, 120].
QDs solar cells can be made of either solid-state-based QDs (Fig. 1.4 (a)) or
chemically synthesized solution-based QDs as shown in Fig. 1.4 (b,d). Different
from the QDIPs, interband photoexcitation of electrons from valence band to the
conduction band corresponding to solar radiation wavelength is used in solar cells.
The solid-state QDs can be embedded in p-n junction made of semiconductor materials to form a p-i-n solar cell, the photoexcited electrons can be moved by the
built-in internal field. However, for a solution-based QDs solar cell, it is an n-type
solar cell and the efficiency depends on the electrons’ diffusion from conduction
band of QDs to those of other materials such as TiO2 and ITO glass-electrodes. A
liquid redox electrolyte is filled between the two electrodes, creating an environment for the electrons re-generation [121].
The quantum confinement effect and multiple exciton generation (one photon
creates two or more excitons) [122] in QDs can enhance the light-matter interaction
in QDs and enlarge photocurrents in QDIPs and solar cells. The continuous energy
bands in bulk semiconductor materials will split into quantized energy levels in the
QDs and the band gap of QD will increase with the reducing of size. Therefore,
the absorption wavelength of QDs can be tuned by the size. So the solar cell made
of different size of QDs can absorb light efficiently in a broader wavelength region.
The difference between photovoltaic QD solar cell and QDIP is the operating
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wavelength that depends on whether the intraband or interband transition will
happen in QDs.
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Chapter 2
Computational approaches and
details
2.1

Time-dependant Maxwell equations and boundary conditions

Firstly, we study the wave propagation of the electromagnetic (EM) wave in the
photonic structures by solving the Maxwell equations, which are a group of four
equations for the electric filed and magnetic field intensities E and H, the electric
and magnetic flux densities D and B. Let ρ be the volume charge density, j the
conduction current density [123], the differential forms of the Maxwell equations
are:
(1) Gauss’ law for electricity
∇·D =ρ

(2.1)

∇·B =0

(2.2)

(2) Gauss’ law for magnetism

(3) Faraday’s law of induction
∂B
∂t

(2.3)

∂D
+j
∂t

(2.4)

∇×E =−
(4) Ampere’s law
∇×H =
Other relations are:

B = µH , D = ²E , j = σE

(2.5)

Here µ is the magnetic permeability, ² is the electric permittivity, σ is the
electric conductivity. At a surface of discontinuity, the boundary conditions are as
follows:
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(1) For the vector D
Dn,1 − Dn,2 = ρ

(2.6)

where ρ is the surface charge density, and “n” means the normal direction. The
normal component of D changes across the surface if the surface charge density
ρ 6= 0.
(2) For the vector B
Bn,1 = Bn,2
(2.7)
the normal component of B is continuous across the surface of discontinuity.
(3) For the vector E
Et,1 = Et,2
(2.8)
the tangential component of E is continuous across the surface. “t” means the
tangential direction.
(4) For the vector H
Ht,1 − Ht,2 = j
(2.9)
where j is the surface current density. The tangential component of the vector H
changes if the surface current density j 6= 0.
Several powerful numerical methods have been developed to solve the Maxwell’s
equations: (1) Finite element method (FEM) is often used to solve Maxwell differential equations in the frequency domain [124]; (2) Plane wave method is employed
to simulate periodic structures [24, 26, 27, 99, 125, 126]; (3) Finite-difference timedomain (FDTD) method is a direct time-domain solution of the Maxwell’s differential equations on spatial grids [123, 127, 128, 129, 130, 131, 132, 133]. The
simulation in this thesis is based on the FDTD technique.

2.2

Finite-difference time-domain method

The FDTD method is a time-domain EM analysis method. It can solve rigorously the Maxwell’s equations without any approximations or theoretical restrictions. FDTD therefore can provide more accurate information about the EM field
than other approximate methods. The FDTD method solves the time-dependent
Maxwell’s equations by first discretizing the equations via central differences approximations in time and space, then numerically solving these partial differential
equations [123, 127]. It can find the time-dependent solutions in a long time range
with a single simulation. Furthermore, a fast Fourier transform (FFT) or discrete Fourier transform (DFT) of the time-dependent solutions will result in the
frequency-dependent solutions. Light propagation in many micro/nano structures
made of either active or passive materials, such as PhCs and QDs, can be simulated by FDTD method. In the following, basic equations for 2D and 3D FDTD
methods will be introduced.
Yee lattice was first proposed in 1966 [127] to store different field components
at different spatial grid locations. The forms of the Yee lattice in 3D cubic and
2D square are shown in Fig. 2.1 and Fig. 2.2.
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(i+1,j+1,k+1)

(i,j+1,k+1)

(i,j,k+1)

Hy
Hx

Ez

(i+1,j+1,k)
Hz

(i,j,k)

Ey
(i+1,j,k)

Ex

Figure 2.1: Illustration of a 3D Yee lattice used for 3D FDTD, different field components are located at different locations in a grid. The electric field components
are at the edges of the cube, and the magnetic field components are at the centers
of faces.

(i,j+1)
Ez

(i,j)

(i+1,j+1)
Hy

Ex

(i+1,j)

Figure 2.2: Illustration of a 2D Yee lattice used for TE-polarization, different
field components are located at different locations in a grid. The electric field
components are at the edges of the square, and the magnetic field components are
at the center.
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In 3D case, we denote a space domain (x, y, z) = (i : i + 1, j : j + 1, k : k + 1),
and a space point as (i, j, k) = (iδx, jδy, kδz), where, δx, δy, and δz are space
increments in the x, y, and z directions, respectively, i, j, and k are integers. The
time dimension is discretized as t = nδt (n is an integer). A function u of space
and time at a point in the spatial grid:
u(iδx, jδy, kδz, nδt) = uni,j,k

(2.10)

Yee used the central-difference expressions for the space and time derivatives.
Considering the first partial space derivative of u in x direction, at the time nδt,
we get:
uni+1/2,j,k − uni−1/2,j,k
∂u(iδx, jδy, kδz, nδt)
=
+ O[(δx)2 ]
(2.11)
∂x
δx
The ±1/2 increment of the i subscript denotes the space finite-difference over
±1/2δx. Similarly, while the ±1/2 increment is used in the n subscript (timecoordinate), we get:
n+1/2

n−1/2

ui,j,k − ui,j,k
∂u(iδx, jδy, kδz, nδt)
=
∂t
δt

+ O[(δt)2 ]

(2.12)

Using the above expressions, the Maxwell’s equations in 3D can be expressed
as
Ex |n+1
i,j,k =

Ey |n+1
i,j,k =

Ez |n+1
i,j,k =

n+1/2

Hx |i,j,k

n+1/2
Hy |i,j,k

n+1/2
Hz |i,j,k

=

=

=

1−

0
σi,j,k
δt
2²i,j,k

1+

0
σi,j,k
δt
2²i,j,k

1−

0
δt
σi,j,k
2²i,j,k

1+

0
σi,j,k
δt
2²i,j,k

1−
1+
1−

2²i,j,k

2µi,j,k

1+
1−

ρ0i,j,k δt
2µi,j,k

1−
1+

²i,j,k

1+

0
σi,j,k
δt
2²i,j,k

Ey |ni,j,k +

²i,j,k

1+

0
σi,j,k
δt
2²i,j,k

δt

Ez |ni,j,k +

²i,j,k

1+

0
σi,j,k
δt
2²i,j,k





n−1/2

Hx |i,j,k

n−1/2
Hz |i,j,k
ρ0i,j,k δt
2µi,j,k

+

+

+

n+1/2

1+

1+

ρ0i,j,k δt
2µi,j,k



δz

n+1/2
n+1/2
Hz |i+1/2,j,k −Hz |i−1/2,j,k
δx

n+1/2
n+1/2
Hy |i+1/2,j,k −Hy |i−1/2,j,k

−

(2.14)



δx

n+1/2
n+1/2
Hx |i,j+1/2,k −Hx |i,j−1/2,k

(2.15)

δy

Ã

Ey |n
−Ey |n
i,j,k+1/2
i,j,k−1/2

−
Ã

ρ0i,j,k δt
2µi,j,k

δt
µi,j,k

n+1/2

Hx |i,j,k+1/2 −Hx |i,j,k−1/2

ρ0i,j,k δt
2µi,j,k

δt
µi,j,k

(2.13)

δz

µi,j,k

1+



δy

n+1/2
n+1/2
Hy |i,j,k+1/2 −Hy |i,j,k−1/2

−


n+1/2

n+1/2

Hz |i,j+1/2,k −Hz |i,j−1/2,k

−

δt

n−1/2
Hy |i,j,k
ρ0i,j,k δt
2µi,j,k
ρ0i,j,k δt
2µi,j,k




δt

ρ0i,j,k δt
ρ0i,j,k δt
2µi,j,k

1+

Ex |ni,j,k +

0
σi,j,k
δt
0
σi,j,k
δt
2²i,j,k



δt

Ã

δz
Ez |n
−Ez |n
i,j+1/2,k
i,j−1/2,k

!
(2.17)

δx
Ex |n
−Ex |n
i,j,k+1/2
i,j,k−1/2
δz

Ex |n
−Ex |n
i,j+1/2,k
i,j−1/2,k

−

(2.16)

δy

Ez |n
−Ez |n
i+1/2,j,k
i−1/2,j,k

−

!

δy
Ey |n
−Ey |n
i+1/2,j,k
i−1/2,j,k
δx

!
(2.18)
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where ², σ 0 , µ, and ρ0 are material parameters mean electric permittivity, electric
conductivity, magnetic permeability, equivalent magnetic resistivity, respectively.
Based on the above equations, the present value of a field component at one lattice
point depends on its previous value and the previous values of the other field
components at adjacent spatial points.
For 2D simulations, the EM wave propagation can be studied separately in two
different polarizations: transversal magnetic (TM) and transversal electric (TE),
depending on if the electric filed or the magnetic field is perpendicular to the plane
where the structure is defined. Usually for 2D photonic crystal structures, if EM
waves are propagating in the plane-of-periodicity, in which the structural periodicity can be observed (also referred to as the transverse plane), TE means that
all (two) E field components are in the transverse plane, while a third magnetic
field component is along the longitudinal direction. TM is defined similarly [4].
According to this definition, for our 2D cases in this thesis, a TE mode has Ex ,
Hy , Ez components; a TM mode has Hx , Ey , Hz components (Note that EM wave
propagates in z direction, x − z plane is used for 2D domain definition from here
to the following). Take the TE situation shown in Fig. 2.2 as an example, the
equations can be reduced as follows:
Ex |n+1
i,j

Ez |n+1
i,j

n+1/2
Hy |i,j

2.2.1

=

1−
1+

=

=

ρ0i,j δt
2µi,j
ρ0i,j δt
2µi,j

1−
1+
1−
1+

0 δt
σi,j
2²i,j
0 δt
σi,j
2²i,j

Ex |ni,j

0 δt
σi,j
2²i,j
0 δt
σi,j
2²i,j

Ez |ni,j

n−1/2
Hy |i,j +

1

+

+

δt
µi,j
ρ0i,j δt
+ 2µ
i,j

1

1

(

n+1/2

n+1/2

δt
²i,j
σ 0 δt
+ 2²i,ji,j

Hy |i,j+1/2 − Hy |i,j−1/2

δt
²i,j
σ 0 δt
+ 2²i,ji,j

Hy |i−1/2,j − Hy |i+1/2,j

(2.19)

δz
n+1/2

n+1/2

(2.20)

δx

Ex |ni,j+1/2 − Ex |ni,j−1/2
δz

−

Ez |ni+1/2,j − Ez |ni−1/2,j
δx
(2.21)

Incident wave sources

There are many excitation sources for different practical situations, such as (1) field
source and current source; (2) impulse with very broad wavelength region, pulse
with finite wavelength region and continue wave (CW) with only one wavelength;
(3) point source, line source and plane wave source; (4) Gaussian, rectangle and
multimode profiles. The excitation is composed of both spatial and temporal
components. E-field sources in 1D-line and 2D-plane are used for 2D and 3D
FDTD simulations in this thesis. If the periodic boundary is used and the line or
plane source covers the whole width of the computational domain, then the plane
wave is simulated. The pulse source having the following Gaussian time envelope
is:
2
sin(ω0 t)e−((t−t0 )∆ω) /2
(2.22)

)
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where the source center frequency ω0 and the pulse bandwidth ∆ω are included.
Some PhC structures are usually very dispersive, if the pulse source covers too
many wavelengths (with very large bandwidth), the pulse will be broadened quickly
during the simulation. This will lead to an unstable result in the FDTD simulations
[130, 131]. If the ∆ω is zero, the source becomes a CW source. CW simulation is
very useful when we want to study the wave propagation in the photonic materials
and structures at some specific wavelengths or when the pulse study is too coarse
for some situations.

2.2.2

Boundary conditions in FDTD method

Proper boundaries are necessary for minimizing the computational domain and
getting accurate results during the FDTD simulations. There are several boundary
conditions (BCs) in common FDTD simulation:
(1) Periodic BCs are generally used when both the structures and EM fields
are periodic and injected radiation is in the normal direction to the surface of the
structure. It can be chosen in one or more directions so that the simulation is
equivalent to be performed on an infinite structure composed of the basic computational domain repeated endlessly in one or more dimensions.
E(r + a) = E(r)

(2.23)

where a is the period.
(2) Metal BCs are used to specify boundaries which are perfectly reflective in
the optical wavelength, it allows no energy to escape the simulation volume along
that boundary.
(3) Symmetric BCs are used when both the structure and source are symmetric
in one plane or more planes. It creates mirrors for the electric field, and anti-mirrors
for the magnetic field. The opposite situation is the asymmetric BCs.
(4) Bloch BCs should be used when the structures and the EM fields are periodic, but a phase shift exists between each period. For example, when launching
a plane wave at an angle to a periodic structure, the EM field propagating in the
structure can be expressed by:
E(r + a) = eik·a E(r)

(2.24)

where k is the corresponding Bloch wave vector (phase shift), and a is the periodic
lattice constant (period).
(5) Perfectly matched layer (PML) absorbing BCs perform total absorption of
the waves touching them and avoid the interference between the reflected fields
and forward fields inside the computational domain. PML is the most effective
absorbing BC in the simulation of photonic structures. It splits electric or magnetic field components in the absorbing boundary region and assigns losses to the
individual split field components [134, 135].
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In 2D situation, considering TE polarization case, where the relevant field
components are Ex , Hy , Ez (assume light is injected in +z direction), Maxwell’s
equations reduce to:
∂Ex
∂Hy
²0
+ σEx =
∂t
∂z
∂Ez
∂Hy
²0
+ σEz = −
∂t
∂x
∂Ex ∂Ez
∂Hy
∗
+ σ Hy =
−
µ0
∂t
∂z
∂x

(2.25)

where ²0 and µ0 are free space permittivity and permeability, and σ, σ ∗ are possible electric conductivity and magnetic loss assigned to free space. The PML
modification of Maxwell equations are as follows:
∂(Hyx + Hyz )
∂Ex
+ σz Ex =
∂t
∂z
∂(Hyx + Hyz )
∂Ez
+ σx Ez = −
²0
∂t
∂x
∂Ez
∂Hyx
∗
µ0
+ σx Hyx = −
∂t
∂x
∂Hyz
∂Ex
∗
+ σz Hyz =
µ0
∂t
∂z
²0

(2.26)

where σx , σz denote electric conductivities and σx∗ , σz∗ denote magnetic losses.
In 3D situation, all six Cartesian field components are split, and the PML
modification of Maxwell equations yields 12 equations, as follows:
µ0

∂Hxy
∂(Ezx + Ezy )
+ σy∗ Hxy = −
∂t
∂y

∂(Eyx + Eyz )
∂Hxz
+ σz∗ Hxz =
∂t
∂z
∂(Exy + Exz )
∂Hyz
+ σz∗ Hyz = −
µ0
∂t
∂z
∂Hyx
∂(Ezx + Ezy )
µ0
+ σx∗ Hyx =
∂t
∂x
∂(Eyx + Eyz )
∂Hzx
µ0
+ σx∗ Hzx = −
∂t
∂x
∂Hzy
∂(Exy + Exz )
µ0
+ σy∗ Hzy =
∂t
∂y
µ0

(2.28)
(2.29)
(2.30)
(2.31)
(2.32)

∂Exy
∂(Hzx + Hzy )
+ σy Exy =
∂t
∂y

(2.33)

∂Exz
∂(Hyx + Hyz )
+ σz Exz = −
∂t
∂z

(2.34)

²0
²0

(2.27)
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∂Eyz
∂(Hxy + Hxz )
+ σz Eyz =
∂t
∂z
∂Eyx
∂(Hzx + Hzy )
²0
+ σx Eyx = −
∂t
∂x
∂(Hyx + Hyz )
∂Ezx
²0
+ σx Ezx =
∂t
∂x
∂Ezy
∂(Hxy + Hxz )
²0
+ σy Ezy = −
∂t
∂y
²0

(2.35)
(2.36)
(2.37)
(2.38)

where σ and σ ∗ are variables describing the absorption of PML.

2.2.3

Dielectric constant of medium

From the Ref. [115], we can find many optical constants of common materials in
solid-state, including the n and k values at different wavelengths. For example, the
k values for silicon (Si) and GaAs bulk are very small in the NIR wavelength region,
and the optical loss of the electromagnetic field due to the optical absorption is thus
small, so we can neglect the optical absorption while calculating the propagation
of the incident radiation in Si or III-V materials, ² ≈ n2 .
However, for metals, they are very dispersive materials which can be described
by the Lorentz model or Drude model of the dielectric constants, some parameters
can be found in [136]. The formulas are as follows:
Lorentz Model: For single-pole,
²(ω) = ²∞ +

(²0 − ²∞ )ωp2
ωp2 − ω 2 − 2iωδp

(2.39)

where ²0 is the static permittivity, ²∞ is the relative permittivity at infinite frequency, ωp is the frequency of the pole pair (the resonant frequency of the medium),
and δp is the damping coefficient.
Drude Model: For single-pole,
²(ω) = 1.0 −

ωp2
ω(ω + iγ)

(2.40)

where ωp is the bulk plasma frequency, γ is the damping rate.
In order to describe the exciton-polariton contribution to the dielectric constant
of QDs, we use the frequency-dependent effective dielectric constant [137, 138] as
shown below:
¸
·
6ωLT
(2.41)
²QD (ω) = ²∞ 1 + 2
π (ωex − ω − iγ)
where ²∞ is the dielectric constant of the QD material (bulk), ~ωex is the exciton
energy, and ωLT is the exciton-polaritonic transverse-longitudinal splitting of the
polariton dispersion branches (the width of the polaritonic stop band).

2.3. COMPUTATIONAL SKILLS IN OUR FDTD SIMULATION

29

For FDTD study of the propagation of an incident EM wave across the QD,
Eq. (2.41) has been reformatted to be
·
¸
6ωLT ωex
²QD (ω) = ²∞ 1 + 2 2
(2.42)
π (ωex − ω 2 − iγω)
in the vicinity of the exciton resonance.
We have to fit the parameters in ² expression by using the n and k values in
different frequency ranges.

2.3

Computational skills in our FDTD simulation

In additions to the above mentioned computational aspects, the FDTD simulation
requires further input parameters, such as: the size of the computational domain,
the boundary condition(s), spatial grid sizes, temporal grid sizes, and the length
of time (time steps). In the following, we will introduce how to choose parameters
for effective computations and how to check the simulation results during the
computing progress in addition to the common method of comparing the results
with literatures. There are several simulation skills that have been used to get
more accurate results.
(1) Air domain test: In FDTD simulations, it is quicker to run a simulation
without any fine structures inside the computational domain. From this air-domain
test, we can check the optimized parameters for the desired wavelength, EM components, power and amplitude of the light source, and whether the boundaries
(periodic or PML) are set rightly. While considering a complex structure in the
computing, finer grids should be used; if the metal or other dispersive material
is used in the simulation, there should be larger space between the PML and the
structures. A desired PML reflection value and the number of layers are also
needed to be properly set.
(2) Longer time test: Running a longer-time test simulation to make sure
that steady states are reached without dispersion.
(3) Smaller temporal and spatial grid test: The spatial grid must be small
enough to resolve the shortest wavelength of the light to be simulated. This is generally decided by the wavelength in the material(s) to be simulated. Moreover, in
some cases, it can be related to the geometry of the photonic structures. Typically,
the size of grid must resolve the wavelength in time and is less than λ/10 (λ is
the wavelength in the largest-² material in the computational domain). Running
a smaller-grid simulation (including both temporal and spatial grids) to see if the
result remains the same as the coarser-grid simulation, and also check if it meets
the source settings or Fresnel equations, etc. Then the expected grids scales which
can lead to accurate results without dispersion will be proper set.
(4) Relation between temporal grid and spatial grid size: Smaller spatial grid, more accurate results will be got. However, more computer memory and
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time will be also required. To obtain a stable FDTD simulation, one must obey
the Courant condition which relates the spatial and temporal step size:
1
δt ≤ q
1 2
1 2
c ( δx
) + ( δy
) + ( δz1 )2

(2.43)

where c is the speed of light in vacuum. Smaller spatial grid size gives smaller
temporal grid size. Thus, more time is needed to reach the steady state.
(5) The conservation of energy: If we have not considered the absorption of
the material and not involved active source inside the system, the energy flowing
in the system must be the same as the energy flowing out of the system when the
steady state is reached. The Poynting vector shows the flow of energy:
S =E×H

(2.44)

(6) CW simulation instead of pulse simulation: For more accurate results
in frequency domain, CW simulation scanning is better than the pulse simulation,
because the pulse generally has a wide frequency and narrow pulse width, thus
may cause more unstable progress when the incident wave meets the geometries.
The FFT or DFT calculation depends very much on the amount of samples and
the length of time.
(7) Boundary conditions: The boundary conditions at the edges of the
computational domain must be carefully set and checked, especially the PML
absorbing BC. While considering the line or plane wave source, the PML in x or
x − y direction can cause light scattering due to the truncation of the source. And
the dispersive material such as metal should be set far from the PML to obtain
more accurate results.

2.4

Discrete Fourier Transform

In a pulse simulation, we usually transform the temporal results from the FDTD
calculation to the frequency domain by using the discrete Fourier transform (DFT).
Assuming E(nδt) as the time response of the electromagnetic component from the
FDTD calculation, its DFT is given by
E(N, ω) =

N
X

E(nδt) exp(−inωδt)

(2.45)

n=0

where δt is the FDTD time interval, N is the number of time steps in the simulation. If the signal time is infinitely long, its discrete-time Fourier transform
(DTFT) is
∞
X
E(∞, ω) =
E(nδt) exp(−inωδt)
(2.46)
n=0

2.5. FINITE ELEMENT METHOD
which provides a continuous-time Fourier transform of the function E(t):
Z ∞
E(ω) =
E(t) exp(−iωt)dt
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(2.47)

0

DFT integration should be run up to the time when the FDTD simulation
stops. According to the uncertainty principle, if we use only a finite-length E(nδt)
with n ≤ N , this finite sampling time will result in an inadequate frequency
resolution in the Fourier spectrum, which is proportional to 1/(N δt) [139]. Some
oscillations and/or errors may occur to the DFT results if the simulation is stopped
too early. So, it is necessary to run the simulation for a sufficiently long time to
get a reasonable frequency resolution. At least, the simulation should be run long
enough for the time-domain fields to decay.
According to the Nyquist-Shannon sampling theorem, if the signal x(t) has a
highest frequency of B Hz, the time interval for the sampling should be less than
1/(2B) second [139]. Considering the signal E(nδt) (sampling interval δt) from
the FDTD simulation as an example, if its bandwidth is B, the sufficient condition
for exact reconstruction from samples should satisfy:
δt < 1/(2B)

(2.48)

Moreover, we should choose the nonzero time-domain signals to do the FFT or
DFT calculations.

2.5

Finite element method

The finite element method (FEM) is also used to numerically solve the partial
differential equations (PDEs). FEM usually uses unstructured meshes, which is
different from the squared grids used in FDTD. For example, the 2D computational
domain is always divided into triangles in FEM, so it is easy for FEM to solve
PDEs on complicated geometries. The time-resolved results cannot be achieved
straightforward in FEM because all FEM codes use frequency-domain methods,
i.e., steady state of EM wave at a single wavelength will be obtained in FEM. It
should repeat the simulations at different wavelengths to get the results over a
broad wavelength range. [140].
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Chapter 3
Light-matter interaction in nano
photonic structures
The interaction of light with matter can take many forms: (1) light absorption
and fluorescence based on quantum optics (absorption and emission of photons);
(2) light scattering including reflection, refraction and diffraction based on wave
optics. If there is no polariton induced during the light-matter interaction, the
material is normally referred to as passive, while the material is called active when
polariton becomes induced.
In this chapter, we focus on the light absorption and fluorescence. The light
scattering will be introduced in Chapter 4. We first show macroscopic light-matter
interaction phenomena in EM optics. After that, quantum mechanism related to
the light absorption and emission in nano photonic structures (such as QWs/QDs)
is introduced.

3.1

Electron in electromagnetic field

The nature of light-matter interaction in nano photonic structures is the electronEM field interaction. The Hamiltonian describing an electron with an electronic
charge −e in the electromagnetic field of (A, φ) is
1
(p − eA)2 − eφ + V0 (r)
2m0
p2
e
ie~
e2 2
=
− eφ + V0 (r) −
A·p+
∇·A+
A
(3.1)
2m0
m0
2m0
2m0
where V0 (r) is the potential energy of the system in the darkness, m0 the free
electron mass, and p = −i~∇ is the electron momentum. In the above equation,
p2 /(2m0 ) + V0 (r) is the Hamiltonian of electron in the darkness. For the electromagnetic field of optical radiation, the scale potential φ is small and neglected, the
∇ · A is also neglected according to the Lorentz gauge[141]. Considering:
|

p2
2e|A|
eA · p
|:|
|=
m0
2m0
p
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Figure 3.1: (a) Solar radiation spectra and (b) ratio of e|A|/p in solar cells. The
region between two dashed lines shows the visible light region: 380-750 nm.
|

eA · p
e|A|
e2 A2
|:|
|=
2m0
m0
2p

(3.2)

the ratio of e|A|/p shows the electron-EM wave (light-matter) interaction.
Fig. 3.1(a) shows the solar radiation spectra.
Using an electron speed of 104 m/s (in common semiconductors), m0 = 9.1 ×
−31
10
kg, e = 1.6 × 10−19 C in Eqs. (3.3), we got the plot of ratio e|A|/p as shown
in Fig. 3.1(b).
r
W = nph ~ωc , e|A| = e

nph ~
, ω = 2πc/λ
2²ω

(3.3)

As can be observed in Fig. 3.1(b), e|A|/p in the whole solar spectral range is
very small so that in the following we only consider the light matter interaction in
the form of A · p and the term containing A2 is neglected.
The value of e|A|/p at sea level is much smaller at some wavelengths due to
the light absorption by the atmosphere. e|A|/p is large in visible-light region
and some NIR wavelength regions. In this thesis, we tried to find a good optical
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Figure 3.2: Illustration of light (photon) absorption and emission.
coupling structure to enhance the light-matter interaction in solar cell over broad
wavelength.

3.2

Photons in semiconductors

Electronics and photonics have joined together in semiconductor optoelectronic
devices where photons can generate free electrons and electrons can generate and
control the motion of photons. Semiconductors are broadly used in optical detectors, sources (light-emitting diodes and lasers), amplifiers, waveguides, sensors
[9, 35, 92, 142, 143, 144, 145, 146]. Semiconductor materials absorb and emit
photons by undergoing transitions between different electronic energy levels [3].
There are groups of close electronic energy levels which form bands in a semiconductor material. The electrons-filled band is the valence band and the empty
band above the top of valence band is conduction band. The space between these
two bands is the energy gap. Electrons and holes can interact with photons. The
absorption of a photon can generate an electron-hole pair and the recombination
of the electron-hole pair can result in the emission of a photon, see Fig. 3.2.

3.3

Wave functions of electrons in nano structures

Quantum well infrared photodetectors (QWIPs) usually contain one or more QWs
made of semiconductor materials [147]. QW is a sandwich semiconductor structure
consisting of a thin layer of material whose bandgap is smaller than that of the
surrounding material, forming conduction-band and valence-band rectangular potential wells in which electrons and holes are confined. A common material for the
well is GaAs, and the barrier material is aluminium gallium arsenide (AlGaAs).
Fig. 3.3(a) shows a schematic energy band structure of such a GaAs/AlGaAs QW
structure.
Eqs. (3.4) and (3.5) show the energy relations including the potential energy
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Figure 3.3: (a) Schematic energy band structure of a GaAs/AlGaAs QW structure. (b) First three bound states of a finite GaAs/AlGaAs QW structure with an
AlGaAs barrier width of 50 nm and a GaAs QW width of 20nm.
and kinetic energy in finite potential QW and barriers,
E = ~2 kw2 /2m∗w − V0

(3.4)

E = ~2 kb2 /2m∗b

(3.5)

where mw and mb are the effective masses of the well material and barrier material, V0 is the potential barrier height. For a QW structure with 50 nm thick
Al0.3 Ga0.7 As barrier and 20 nm thick GaAs QW, the wave functions of three lowest bound states are shown in Fig. 3.3(b). Here we find that wave functions can
penetrate into the barriers when the barrier well is finite, the wave will decay in
the barrier regions and more electrons will go into the barrier easier when the level
is near the top of the well [136].
Consider a QW which is confined along the z direction with an effective confinement length LQW , and extended in the xy plane, the wave function can be
expressed as [146]:
1
ψi (z)ei(kx x+ky y)
ψi,k (x, y, z) = p
SQW

(3.6)

where SQW is the extension area of the QW in xy plane and (x, y, z) is the position
of the electron in space.
Z
|ψi (z)|2 dz = 1

(3.7)

LQW

For QD confined in 3D within an effective volume ΩQD , the electron state is

Energy (eV)

(a)
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quantized and only denoted by its quantum index i, i.e., ψi (r), and
Z
|ψi (r)|2 dr = 1
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(3.8)

ΩQD

due to the wave function normalization.
Most QDs grown by MBE and MOCVD methods are dome shaped [148, 149]
with a circular base of radius r and a height h (h/(2r) ≈ 1/4.5 for InAs QD in
GaAs). We can model such a QD as a cylinder with a circular cross section (radius
r) in the xy plane and a height h along the z axis. For the low-energy levels in the
conduction band, we can approximate the confinement potential as infinitely high
so that we can separately solve the Schrödinger equation as a square QW with a
width h along the z direction and a cylindrical QW disk with radius r in the xy
plane.
A cylindrical quantum wire extended along the z axis is described by
·
µ 2
¶
¸
~2
d2
d
− ∗
+
+ V (x, y) ψ(x, y) = Eψ(x, y)
(3.9)
2m dx2 dy 2
where

½
V (x, y) =

−V0 x2 + y 2 ≤ a2
0
x2 + y 2 > a2

(3.10)

where V0 ≥ 0. In the cylindrical coordinate of (x, y) = (ρ, φ) and by writing
ψ(x, y) = eimφ Jm (ρ),
½ ∗
¾
2m [E − V (ρ)] m2
d2 Jm (ρ) 1 dJm (ρ)
+
+
− 2 Jm (ρ) = 0
(3.11)
dρ2
ρ dρ
~2
ρ
where m is an integer (negative or positive so the state of |m| is two-fold degenerate).
Inside the quantum wire, q 2 = 2m∗ (E + V0 )/~2 , the above equation becomes
µ
¶
d2 Jm (ρ) 1 dJm (ρ)
m2
2
+
+ q − 2 Jm (ρ) = 0
(3.12)
dρ2
ρ dρ
ρ
The solutions to the above equation are called Bessel functions. For integer values
of m, the Bessel function can be expressed as
Z π
1
e−i(mτ −qρ sin τ ) dτ
(3.13)
Jm (ρ) =
2π −π
For ground state (m = 0) in x − y plane,
Z π
1
J0 (ρ) =
eiqρ sin τ dτ
2π −π

(3.14)
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The ground state wave function in space is [87]
r
Z π
³ πz ´
1
2
√
eiqρ sin τ dτ
ψ0 (ρ, φ, z) =
sin
2
h
h β πr
−π

(3.15)

where m∗ is the effective mass of electron, q 2 = 2m∗ (E + V0 )/~2 , and β a normalization factor (β = 3.26 for the ground state), V0 is the confinement energy
of the conduction band electron. We can find the value of q for the ground state
when we set the radial part of the wave function to zero at the edge of the QD
(ρ = r) which gives q0 r = 2.405. This wave function is a good approximation of
the ground state electron wave function calculated in [150] for actual dome-shaped
QDs, due to the small electron effective mass of the QD material.
We now consider a spherical CdSe QD in vacuum with a radius of R as shown
in Fig. 3.4(a). The energy band gap of bulk CdSe material is 1.74 eV (room
temperature), the exciton Bohr radius is 4.9 nm, the quantum confinement energies
for the conduction-band electron and the valence-band holes are 4.95 eV and 2.5
eV respectively. Fig. 3.4(b) shows the schematic energy band structure of QD.
The effective masses of the electron and hole are m∗c = 0.14m0 and m∗v = 0.46m0 ,
respectively, where m0 is the electron rest mass. Each single-particle state is
denoted by its energy and angular momentum number (`). Fig. 3.4(c) and (d)
shows the CB electron states and VB hole states confined in a spherical CdSe QD
with a radius of 2 nm and 4 nm as a function of the angular momentum number
(`). QD has a quantized energy spectrum due to the spatial confinements of the
wave functions within the QD. With the increase of radius of QD (from 2 nm to 4
nm), the number of confined states increases and the distance between two nearest
states decrease. The QD bandgap thus decrease with an increasing size of QD as
shown in Fig. 3.4(c) and (d).

3.4

Photocurrent in solid-state based QWs/QDs

From this section to the following sections, we take solid-state based QWs/QDs
and chemical synthetic solution-based QDs as examples. Without loss of generality,
light is assumed to be injected in z direction in these devices.
We consider intra-conduction-band optical transitions (transitions between two
states within the conduction band) for the infrared photodetectors. As we discussed before, the major light-matter interaction is A · p, where A is the vector
field of the EM field and p is the electron momentum. As A ∝ E, we use E · p to
describe the light-matter interaction since E is obtained directly from our FDTD
calculations.
We first consider the QW. Denote ei as the quantized energy level confined
in the QW along the z direction, its wave function ψi , E the electric field of
the incident radiation. The total wave function of the conduction-band electron
confined in the QW can be expressed as
ψi,kx ,ky (r, t) = ψi (z) ei(kx x+ky y) e−i(ei +ekx ky )t/~

(3.16)
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Figure 3.4: (a) CdSe QD in vacuum. (b) Schematic energy band structure of CdSe
QD with a radius of 4 nm. Conduction-band (CB) electron states and valenceband (VB) hole states confined in a spherical CdSe QD with a radius of (c) 2 nm
and (d) 4 nm as a function of the angular momentum quantum number.
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Here the QW is grown along the z direction and extended in the xy plane. In
the above equation, kx and ky are wave vectors in the xy plane, and ekx ky =
~2 (kx2 + ky2 )/2m∗ , m∗ is the effective mass of the conduction-band electron. An
incident photon will excite an electron originally in ψi,kx ,ky to an extended state
ψk (r, t) = ψkz (z) ei(kx x+ky y) e−i(ekz +ekx ky )t/~

(3.17)

where k = (kx , ky , kz ). The wave function ψkz (z) of the extended state is not
simply in the form of eikz z . It is affected by the potential wells of QWs and QDs
[147, 151]. Here ekz = ~2 kz2 /2m∗ .
The photoexcited electron occupying ψk , referred to as the photocarrier, will
eventually be driven by an external bias to form the photocurrent. In a common
GaAs/AlGaAs QWIP, the transport of photocarriers can be well described by an
effective drift mobility of carriers in the bulk AlGaAs material [36]. Apart from
the drift mobility of the carriers, the photocurrent JQW can be expressed as [146]
Z Z
JQW (~ω) =
|hψi,kx ,ky |E · ∇|ψk i|2 dtdk
¯2 Z ∞
Z ¯Z
¯
dψkz (z) ¯¯
¯
[ei(ei −ek −~ω)t/~ + ei(ei −ek +~ω)t/~ ]dt) dk
dz ¯ (
= ¯ Ez ψi (z)
dz
¯2 0
Z ¯Z
¯
¯
dψ
(z)
k
z
= ¯¯ Ez ψi (z)
dz ¯¯ δ(ei − ekz + ~ω) dk
(3.18)
dz
where E = (Ex , Ey , Ez ) is the electric field of the excitation photon and ~ω is the
photon energy. In the above expressions, we consider an incident electric field with
a single photon energy ~ω so that ks in Eqs. (3.18) and (3.20) are determined by
the energy conservation δ functions.
For common device configurations in production, the incident radiation propagates along the z direction so that Ez = 0. An optical grating is thus necessary
for QWIP to diffract the light for nonzero Ez .
For QDIP devices, we approximate the wave functions of the confined and
extended states as
ψi (r, t) = ψi (r) e−iei t/~ , ψk (r, t) = ψk (r) e−iek t/~
so that the photocurrent is
Z ¯Z
i ¯¯2
h
¯
JQD (~ω) = ¯¯ E · ψi∗ (r)∇ψk (r) dr ¯¯ δ(ei − ek + ~ω) dk

(3.19)

(3.20)

QDs can thus be photoexcited by Ex and/or Ey .
For the dome-shaped QDs, the intraband optical transition matrix from ground
state ψ0 to an extended plane wave in the conduction band
1
ψkρ kz (ρ, φ, z) = √ ei(kρ ρ+kz z)
Ω
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is [87]
α = E · hψ0 |∇|ψkρ kz i = (Eρ kρ + Ez kz )hψ0 |ψkρ kz i

(3.21)

where Ω is the volume (i.e., πr2 h) of the QD (wave function normalization). For
q0 6= 0, and after integration over φ which gives 2π, the optical matrix element
becomes
√
Z
³ πz ´
2 2(Eρ kρ + Ez kz ) h
sin
α=
eikz z dz
2
βhr Z Z 0
h
r

π

×
0

ei(kρ ρ+q0 ρ sin τ ) dτ ρdρ

(3.22)

−π

Including the energy conservation and the density of states for free electrons
in the GaAs material, the photocurrent density spectrum is
Z
2dk
J(~ω) = |α|2 δ(e0 − ek + ~ω)
(3.23)
(2π)3
where k = (kρ , kz ), ek = ~2 k 2 /2m∗ , e0 is the energy of the ground electron state
ψ0 (ρ, φ, z) in the QD, 2dk/(2π)3 is the density of states which can be converted to
√
ek dek . Here we assume the normal QDIP device configuration with an external
bias applied along the z direction.

3.5

Exciton-polaritons in solution-based colloidal
QDs

Excitons are bound pairs of electrons (in the conduction band) and holes (in the
valence band) under the coulomb interactions. When an electron is excited from
the valence band into the conduction band by a photon, it is also attracted by
the hole in the valence band under the Coulomb force [136]. As the exciton is the
binding of the electron with the hole, its energy is slightly smaller than that of the
unbound electron and hole. Excitons have interesting optical properties and are
important for the optoelectronic applications [141, 145].
An exciton-polariton is a mixing of a photon and an exciton, it is the basic
optical excitation of semiconductor system. Exciton states are coupled to the EM
field via the light-matter interaction Hamiltonian, so exciton-polaritons are the
eigen modes of the Maxwell equations coupled with the exciton-equations in a
semiconductor structure [152]. The theory of exciton polaritons of a QD has been
described in details in Ref. [24].
We use FDTD algorithm and the dielectric constant of QD described in Eq. (2.42)
to study the propagation of an incident EM wave across the QD. The computational volume is terminated by periodic boundaries in x and y directions, and
PML absorbing boundaries are used in z direction to absorb the light passing
through the QD or reflected from the QD so that they will not affect the power
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Figure 3.5: Optical power distributions in and around the QD with a (a) positive
²0 , (b) negative ²0 , the diameter of QD is 10 nm. The insets are the optical power
distributions in different scales. Blue is the lowest value and red is the highest
value.
and electric field measurements. A plane-wave CW light source is used and put at
a safe distance away from the QD so that the local field around the QD will not
be disturbed.
The power flux distributions at the cross section of the QD with a positive ²0
and negative ²0 are shown in Fig. 3.5. The background is the air (²0 = 1). The
accumulation of the power occurs in the vicinities of the upper and lower poles of
the QD, at the same time, depletion is also observed around the left and right poles.
The profiles are the results caused by the light diffraction of the sphere shaped
QD. The sign of the power in and around the QD is handled by the dielectric
parameter variation of the QD. The same sign modulations of the power inside
QD due to the sign of ²0 are observed[93].
Now we consider interband transitions in the colloidal QDs for solar cell applications. Optical matrix element of inter-band transitions from the VB state to a
CB state is
Γji = hψj uc |E · p|ψi uv i = E · pcv hψj |ψi i

(3.24)

where pcv = huc |p|uv i is the momentum matrix element, related to the commonly
given material parameter Ep = p2cv /2m0 . Due to the quantized energy levels in
QDs, these optical matrix elements are singular which are listed as sharp peaks as
shown in Fig. 3.6.
In numerical calculations, the absorption between one VB state i and one
CB state j, including relaxation processes, can be also described by a Lorentzian
peak[153]
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Figure 3.6: Optical absorption spectra of the QD with a diameter of 3.4 nm without the exciton-polariton effect. Sharp peaks denote the singular optical matrix
element of Γji . The inset shows the schematic energy band structure of QD and
corresponding transitions.

Γabs (~ω) =

X
ji

Γji

1
Γ
π (~ω − Eji )2 + Γ2

(3.25)

where ~ω is the photon energy, Eji is the transition energy between CB state j
and VB state i, and Γ is the relaxation energy. Γ also includes various energy
dissipations such as electron-phonon interactions at room temperature.
Optical absorption is possible when the photon energy equals to the energy
difference between one VB state i and one CB state j and when Γji is not zero.
The photoluminescence (PL) peak is similarly described by the Lorentzian
peak:
Γlum (~ω) =

A
Γ
2π (~ω − (~ω0 − ∆))2 + Γ2

(3.26)

where ~ω0 = Ec0 − Ev0 (Ec0 is the ground CB electron state, Ev0 is the ground VB
hole state), ~ω is the photon energy, Γ is the relaxation energy, and A is a physical
constant proportional to the optical transition matrix element Γj=0,i=0 . ∆ denotes
the Stokes shift. The absorption and PL spectra are shown in Fig. 3.7(b). The
absorption energy, normally defined as the energy of the first absorption peak, has
been widely used as a measure of the QD size [154, 155].
The excited exciton can contribute to the dielectric polarization of the QD
material and thus results in the effective dielectric constant of Eq. (2.41)(plotted
in Fig. 3.7(a)). The small |²0 | with respect to ²∞ on the shorter-wavelength side

Dielectric constant
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of the exciton profile can induce a strongly enhanced EM field penetration in QD,
so, optical absorption in this range is enhanced. While the wavelength is near the
exciton peak, EM field penetration in QD is small due to the large |²0 |, the optical
absorption at the ground-exciton resonance energy region (1st peak in Fig. 3.6) is
reduced, which creates a gap between the first prominent absorption peak and the
luminescence peak (i.e. Stokes shift ∆) as shown in Fig. 3.7(b) [93]. The shape of
the theoretical absorption spectrum agrees well with the experimental data after
including the exciton-polariton effect.
In this chapter, I briefly introduced the light-matter interaction in QWs/QDs.
The photocurrents in solid state QW/QDs and exciton-polaritons of colloidal QDs
are studied. They are important for the performance of QWIP/QDIP and QD
solar cell. FDTD approach was used to simulate the EM wave propagation in
these QWs/QDs-based photovoltaic devices. More details will be shown in the
following chapter.
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Chapter 4
Light manipulation in micro
photonic structures
Light manipulation in micro and nano photonic structures can be realized in many
ways, including the localized waveguide/cavity mode, diffraction on the geometric
shape, the interference of diffracted waves, resonant excitation of surface-plasmonpolaritons, resonant excitation of exciton-polaritons. In this chapter, light manipulation in micro photonic structures will be discussed.

4.1
4.1.1

Dielectric PhC structures
Photonic band structure

Band structure is also called a band diagram or dispersion relation. Photons/light
are forbidden to propagate within certain energies (photonic bandgaps) in some
directions. If the gap covers all possible propagation directions, it is a complete
bandgap. The most famous structure for light control and manipulation is the
PhC [4].
As shown in Chapter 1, several PhC structures have been found to present
band gaps for one or two polarizations. In order to create a complete photonic
bandgap in three-dimensional (3D), one must arrange for the dielectric lattice to
be periodic along three axes, constituting a 3D photonic crystal [4]. For 2D case,
the band structures for TE and TM modes are completely different. For example,
in most situations, there are photonic band gaps for one polarization but not for
the other polarization. A 2D triangular lattice of air holes embedded in a dielectric
slab presents a large bandgap for TE polarized waves and even a complete bandgap
for both polarizations for air holes with large radius [156]. However, a cubic lattice
of rods in the air can present a bandgap for TM modes [9] and even a complete
band gap for some sizes and shapes of rods [157]. Here we plot a 2D PhC bandgap
as an example, see Fig. 4.1. It is calculated by the plane wave expansion (PWE)
method [126]. Different refractive index “n” of rods, lattice constant “a” and rod
47
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Figure 4.1: (a) 2D PhC made of square lattice of dielectric columns. (b) TM
(nonzero Ey , Hx and Hz ) band structure of the PhC in (a). The inset shows the
Brillouin zone which is shaded. b=0.55a and the dielectric refractive index n=3.0.
size “b” will change the band structure of PhC.
In the following subsections, we will show the light manipulation by the bandgap
and band-modes of PhC.

4.1.2

Multiple beam splitting from PhC waveguide

Multiple beam splitting and directional emission (90◦ beaming effect) are very
important for the free-space optics (FSO) in which light propagates between two
points in free space. Different from an optical communication technology based
on optical fiber, FSO is useful when the optical fiber connections are impractical
in many situations.
Recently, directional emission and beam splitting of light coming out of PhC
waveguides (PCWs) have been developed by using the bandgap character of PhC,
and they are also useful for efficient coupling between waveguides and PCW edgeemitting lasers [7]. Many methods such as changing the refractive index of the
surface layer, using grating layers [158] or coupling waveguides [159], surface corrugation [160, 161], concave corrugated surface [162], point defects near the surface
[8] and tapered exit [163] can be used to obtain directional emission in PCWs. For
beam splitting, PCW structures have also been developed. Different from closedtype PCWs on the chips [164], the open-type Y-shaped splitting from the PCW
to the out free space has also made progress. It can be successfully realized by
the self-collimation PhCs [165] and corrugated-surface PCW [166]. However the
corrugated surface is very complicated in manufacturing. A simpler PCW design
for multiple beam splitting of light should be proposed to reduce the cost.
We have designed a simple PhC waveguide with removable rods at the exit to
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Figure 4.2: (a) Simple waveguide. (b) and (c) Y-shaped waveguides with removable
rods at the exit. b=0.55a, dielectric refractive index n=3.0.
realize beam splittings[9] (Fig. 4.2).
In the 2D FDTD simulation, the lattice constant is a, a short line source (width
L=1.0a) located in the PhC waveguide is used, the incident direction is in the z
direction (perpendicular to the PhC rods), refractive index of rods n=3.0, b=0.55a,
the incident Gaussian TM polarized light is described by:
H(x, z, t) = [Hx (x, z, t), 0, Hz (x, z, t)]
E(x, z, t) = [0, Ey (x, z, t), 0]

(4.1)

The domain is terminated by periodic boundaries in the x directions to produce
periodic arrays and PML absorbing boundaries along the z direction [135]. At
t = 0 when the line light source is switched on, Ey (x, z, 0) = Hx (x, z, 0) = 1,
Hz (x, z, 0) = 0 at the source plane (line), CW is used for the calculation.
Fig. 4.2 shows optical field Ey distributions in three different PCW structures
for the same wavelength (λ=1.95a) in bandgap. Fig. 4.2 (a) shows the reference
PCW, the optical field diverges rapidly after exiting this simplest waveguide due
to the diffraction. Whereas by simply adding and removing rods at the exits
and modifying their positions, the beam is split and the interference between the
split beams generates three and five highly concentrated beams from the PCW.
Fig. 4.2 (b) and (c) shows one-to-three and one-to-five beam splittings those are
well concentrated and separated from each other.
In the following subsections, we will use the dispersion photonic bands (bandmodes) of PhCs to diffract light in the light-absorbing devices.

4.1.3

Light diffraction and funneling in solar cell and QDIP

(1) PhC in solar cells

50CHAPTER 4. LIGHT MANIPULATION IN MICRO PHOTONIC STRUCTURES
Light diffraction and funneling are important for the light-absorption in the
photovoltaic devices such as thin film solar cells and QDIP. Many optical losses
may reduce the light trapping in solar cells, such as reflection from the front surface
which prevents light from entering the solar cell, and poor absorption of light due
to the thin thickness of the solar cells. In order to reduce the reflection from the
device surface, anti-reflection coating layer is used [121]. The second important
issue is to increase pathways and traveling time of photons inside active region in
the solar cell to enhance the light absorption by dye molecules and colloidal QDs
(light-matter interaction) [95, 120] in the solar cell.
Light diffraction has been realized by conventional optical dielectric gratings
[36, 167]. From the geometrical optics approach, Yablonovitch and Cody have
shown that the ability to funnel light into a thin film solar cell is normally limited
to 4n2 , where n is the refractive index of the absorbing medium [168]. However,
when the wave effects of light is considered, the limit is not strictly right. In
wave optics regime, light diffraction can enhance the path length of photons to
surpass the conventional limit 4n2 . This is because wave optics approaches aim
to enhancing absorption in the most interesting range in contrast to geometrical
optics approach that treats all wavelengths equally. When the film thickness or
the period of a periodic grating is comparable to or smaller than the wavelength,
wave optics phenomena occur [5, 6]. The limit in the geometrical optics regime
has been surpassed in subwavelength regime [169, 170].
Plasmonic effect excited by metal-particles can improve the light harvesting
in the solar cells [88, 89, 90]. PhCs have also been certified to exceed the 4n2
absorption limit and improve the light trapping by superposing light diffraction
and interference in the lattice [5, 6]. Micro rods, nano wires and PhCs [14, 171,
172, 173, 174, 175, 176] were used in the active layer region to funnel light in solar
cells, PhC back-reflectors and forward-scatters were also used to enhance the light
trapping inside the active layer [177, 178]. Most of these structures focus on the
desired wavelengths.
Some PhC structures in solar cells include the light absorbing materials inside
the rods, e.g., periodic silicon or organic rods standing in the z direction on the
xy plane form a 2D PhC [171, 172], while others use PhC patterned electrodes
with silicon, dye moleculars or QDs embedded inside them [14, 173, 174, 175, 176].
They all can improve light-matter interactions significantly. A 2D PhC structure
is expected to be superior to a 1D one for solar cell applications, because there can
be more resonances in a 2D lattice to trap the light. However, 2D PhC fabrication
is more complicated than 1D ones.
We have designed a 2D PhC structure as shown in Fig. 4.3 (c) to realize efficient
light diffraction and funneling in solar cells.
In the 2D FDTD simulation, the plane-wave (line source) incident direction is
in the z direction, the incident TE polarized CW light is described by:
E(x, z, t) = [Ex (x, z, t), 0, Ez (x, z, t)]
H(x, z, t) = [0, Hy (x, z, t), 0]

(4.2)
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Figure 4.3: (a) Simple diffraction gratings. (b) and (c) PhC structures, b=0.55a,
dielectric refractive index n=1.75. (d) Solar energy diffraction. (e) Model solar
cell based on PhC structures (b) and (c). “A” is TiO2 with QDs, “B” is ITO,
transparent electrolyte is filled in the other space.
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Power flows:
Sz (x, z, t) = Ex (x, z, t)Hy (x, z, t)
Sx (x, z, t) = −Ez (x, z, t)Hy (x, z, t)

(4.3)

The domain is terminated by periodic boundaries in the x directions to produce
periodic arrays and plane wave source, PML absorbing boundaries are used along
the z direction [135]. At t = 0, Ex (x, z, 0) = Hy (x, z, 0) = 1, Ez (x, z, 0) = 0 at the
source plane (line), the refractive index of rods is n=2.75, the lattice constant is a,
b=0.55a. During the light propagation, a large Ez component in z direction (the
direction of the incident light) will indicate a good ability of light diffraction. The
averaged hEz2 i can be understood as diffracted light energy [179].
The PhC lattice structures in Fig. 4.3 (b) and (c) are also working in the wave
optics regime, they can diffract incoming beams into highly oblique angles, which
increases the pathways of photons inside the solar cell; on the other side, the resonance modes with a high photon density of states can increase the traveling time
of photons inside the solar cell. These effects can help to maximize the probability of absorption. Fig. 4.3 (d) shows the comparison of diffracted energy in the
same area of a common rectangular groove grating [167] in Fig. 4.3 (a) (substrate
refractive index n=2.75[115], depth of rectangular groove=0.15a, period=0.6a, filling factor=1/3) and two PhC structures in Fig. 4.3 (b) and (c), which indicates
a significant improvement of the light trapping effect in subwavelength photonic
structures. There are only a few individual resonances in the perfect PhC (Fig. 4.3
(b)), while the light diffraction in the comb-shaped structure (Fig. 4.3 (c)) happens
over a broadband.
With the rapid development of nanofabrication techniques and lithographic
techniques for stacked PhC structures [14, 20], the PhC structure can be formed
by a stack of dielectric rods by etching an alternant sequence of indium tin oxide
(ITO, dielectric refractive index n=1.17 [180]) films and TiO2 (n=2.75[115]) films
embedded with light-absorbing QDs. Absorbed photons can excite electrons from
the valence band to the conduction band in the QD, then electrons will be injected
into the TiO2 rods [181], and further diffuse to the ITO rods and ITO films,
thus forms the photocurrent. Transparent organic solvent-based, non-corrosive
electrolytes (disulfide/thiolate redox couple, n ≈1 [182]) can be filled in other
space. A model solar cell based on the PhC structure is shown in Fig. 4.3 (e).
(2) PhC in QDIPs
For dome-shaped QDs, the contribution of Ez (in the propagating direction)
to light-matter interactions inside QDs is enlarged [87]. Model QDIP with QDs
embedded in the PhC framework is proposed to create large Ez component and
improve the optical absorption efficiency in the QDIP (see Fig. 4.4). For example,
InAs QD-layers are embedded in the GaAs slab. In infrared FPAs, the light is
injected from below the bottom of the substrate to avoid the light reflection from
metallic contact layer on the top of the FPAs. 2D square lattice PC structures are
shown in Fig. 4.4 (b) and (c). The air holes in the PhC structures are extended
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Figure 4.4: (a) QDs layers. Schematic PhC structures with holes in slab: (b)
perfect PhC structure, (c) PhC structure with cavities. Radii of the air holes are
0.3a, dielectric refractive index of slab n=3.3.
along the y direction. At t = 0, Ex (x, z) = Hy (x, z) = 1, Ez (x, z) = 0 are set at the
plane wave source (TE polarized) in 2D FDTD simulation. We adopt the dielectric
refractive index of n=3.3 for GaAs slab in the wavelength region from 2 to 12 µm
[115]. The lattice constant is a, radius of the air holes is 0.3a. The domain is
terminated by periodic boundaries in the x directions to produce periodic arrays
and PML absorbing boundaries along the z direction [135].
Ez = 0 in the initial light source. Fig. 4.5 shows that when the light wavelength
is in the photonic band of PhC, the PhC lattice can diffract the injected radiation
to other directions, which results in nonzero Ez component in the QDs region. At
the same time, the light propagates slowly in the lattice; created resonance modes
can trap the energy in the slab; created multiple pathways inside the active region
can enhance the absorbing ratio, these are useful for the light-QDs interaction.
We compare the amplitude of Ez in the perfect PhC and the PhC with cavities in
Fig. 4.5. Note that when the wavelength in slab (3a/3.3) ≤ PhC lattice constant
(a), rods in perfect PhC can create more resonance modes, however, when the
wavelength is larger (9a/3.3) than lattice constant (a), the periodic cavities in
Fig. 4.4 (c) can provide larger area resonance in the slab[183]. Lattice constant of
PhC and size of cavity can be modified to realize the maximum light trapping on
different wavelengths.

4.2

Metallic PhC structures

Metals and doped semiconductors can reflect all the light with a frequency below plasma frequency[136]. Metallic waveguides and cavities are widely used to
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Figure 4.5: Amplitude of Ez in PhC structures with holes in slab, (a) and (c) are
for perfect PhC structure, (b) and (d) are for PhC structure with cavities, radii
of the air holes are 0.3a, dielectric refractive index of slab n=3.3. λ refers to the
wavelength in air.
control microwave propagation. A metallic cavity wall reflects EM waves and a
metallic waveguide allows light propagation only along its axis. It would be extremely useful to control EM waves with frequencies outside the microwave regime
similarly, such as visible light and IR radiation. Metallic PhC structures including
reflective metallic gratings and SPP-supported metallic gratings have been used
in QWIP/QDIP [35, 36, 86, 87, 110, 146].

4.2.1

Reflective metallic gratings

Conventional reflective metallic structures contain periodic holes or gratings in
the metallic film on the top of the pixel in QWIPs (Fig. 4.6(a))[35, 36]. They
show mainly a near field light diffraction effect and the wavelength of the optimal
diffraction depends on the grating geometry very much. In dense-pixel photodetector arrays where the optical pixels are small, the gratings become less effective[110].
Total internal reflection structures were proposed [111, 112] to avoid the crosstalk
from substrate. However, the severe crosstalk caused by the diffraction from the
corners of the neighboring pixels in common gratings is strong despite some underfill is used between the pixels. Such crosstalk from corner diffraction is difficult to
be minimized. Moreover, such a crosstalk travels ahead of the useful signal from
the corner diffraction in local pixel since light transmission in the underfill is faster.
This crosstalk is blockaded in the concave pixel structure (Fig. 4.6(b))[146]. In this
structure, one-concave metallic reflector per-pixel can effectively diffract and focus
the electric field components to deeper absorbing layers in QWIP/QDIP without
causing inter-pixel crosstalk.
Photocurrents in these two structures are studied by 3D FDTD simulations.
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The incident radiation is simulated by a pulsed TE-polarized plane wave with
central wavelength of 4 µm and a broad wavelength range from 2 to 10 µm,
Ex (x, y, z, t)|t=0 = 1, Ey (x, y, z, t)|t=0 = Ez (x, y, z, t)|t=0 = 0 at the source plane,
the propagation direction of the incident light is still along the z axis. Refractive
indices of QW and QD materials are set to be n=3.3 (for III-V materials in infrared
region)[115]. The dielectric constant of Ag film is described by Eq. (2.39) and fitted according to the parameters in [115]. The size of one pixel is 7.9 µm, and the
thickness of absorbing layer is 2.75 µm. 3×3 gratings are set in the conventional
reflective metallic structure. The domain is terminated by periodic boundaries in
the x and y directions to produce periodic arrays and PML absorbing boundaries
along the z direction [135].
Considering that the QW width and QD size are very smaller than the light
wavelength, the electric-field inside QW can be seen as z-independent in one QW,
thus
JQW

¯2
¸
¯
dψkz (z)
dz dxdy ¯¯
ψi (z)
dz
QW
¯Z Z
¯2
¯
¯
∝ ¯¯
Ez (x, y, z)dxdy ¯¯

¯Z Z
·Z
¯
¯
=¯
Ez (x, y, z)

(4.4)

where Ez (x, y, z) is the average electric field component Ez in the QW plane at z.
For the QDs layer at z, r = R + r 0 , where R is the center of the QD, r 0 shows
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the position in the QD,
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|E(R)|2 =
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(4.5)

R

From Eq. (4.4) and (4.5), JQW is proportional to the square of the sum of the
electric field in the QW plane due to perfect coherence of wave function and Ez in
the xy plane, while JQD is proportional to the sum of the squared electric field in
the QD layer because the wave functions in different QDs are totally not coupled.
When the device is processed into the pixel structure, E field modes exist at the
xy plane so that Eq. (4.4) can be modified as Eq. (4.5) in a pixel structure. We
consider the photocurrents
Z Z
Jx (z, t) =
|Ex (x, y, z, t)|2 dxdy
Z Z
Jy (z, t) =
|Ey (x, y, z, t)|2 dxdy
Z Z
Jz (z, t) =
|Ez (x, y, z, t)|2 dxdy
(4.6)
from the deepest absorbing layers in Fig. 4.6 (b). Jz plays a major role for QWIP,
and Jx + Jy + Jz can work integrally for QDIP.
The temporal developments of the photocurrents excited by the infrared pulse
are shown in Fig. 4.7. Fig. 4.7 (b) shows that much larger Jy and Jz are obtained
in a broad time domain at the deepest absorbing layer in concave pixel structure as
shown in Fig. 4.6(b), which are smaller in Fig. 4.7(a). This is because the intensity
of the diffracted radiation (Ey and Ez ) in the conventional grating structure of
Fig. 4.6(a) will be small when the active layer is located at a far distance from
the diffraction surface[36]. However, the diffraction starts early when the light
wave reaches the edges of the elliptical mirror in the concave structure, and the
electric fields Ey and Ez sustain large values for a longer time in the concave pixel
structure due to the sustained diffractions, thus will generate large Jy and Jz in
the deeper layer than the conventional gratings [146].
The Ex and Ez distributions in the concave pixel structure at three different
times shown in Fig. 4.8 can also certify above results. A strong focused Ex also
leads to a strong focused Ez component. The electric-field mode distribution in
the pixel structure can result in different currents from different layers in the
active region. As some part of the detector material is removed in the concave
grating structure, total Jx will be decreased, however, Jy and Jz will be enhanced
obviously. Besides, pixels in the concave structure can be very close to each other
as the metal has a good reflection of the infrared light.
Choi et al. have successfully fabricated the ladder-shaped metallic mirrors on
QWIPs [112], the structure works quite well except that photocurrents are sensitive to both the angle of the reflective structure and polarization of injected light.

Photocurrent components
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It should be noticed for the concave metallic mirrors that extra thin electrical isolation layer should be added between the metallic mirror and the detector material
to avoid the shorting out in the detectors. With proper modifications, the concave
reflector can be expected to enhance photocurrents in solar cell devices.

4.2.2

Surface plasmon polaritons in metallic gratings

Ebbesen et al. reported the light transmission through a subwavelength hole array
in Ag film in 1998[184] and found the transmission is large when the wavelength is
larger than the period of holes and almost ten times the diameter of the hole. As
the result will vary with parameters such as the period of holes, the thickness of the
metal film and the size and shape of the hole, the physical mechanisms have been
understood in several ways, in which the main explanation is the excitation of surface plasmon polaritons (SPP) [124, 185, 186, 187, 188, 189, 190, 191, 192, 193, 194].
SPPs can propagate in a wave form at the interface between a negative-permittivity
material (such as metal or doped dielectric) and a positive-permittivity material.
The amplitude of SPP decays exponentially with the increasing distance away from
the interface, which means that the SPP is bound to the interface. Due to the EM
field confinement near the interface, metallic film with hole arrays are exploited
to create enhanced E field in the absorbing-material region in QWIPs/QDIPs
[86, 87].
Using the similar FDTD settings as those in the last subsection, we numerically
simulated the SPP excitation and transmission through the interface between bulk
GaAs and Au film with hole array. Period of the hole array is 3µm, the diameter of
the hole is 1600nm, and the thickness of Au film is 150nm. The dielectric constant
of Au is described by Eq. (2.39) and fitted according to the parameters in [115].
Fig. 4.9 shows the temporal development of the electric field Ex2 and Ez2 at different
z positions, calculated by the surface integral of the electric field components on
planes subdividing the z axis. There is no Ez2 created if no metal film is set. When
the Au film with hole arrays is introduced, the reflection and transmission of Ez2
are created by the diffraction of the injected pulse. The optical field transmits
largely on the Au-GaAs interface with a nonzero z component due to both the
surface plasmon and geometric diffraction. Optical field Ez near the Au-GaAs
interface is dominated by the surface plasmon, while Ez in the region far away
from the metal-semiconductor interface is due to the geometric diffraction because
the decay time is short. It is found that the metallic film needs to be quite thin
and with large holes in order to optimize the magnitude of Ez .
In conclusion, the light movement in metallic PhC structures is affected by
the geometric diffraction, the PhC modes and the SPP effect. The geometric
diffraction and PhC modes always exist, and the SPP can create an additional
effect to them. All these three factors are related to the geometric shape of the
holes, holes’ size, the period of the hole array, the thickness of the metal film,
the material properties and the polarization of the incident EM wave. We should
consider them synthetically while designing the devices.
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Chapter 5
Summary of papers
Totally six papers are included in this thesis. Micro and nano structures for efficient
light manipulation and light-matter interaction have been investigated by finitedifference time-domain (FDTD) method, they can be used in integrated photonic
circuits, broadband photo-detection and solar-radiation trapping, etc. They are
summarized as follows.
Journal Paper 1
Surface Plasmon wave excited by subwavelength hole arrays at metal-semiconductor
interface can diffract the electric field in near field region. With the assistant of
geometric diffraction in far field region, the structure can create useful field component and enhance the electric fields in the active layers in QW infrared photodetectors (QWIPs) and QD infrared photodetectors (QDIPs). By calculating the
transmission and diffraction of the infrared optical field through the grating and
the light-matter interaction between the transmitted optical field and electrons
confined in the QD, we studied the photocurrent enhancement in QDIP with an
optical grating of subwavelength hole array in a thin metal film. The light diffraction due to the surface plasmon effect at the metal-semiconductor surface and the
photonic subwavelength hole array is dominant in increasing the photocurrent.
Journal Paper 2
Utilizing the photonic crystal bandgap character, multiple-beam splitting to
free space from a V groove in a two-dimensional (2D) photonic crystal waveguide
(PCW) has been realized by adding and modifying a few additional dielectric rods
at the exit of the PCW. Numerical study shows that one-to-two (one beam in and
two beams out), one-to-three, and one-to-five beam splittings can be easily realized
over a wide bandwidth, the split beams have symmetric energy distributions and
high directional transmissions. By moving the additional rods at the exit of the
PCW asymmetrically, off-axis directional emission can also be realized. The design
is very useful for the free space communication.
Journal Paper 3
We have studied the exciton-polariton contribution to the Stokes shift in colloidal QDs by comparing the experimental spectrum and results from numerical
calculation. By using quantum mechanism of light-matter interaction and FDTD
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analysis of EM field going across the QD, we found that the optical excitation
of an exciton in the QD will couple with the external excitation radiation (i.e.,
exciton polariton) and affect the dielectric constant of the QD very much, which
leads to variations of the optical power inside the QDs, the power variation in QD
can contribute significantly to the Stokes shift, i.e., a shift between the first light
absorption peak and the emission peak. This is useful in bio-photonics field.
Journal Paper 4
We have studied theoretically the temporal developments of photocurrents excited by an infrared radiation pulse in quantum well/dot infrared photodetectors
(QWIP and QDIP) with different optical coupling structures. The light diffraction
by the conventional reflective grating structure is only significant in the vicinity of
the grating surface. It also consists of large crosstalk from the corner-diffraction of
neighboring pixels. However, a concave metallic reflector can eliminate the interpixel crosstalk and also create an enhanced diffracted and focused electric field to
deep active layers, which obviously increases the photocurrents in broad-band photodetectors. With proper modifications, the concave reflector can also be expected
to enhance photocurrents in solar cell devices.
Journal Paper 5
We compared the diffraction efficiency of conventional grating, perfect photoniccrystal (PhC) and comb-shaped PhC rods-lattice structures. It is shown that the
photonic band of the PhC structure is very dispersive in a broad wavelength region
so that PhC structures can efficiently diffract incident light from its initial incident direction to other directions in the PhC lattice over a broadband including
the wavelength region of solar radiation. Further light diffraction and funneling
can be obtained by using comb-shaped PhC structure because comb-shaped PhC
structure can create extra resonance modes to trap the light, the light propagates
slowly and in many pathways in the whole PhC lattice, which will greatly enhance light-matter interaction when light-absorbing elements (such as QDs) are
embedded in the PhC structure. We also present a model QD solar cell with QDs
embedded in a stacked PhC rods-lattice structure.
Conference Paper 1
For MBE-grown QDs, they are in dome-shape and favor the E field that in
the injection direction. We present a model QDIP with QDs embedded in the
PhC framework to create large Ez component and improve the optical absorption
efficiency in the QDIP. When the light wavelength is in the photonic band of PhC,
the PhC lattice can diffract the injected radiation, which creates Ez component
in the active region. At the same time, the light propagates slowly in the lattice;
the created resonance modes can trap the energy in the slab; the created multiple
pathways inside the active region can enhance the absorbing ratio, which are all
useful for the light-QDs interaction. Different sizes of cavities can play key roles
on different wavelengths.
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