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Abstract

Subsurface oriented pores in a GaN layer are first formed through an electrochemical etching
process by carefully designing the epitaxial structure and the geometry of a stripe mesa array.
The, after removing a GaN capping layer, surface oriented trenches of a fixed extension
direction on the mesas are implemented to achieve a deep grating of sub-100 nm in period
without using any nano-lithography process. By drop-casting colloidal quantum dots (QDs)
and chemically synthesized Ag nanoparticles (NPs) onto the surface of such a sample, they can
settle into the trenches for showing their polarization-dependent optical properties.
Polarization-dependent surface plasmon (SP) resonance and coupling, Forster resonance
energy transfer (FRET), and QD emission are studied based on the measurements of
transmission, continuous photoluminescence (PL) and time-resolved PL spectroscopies. When
the excitation polarization is perpendicular to the trench orientation, QD emission and SP
coupling are stronger. However, the FRET efficiency is lower. The overall color conversion

efficiency is higher when the excitation polarization is perpendicular to the trench orientation.
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Chapter 1 Introduction

1.1 Nanoscale-cavity effects

The electromagnetic field generated by an infinitesimal radiating dipole source can be
classified into the categories of far and near fields depending on the distance between the
observation point and source position. Generally, near field distributes in the region within the
distance of one-half the wavelength. Outside this region, far field dominates. From a radiating
dipole source, the far field strength is proportional to the inverse of the distance. In the near
field regime, more contributing terms inversely proportional to the higher powers of distance
exist. Resonance modes in a cavity structure can be built with far field when its propagation
distance in a round-trip is equal to an integral number of wavelength. The cavity resonance
behavior is sensitive to cavity geometry. However, when the cavity dimension is smaller than
one-half the wavelength, the near field distribution inside the cavity can produce certain effects
on the radiation behavior of a dipole other than the aforementioned cavity resonance. On the
other hand, the Purcell effect has been used for generally describing the influence of a cavity
structure on the radiating dipole source inside the cavity [1]. The electromagnetic field
distribution built at the dipole position produced by the scattering of the surrounding structure
can change the radiation behavior of the dipole source and hence the overall radiation result.
Either near or far field portion produced by a dipole source can lead to the Purcell effect for
changing the near field distribution and far field radiated power.

With the development of nano-fabrication technique, nanoscale cavities of various
geometries can be produced in light-emitting devices. The dimension of such a nanoscale cavity
ranges from a couple tens through a few hundred nm. Light-emitting nanoparticles (NPs), such
as colloidal quantum dots (QDs), can be inserted into such a nanoscale cavity. Such an inserted
QD can produce a strong near field distribution inside such a cavity. The examples of nanoscale

cavity for inserting QDs in a light-emitting device include a GaN porous structure and a surface
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nano-hole. By growing a highly conductive GaN layer, such as a highly Si-doped GaN layer,
in a GaN-based device, a subsurface GaN porous structure of essentially laterally-extended
pores of several tens nm in cross-sectional size can be fabricated in the highly conductive layer
through an electrochemical etching (ECE) process [2-6]. QDs can be inserted into the pores of
such a porous structure for observing the enhanced QD emission efficiency, the stronger Forster
resonance energy transfer (FRET) between the QDs of different emission wavelengths, and the
stronger FRET from a nearby InGaN/GaN quantum well (QW) into the inserted QDs [7, §].
Nanoscale cavities can also be implemented by fabricating surface nano-holes on a GaN
template. Through nano-imprint lithography and reactive ion etching, a surface nano-hole array
of a couple hundred nm in hole width and several hundred nm in hole depth can be obtained
for filling with QDs and chemically synthesized metal NPs. Such a surface nano-hole structure
has been used in a light-emitting device for enhancing the FRET from the embedded QWs into
the filled-in QDs based on the advantageous short distance between the QWs and QDs [9-14].
As a matter of fact, a nano-hole structure can produce more advantageous results through the
nanoscale-cavity effect, including a higher QD emission efficiency, a more effective FRET
process, and a stronger surface plasmon (SP) coupling effect [15].

FRET and SP coupling are two important near-field interactions for enhancing light
emission and color conversion. From the viewpoint of the electromagnetic theory, FRET is an
absorption process of the near-field energy from an energy donor by an acceptor. Such an
energy transfer is effective when the absorption spectrum of the acceptor overlaps the emission
wavelength of the donor and the distance between the donor and acceptor is shorter than several
tens nm [16-21]. FRET is a useful mechanism for color conversion, particularly when the
energy donor and acceptor are placed inside or near a nanoscale cavity and hence their distance
is small [7, 8, 16, 22]. The SP coupling between a light emitter and an SP resonance mode of a

metal nanostructure can be understood as the process of energy transfer from the light emitter
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into the SP resonance mode for radiation before the energy is consumed by the non-radiative
process of the light emitter. Through SP radiation, the overall emission efficiency of the coupled
system can be enhanced [23, 24]. For producing an effective SP coupling process, the distance
between the light emitter and the metal nanostructure needs to be smaller than ~100 nm. Either
deposited surface metal NPs or chemically synthesized metal NPs can be placed close to a QW
or QD for inducing an effective SP coupling and hence a higher emission or FRET efficiency
[20, 21, 25-29].

In a previous theoretical study in our laboratory, the electric field and radiated power of a
radiating dipole located inside a spherical nano-cavity are formulated to show that the nano-
cavity structure or nanoscale-cavity effect can enhance the near-field intensity inside the cavity
and the far-field radiated power of the dipole. Such enhancements are caused by two
contributing factors, including the classical electromagnetic scattering as formulated and the
Purcell effect, which is implemented through a numerical feedback process by assuming a two-
level system for the radiating dipole. The enhancement of near-field intensity results in the
efficiency increase of FRET when both energy donor and acceptor are located inside the nano-
cavity. By combining the enhancements of the field intensity of the donor and the radiated
power of the acceptor, the color conversion efficiency can be increased through the nanoscale-
cavity effect. We also numerically demonstrate that the nanoscale-cavity effect can enhance SP
coupling for increasing the radiated power of a dipole located nearby an Ag NP inside a nano-

cavity.

1.2 Subsurface GaN porous structures
GaN can be wet-etched by acids, such as HNOs3, or alkalis, such as KOH. In ECE, we can
use the flow path of electric current to control the etching structure for forming subsurface

extended pores in GaN. Such essentially lateral pores in GaN can be fabricated by placing the
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anode contact on an edge face of a GaN sample in an electrochemical system [2-6]. In such an
etching process, certain surface holes can be formed on the top surface for the electrolyte to
flow into the subsurface layer to be etched and for the gases produced in the chemical reactions
to come out from the etched regions. In an ECE process, wet etching can occur in a highly
conductive layer, such as a highly Si-doped n-type GaN layer, inside the GaN sample.
Therefore, essentially lateral tube-like voids with a certain orientation can be formed inside a
GaN sample. GaN and AlGaN PSs have been used for increasing LED crystal quality and light
extraction [30-34], lifting a GaN layer or an LED structure from substrate [35-37], forming a
distributed Bragg reflector [38, 39], relaxing strain [33, 34, 40-42], embedding QDs in a
vertical PS for display application [43], and fabricating lateral and vertical laser diodes [44-

46].

1.3 Behaviors of quantum dot emission and Forster resonance energy transfer in a
subsurface GaN porous structure [7]

To improve the color conversion performance, the nanoscale-cavity effects on the emission
efficiency of a colloidal QD and the FRET from quantum well (QW) into QD in a GaN porous
structure (PS) has been studied [7]. For this study, green-emitting QD (GQD) and red-emitting
QD (RQD) are inserted into the fabricated PSs in a GaN template and a blue-emitting QW
template, and investigate the behaviors of the photoluminescence (PL) decay times and the
intensity ratios of blue, green, and red lights. In the PS samples fabricated on the GaN template,
the efficiency enhancements of QD emission and the FRET from GQD into RQD, when
compared with the samples of surface QDs, which is attributed to the nanoscale-cavity effect,
are observed. In the PS samples fabricated on the QW template, the FRET from QW into QD
is also enhanced. The enhanced FRET and QD emission efficiencies in a PS result in an

improved color conversion performance. Because of the anisotropic PS in the sample surface
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plane, the polarization dependencies of QD emission and FRET are observed. In Fig. 1.1, we
illustrate the structures of four sample groups, including those with surface QDs on GaN and
QW templates (sample designations with -S), and those with QDs inserted into subsurface PSs
inside GaN and QW templates (sample designations with -H). Green- and red-emitting QDs
(GQD and RQD, respectively) are used for inserting into PSs. In Fig. 1.2(a), we show the TEM
image of a PS. In Fig. 1.2(b), an EDX image of the PS is shown, illustrating the distribution of
QD composition elements and confirming the successful insertion of QDs into the PS. Table
1.1 shows the QW photoluminescence (PL) decay times in the QW samples at different sample
fabrication stages. The numbers inside the parentheses show the corresponding FRET
efficiencies. The numbers inside the curly brackets show the corresponding internal quantum
efficiency (IQE) values. Because of the anisotropic pore structure, the measured optical

properties in the polarizations along (//) and perpendicular (L) to the applied current direction

are different. Here, one can see that after PS fabrication, the QW PL decay time is reduced and
the corresponding IQE is increased. The FRET efficiency (eff.) is significantly increased when
QDs are inserted into a PS, demonstrating the effect of the nanoscale cavity on enhancing the
FRET and hence color conversion efficiencies.

In Table 1.2, we show the PL decay times of the green and red lights in various samples
illustrated in Fig. 1.1, including the two polarizations when QDs are inserted into the PSs. Here,
one can see that the QD PL decay time of either green or red light in a PS sample is always
shorter than that of the corresponding surface sample, indicating the nanoscale-cavity effect for
enhancing the QD emission efficiency. Also, the QD PL decay time of a sample fabricated on
a QW template is always longer than that of the corresponding sample fabricated on a GaN
template, indicating the effective FRET from QW into QD no matter QDs are located on the
sample surface or inside a PS. Meanwhile, the PL decay time in the | -polarization is always

shorter than that in the //-polarization, indicating the stronger QD emission and FRET from

5
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QW into QD in the _ -polarization. This result again confirms the importance of the

nanoscale-cavity effect.

1.4 Research motivations

As illustrated in Fig. 1.2 and discussed in section 1.3, we have developed a technique to
insert QDs into a PS for observing the enhanced QD emission and FRET efficiencies. However,
it is still difficult to insert metal NPs into the pores of a PS. If metal NPs can be inserted into a
PS, we can study the SP coupling behaviors in such a nanoscale cavity, i.e., the nanoscale-
cavity effect on SP coupling. Also, if metal NPs can be inserted into a subsurface PS, they can
be closer to a QW structure for inducing a stronger SP coupling effect. In particular, due to the
anisotropic pore structure in a PS, polarization-dependent SP coupling behaviors are expected.
This behavior is useful for producing polarized emission from a colloidal QD. Nevertheless,
the insertion of metal NPs into a subsurface PS is difficult. For investigating the polarization-
dependent nanoscale-cavity effect, in this study, we develop an ECE technique to fabricate
almost parallel pores in a PS. After removing the capping layer of the PS, a surface nano-grating
structure can be obtained. The grating period can range from several tens through a couple
hundred nm. Such a surface nano-grating structure is obtained without using any lithography
process, but simply well controlling the ECE condition. Then, by inserting QDs and Ag NPs
into the grooves of the nano-grating, polarization-dependent QD emission, FRET, and SP
coupling can be implemented. The polarization-dependent nanoscale-cavity effects can be well

understood.

1.5 These structure
In Chapter 2 of this thesis, the used epitaxial structure, mesa pattern, sample structures,
sample fabrication procedures, and optical measurement methods are described. The optical

6
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measurement results, including transmission spectra, time-resolved photoluminescence (PL)
behaviors, and continuous PL spectra, are demonstrated and analyzed in Chapter 3. Then,
certain discussions about the experimental results are given in Chapter 4. Finally, conclusions

are drawn in Chapter 5.
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Table 1.1 QW PL decay times in the QW samples at different sample fabrication stages.

sample

QW/GQD-S (ns)

QW/RQD-S (ns)

QW/GQD-P (ns)

QW/RQD-P
(ns)

Intrinsic

6.04 {IQE = 44.0
%o}

5.78 {45.2 %}

6.15 {44.2 %}

6.19 {44.7 %}

after PS fabrication

5.68 {54.2 %}

5.54 {52.3 %)}

after QD application

5.12 (FRET eff. =

4.91 (15.05 %)

15.23 %)

atter Q]?//l)n sertion 3.62(3627%) | 3.95(28.70 %)
ft D i rti

- Q(f)lse o 3.59(36.80 %) | 4.02(27.44 %)
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Table 1.2 PL decay times of the green and red lights in the samples under study.

Sample Green light (ns) Red light (ns)
GN/GQD-S 5.78 ---
GN/RQD-S --- 8.95

GN/GQD-P (/, L) 4.96, 4.88 ---
GN/RQD-P (//, 1) --- 8.46, 8.34
QW/GQD-S 6.48 ---

QW/RQD-S --- 9.58
QW/GQD-P (//, 1) 6.11, 6.01 ---
QW/RQD-P (//, L) --- 9.16,9.13
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Fig 1.1 Structures of the four sample groups.
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Fig 1.2 TEM and EDX images of a PS with inserted QDs.
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Chapter 2 Sample Structures, Fabrication Procedures, and Measurement

Methods

2.1 Epitaxial structure

The epitaxial structure for sample fabrication is schematically illustrated in Figs. 2.1,
which is designated as epitaxial structure Po-XX. In the structure, with metalorganic chemical
vapor deposition (MOCVD), a ~1-um u-GaN is first deposited on a double-polished sapphire
substrate, followed by a ~1.5-um n-GaN layer growth for serving as the current conduction
layer, and a ~100-nm u-GaN layer deposition for separating the PS and current conduction
layers. Above the ~100-nm u-GaN layer, a high-conductivity n""-GaN layer and a u-GaN
capping layer are grown in either epitaxial structure. The thicknesses of the n""-GaN and u-
GaN layers are 600 and 300 nm, respectively. The total thickness of the layers above the n-
GaN layer is 1000 nm. The growth temperatures for all the layers, including u-GaN, n-GaN,
and n""-GaN, are the same at 1032 °C. The Si doping concentrations for the layers of n-GaN

and n*"-GaN are ~5 x 10'® and ~5 x 10! cm™, respectively.

2.2 Fabrications of mesa and porous structures

The PS is formed in a mesa structure. To make all the etched trenches oriented in a fixed
direction, the mesa is designed as a stripe geometry, as schematically illustrated in Fig. 2.2.
The width and length of a stripe mesa are 300 micron and 0.9 cm, respectively. Such a mesa is
periodically arranged along the direction of its width. The distance between two neighboring
mesas is only 5 micron. With such a mesa layout, ECE can form PS trenches from either
sidewall of a mesa toward its center along the mesa width direction. In this situation, all the
etched PS trenches are parallel and essentially perpendicular to a mesa sidewall except the
regions near the two mesa ends. In other words, the etched trenches are oriented in the same

direction overall the large central portion of a sample. This portion will be used for optical

12
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measurements.

Figure 2.3 illustrates the setup for ECE. As illustrated, in a container the semiconductor
sample connected by copper foil tape with a DC power supply serves as the anode and a
platinum wire serves as the cathode in the electrochemical interaction. Only part of the sample
is immersed in the electrolyte (5 % HNO3). The applied voltage of the DC power supply can
be adjusted. The electrode of the semiconductor sample contacts the n-GaN layer for current
supply. The ECE interaction process is schematically depicted in Fig. 2.4 for a mesa sample.
After the electric current flows into the mesa region, to find a current path of the minimized
resistance, it flows upward into the n"*-GaN layer of the mesa through the u-GaN layer because
the conductivity of the n""-GaN layer is higher than that of the electrolyte. It is noted that
although the conductivity of the u-GaN layer is not high, it is indeed conductive. After electric
current enters the n""-GaN layer, it flows toward the boundary of the mesa and enters the
electrolyte to complete the current loop. At the boundary of the mesa, the interaction between
electric current and electrolyte starts the ECE process. Once pores are formed in the n""-GaN
layer, electrolyte flows into the pores for continuing the ECE process. As the process proceeds,
the etched trenches of pores extend toward the mesa center.

Figures 2.5(a)-2.5(e) show the fabrication procedures of a sample. As illustrated in Fig.
2.5(a), first photolithography is applied for defining the mesa structure. Then, as illustrated in
Fig. 2.5(b), we use inductively coupled plasma reactive ion etching (ICPRIE) to form the mesa
structure. The ICPRIE etching depth is ~800 nm. Next, as illustrated in Fig. 2.5(c), an ECE
process is applied to form the PS in the originally n""-GaN layer. A PS can also be formed in
the originally n-GaN layer because electrolyte can enter this layer through threading
dislocations. At this stage, the residual photoresist can help in protecting the capping GaN layer
during ECE. After that, another ICPRIE process (etching depth ~600 nm) is applied to expose

the upper PS by removing the GaN capping layer and part of the PS layer, as illustrated in Fig.
13
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2.5(d). In this situation, the etched oriented trenches can be seen through SEM on the top
surface of a sample. Finally, as illustrated in Fig. 2.5(¢), the solutions of QDs and Ag NPs are
drop-casted onto the sample surface. The QDs and Ag NPs of small sizes can be naturally
settled into the trenches.

We purchase green- and red-emitting CdZnSeS/ZnS QDs (designated as GQD and RQD,
respectively) for this research from Taiwan Nanocrystals Inc., Hsinchu, Taiwan. Those QDs
are capped with poly(isobutylene-alt-maleic anhydride) and hence are negatively charged with
zeta potentials in the range from -40 to -50 mV [47]. The emission peak wavelengths of GQD
and RQD are 530 and 625 nm, respectively. Including the capping amphiphilic polymer, either
GQD or RQD is a sphere-like particle of 8-10 nm in size. The concentration of either a GQD
or an RQD solution is 1 mg/mL. Two Ag NP samples of different sizes are chemically
synthesized. The smaller Ag NP, which is referred to as GNP, is synthesized by first mixing
sodium citrate of 0.075 M in concentration and 2.997 mL in volume, AgNO3 of 0.1 M in
concentration and 0.05 mL in volume, H>O» of 35 % in concentration and 0.12 mL in volume,
and de-ionized water of 46.95 mL in volume through stirring at a speed of 360 rpm. Then,
NaBH4 of 0.1 M in concentration and 0.2 mL in volume is added to the solution. Next, another
stirring process of 5 min is undertaken for reducing Ag NPs. After removing the residual
chemicals in the solution, 2-mL Ag NP solution is mixed with 5 K PEG of 1 mM in
concentration and 2 mL in volume for linking each other. The mixed solution is placed in a
refrigerator of 4 °C in temperature for 24 hours for completing the linkage. After removing the
residual chemicals, GNP sample is ready for use. GNP before linking with PEG is also used as
the seed for synthesizing the Ag NP of a larger size, which is referred to as RNP. To fabricate
RNP, first we mix de-ionized water of 11 mL in volume, ascorbic acid of 0.1 M in concentration
and 0.075 mL in volume, sodium citrate of 0.075 M in concentration and 0.05 mL in volume,

and AgNOs3 of 0.1 M in concentration and 0.06 mL in volume with 10-mL GNP solution. After
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stirring for 20 min and removing the residual chemicals, we obtain the RNP solution. Again, to
protect the Ag NPs, 2-mL RNP solution is mixed with 5 K PEG of 1 mM in concentration and
2 mL in volume for linking each other. The mixed solution is placed in a refrigerator of 4 °C in
temperature for 24 hours for completing the linkage. After removing the residual chemicals,
RNP sample is ready for use. Due to the complicated synthesis process and non-uniform NP
sizes, it is difficult to estimate the NP concentration of the GNP and RNP solutions. The
geometry of GNP is close to a sphere with the diameter in the range from 20 to 30 nm. An RNP
looks like a nano-disk with the diameter in the range from 50 to 60 nm and the thickness in the

range of 10-15 nm.

2.3 Sample designations and structures

Figures 2.6(a)-2.6(c) show the photographs under a microscope of a sample after mesa
fabrication, after ECE, and after the second ICPRIE process for exposing the PS, respectively.
The parallel lines correspond the separating trenches between stripe mesas. The ECE process
is undertaken with 13 V in applied voltage, 5-% HNO; as electrolyte, 45 min in reaction
duration. During the ECE process, electric current decreases from 4.43 to 0.026 mA. Figures
2.6(d) and 2.6(e) show the photographs of the whole sample after mesa fabrication and after
ECE, respectively. The darker region in the sample shown in Fig. 2.6(e) corresponds to the
portion of the sample immersed in the electrolyte. PS is formed only in this portion. Figure
2.7(a) also shows a photograph of the sample after the second ICPRIE process for exposing the
PS. Figures 2.7(b) and 2.7(c) show the SEM images in the regions roughly circled by the red
and blue rectangles in Fig. 2.7(a). In Fig. 2.7(b), one can see a mesa sidewall above which
etched PS trenches are essentially parallel and perpendicular to the sidewall. In Fig. 2.7(c), one
can see the middle narrow band dividing the two etching regions. The etched PS trenches are
perpendicular to this dividing band. Figure 2.7(d) shows the magnified SEM image in the
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region circled by the green rectangle in Fig. 2.7(c). Here, one can see that the trench width
ranges from 30 through 70 nm.

On the exposed trenched PS shown in Fig. 2.7, we drop-cast the combinations of the water
solutions of GQD, RQD, GNP, and RNP to fabricate sample series P-. For comparison, the
same solution combinations are drop-casted onto u-GaN templates for forming sample series
S-. The solution combinations include GNP, RNP, GQD, RQD, GQD+GNP, RQD+RNP,
GQD+RQD, GQD+RQD+GNP, and GQD+RQD+RNP. When a sample includes both QD and
Ag NP, the QD solution is drop-casted first, followed by the Ag NP solution. This drop-cast
procedure can minimize the lateral spreading of Ag NP on a PS surface. After drop-casting the
first solution, the sample is wrapped by aluminum foil and placed in dry environment for
naturally drying up the solution that takes about 12 hours. After that, the second solution is
drop-casted. GQD and RQD and can be mixed into a single solution for drop-casting when a
sample includes both GQD and RQD.

Figures 2.8(a)-2.8(d) show the SEM images of samples S-GQD, S-RQD, S-GNP, and S-
RNP, respectively. The size of RQD is about the same as that of GQD. However, the size of
RNP is significantly larger than that of GNP. Figure 2.9 shows the normalized
photoluminescence (PL) spectra of GQD and RQD, and the normalized extinction spectra of
GNP and RNP in water. The PL spectra peaks of GQD and RQD are 530 and 625 nm,
respectively. The extinction spectral peaks of GNP and RNP are 512 and 551 nm, respectively.
The localized surface plasmon (LSP) resonance peak wavelength of GNP (RNP) in water is
shorter than the PL spectral peak wavelength of GQD (RQD). However, after they are applied
to a PS, the LSP resonance peaks will be red-shifted due to the higher refractive indices of GaN
and QD such that the LSP resonance peak can become closer to the QD emission wavelength.
Figures 2.10(a) and 2.10(b) show the SEM images of samples S-GQD+GNP and S-RQD-+RNP,

respectively. In each figure, the larger (smaller) particles correspond to Ag NP (QD). Figures
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2.11(a)-2.11(c) show the SEM images of samples S-GQD+RQD, S-GQD+RQD+GNP, and S-
GQD+RQD-+RNP, respectively.

Figures 2.12(a)-2.12(d) show the SEM images of samples P-GQD, P-RQD, P-GNP, and P-
RNP, respectively. Here, the observed particles correspond to Ag NPs. It is more difficult to
see QDs because they are smaller than 10 nm. Also, most of QDs are settled into the trenches
of the PS samples. Figures 2.13(a) and 2.13(b) show the SEM images of samples P-GQD+GNP
and P-RQD+RNP, respectively. Figures 2.14(a)-2.14(c) show the SEM images of samples P-
GQD+RQD, P-GQD+RQD+GNP, and P-GQD+RQD+RNP, respectively. Figure 2.15 shows a
dark-field transmission electron microscopy (TEM) image of sample P-GQD+RQD-+RNP.
Here, we can see that QDs distribute around the sample top. Also, two RNPs can be clearly
seen. Figure 2.16(a) shows the energy-dispersive X-ray spectroscopy (EDX) mapping image
of the TEM image shown in Fig. 2.15. Figures 2.16(a)-2.16(f) shows the EDX mapping images
of Cd, Se, Ag, Zn, and S elements, respectively. The results in Figs. 2.15 and 2.16 confirm the
insertions of RNP and QDs into the trench structure of this sample. It is noted that the GaN
trench structure near the surface can be somewhat damaged during the focused ion-beam

process for preparing the TEM specimen.

2.4 Optical measurements

Figure 2.17 shows the setup for continuous PL measurement. This setup can actually be
used for temperature dependent PL measurement. However, in this study, the function of
temperature dependent PL measurement is not used. In other words, the cold chamber for
accommodating a sample is not used. Here, through an objective, the 405-nm excitation InGaN
laser diode is vertically incident upon the sample. The excited PL is collected by the same
objective and directed into a fiber bundle through a dichroic mirror. Before PL enters the fiber

bundle, the light of the designated polarization is chosen through a polarizer. The polarization
17
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of the excitation laser with respect to the anisotropic sample structure is controlled by rotating
the sample orientation. The 405-nm laser diode delivers 6 mW in power for the temperature-
dependent PL measurement.

Figure 2.18 shows the setup for TRPL measurement. The measurement of TRPL is excited
by the second-harmonic (wavelength at 390 nm and power at 1.5 mW) of a femtosecond
Titanium:sapphire laser at 76 MHz in pulse repetition rate. The signals are collected and
analyzed byh a photon-counting system. The temporal resolution is better than 0.1 ns. The
procedure for evaluating the PL decay time was reported in a previous publication [29]. A
polarizer is placed before the collected PL enters the photon counter for controlling the PL
polarization. Again, the excitation polarization is controlled by rotating the sample under study.

TRPL is performed only at room temperature.
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Sample Po-XX

u-GaN (300 nm)

n**-GaN (600 nm)
u-GaN (100 nm)

n-GaN (1.5 um)

u-GaN (1 um)

Double polished sapphire

Fig 2.1 Schematic illustration for the epitaxial structure used for sample fabrication, which is

designated as epitaxial structure Po-XX.
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Fig 2.2 Layout of the periodic pattern of stripe mesa.
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Fig 2.3 Setup for an ECE process.
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Sample Po-XX

mesa
I

u-GaN (300 nm)

Electrolyte

flow = n+*-GaN

Current flow
n-GaN (1.5 um)

u-GaN (1 um)

Dout:_:le polished sapphire

Fig 2.4 Flow paths of applied electric current and electrolyte in an ECE process for etching the

conduction layers in a mesa.
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Photolithography

photoresist

u-GaN (300nm)
n~*-GaN (600 nm)
u-GaN (100 nm)
n-GaN (1.5 um)

u-GaN (1 um)

Double polished
sapphire

o AgNP
. RQD
. GaQD

Fig 2.5 (a)-(e): Fabrication procedures of a sample, including photolithography to define mesa

(a), ICPRIE to fabricate mesa (b), ECE to form PS (c), another ICPRIE process to expose the

ICPRIE etching (~800
(b) nm) for forming mesa

u-GaN (300nm)
n**-GaN (600 nm)

u-GaN (100 nm)

n-GaN (1.5 um)

u-GaN (1 um)

Double polished
sapphire

ECE to form PS
(c) photoresist
-G WA
ST TR TN
u-GaN (100 nm)

u-GaN (1 um)

Double polished
sapphire

Drop-casting
(e) QD/Ag NP

I

ICPRIE etching (~600
(d) nm) for exposing PS

u-GaN (1 um)

u-GaN (1 um)

Double polished
sapphire

Double polished
sapphire

upper PS (d), and drop-casting the solutions of QDs and Ag NPs (e).
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After ECE After exposing PS

After mesa fabrication

ECE conditions:
13V, 4.43—0.026
mA, 5-% HNO,, 45

min
ECE with Positive PR ICP Etching Exposing
Covering Mesa region Polarized Porous
(remove PR after ECE) Structure

Fig 2.6 (a)-(c): Photographs under a microscope of a sample after mesa fabrication, after ECE,
and after the second ICPRIE process for exposing the PS, respectively. (d) and (e): Photographs

of the whole sample after mesa fabrication and after ECE, respectively.
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Fig 2.7 (a): Photograph of a sample after the second ICPRIE process for exposing the PS. (b)
and (c): SEM images in the regions roughly circled by the red and blue rectangles in part (a).

(d): Magnified SEM image in the region circled by the green rectangle in part (c).
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Fig 2.8 (a)-(d): SEM images of samples S-GQD, S-RQD, S-GNP, and S-RNP, respectively.
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Fig 2.9 Normalized PL spectra of GQD and RQD, and the normalized extinction spectra of

GNP and RNP in water.
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S-RQD+RNP

Fig 2.10 (a) and (b): SEM images of samples S-GQD+GNP and S-RQD-+RNP, respectively.
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S-GQD+RQD

S-GQD+RQD+RNP

Fig 2.11 (a)-(c): SEM images of samples S-GQD-+RQD, S-GQD+RQD-+GNP, and S-

GQD+RQD-+RNP, respectively.
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Fig 2.12 (a)-(d): SEM images of samples P-GQD, P-RQD, P-GNP, and P-RNP, respectively.
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P-RQD+RNP

Fig 2.13 (a) and (b): SEM images of samples P-GQD+GNP and P-RQD-+RNP, respectively.
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Fig 2.14 (a)-(c): SEM images of samples P-GQD+RQD, P-GQD+RQD+GNP, and P-

GQD+RQD-+RNP, respectively.
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Sample P-GQD+RQD+RNP

Fig 2.15 Cross-sectional TEM image of sample P-GQD+RQD-+RNP.
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Sample P-GQD+RQD+RNP

Fig 2.116 (a): EDX mapping of a TEM image of sample P-GQD+RQD+RNP. (b)-(f): EDX

mappings of elements Cd, Se, Ag, Zn, and S.
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Fig 2.17 Setup for continuous PL measurement.
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Fig 2.18 Setup for time-resolved PL measurement.
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Chapter 3 Polarization Dependent Optical Measurement Results

3.1 Polarization dependent localized surface plasmon resonance

The localized surface plasmon (LSP) resonance behaviors of the Ag NPs in the samples
are studied with polarization dependent transmission measurement. A depression in a
transmission spectrum corresponds to the LSP resonance feature. Figures 3.1(a)-3.1(c) show
the transmission spectra of samples S-GNP, S-GQD+GNP, and S-GQD+RQD+GNP,
respectively, which are obtained by using a GaN template, samples S-GQD and S-GQD-+RQD
as the normalization bases, respectively. Here, the vertical green and red dashed lines show the
emission wavelengths of GQD and RQD, respectively. As shown in Fig. 2.9, the extinction
peak of GNP in water is 512 nm. After drop-casting GNP on the surface of a GaN template, the
LSP resonance peak is red-shifted to 567 nm, as shown in Fig. 3.1(a) due to the higher refractive
index of GaN (~2.4). After adding GQD to the GaN surface, the LSP resonance peak is further
red-shifted to 569 nm. Then, by further adding RQD to the surface sample, it is further red-
shifted to 580 nm. Figures 3.2(a)-3.2(c) show the transmission spectra of samples S-RNP, S-
RQD+RNP, and S-GQD+RQD+RNP, respectively, which are obtained by using a GaN
template, samples S-RQD and S-GQD+RQD as the normalization bases, respectively. As
shown in Fig. 2.9, the extinction peak of RNP in water is 551 nm. After drop-casting RNP on
the surface of a GaN template, the LSP resonance peak is red-shifted to 605 nm, as shown in
Fig. 3.2(a) due to the higher refractive index of GaN (~2.4). After adding RQD to the GaN
surface, the LSP resonance peak is further red-shifted to 632 nm. Then, by further adding RQD
to the surface sample, it is maintained at around 632 nm. Generally speaking, by placing GNP
and/or RNP with GQD and/or RQD on GaN, their LSP resonance spectral ranges well cover
the emission wavelengths of GQD and RQD, respectively.

Figure 3.3 shows the transmission spectra of sample P-GNP under different polarization
conditions, including the polarization directions tilted 0, 30, 60 and 90 degrees with respect to
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the PS trench orientation. In other words, the polarization angle of 0 (90) degree(s) corresponds
to the polarization parallel with (perpendicular to) the trench orientation in the PS. The numbers
after polarization angles in the labels show the transmission minimum wavelengths through
Gaussian fitting. Here, one can see that when the polarization angle increases from 0 to 90
degrees, the transmission minimum wavelength blue shifts from 542 to 531 nm although the
variation is not necessarily monotonic. Also, as the polarization angle increases, the
transmission depression becomes deeper, indicating that the LSP resonance becomes stronger.
In other words, the LSP resonance is the strongest when the polarization is perpendicular to the
trench orientation. It is noted that because of the rough structure of the sample, strong
fluctuations exist in the transmission spectra such that it is difficult to calibrate the transmission
depression minima. As indicated by the dashed curves in Fig. 3.3, we use a Gaussian line to fit
each data curve to roughly indicate the transmission minimum. In Fig. 3.3, we also show the
un-polarized transmission spectrum. Again, the vertical green and red dashed lines show the
emission wavelengths of GQD and RQD, respectively. Figures 3.4-3.8 show the results similar
to those in Fig. 3.3 for samples P-GQD+GNP, P-GQD+RQD-+GNP, P-RNP, P-RQD+RNP, and
P-GQD+RQD+RNP, respectively. All the samples show the same polarization-dependent
variation trend. As the polarization angle increases from 0 to 90 degrees, the LSP resonance
feature always blue shifts. Generally, the LSP resonance wavelengths of RNP are longer than
those of GNP. The causes for the polarization dependence behaviors of GNP and RNP will be

discussed latter.

3.2 Polarization dependent time-resolved photoluminescence of quantum dots
Time-resolved photoluminescence (PL) measurement can provide us with the information
of QD emission efficiency. Figures 3.9(a) and 3.9(b) show the normalized PL decay profiles of

the green and red components, respectively, for all those plane surface samples. Here, one can
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see that with GQD and RQD coexistent in a sample for producing FRET, the PL decay rate of
the green (red) component becomes higher (lower). Meanwhile, with either GNP or RNP in a
sample, the decay rate of either green or red light increases, indicating that SP coupling can
indeed enhance QD emission efficiency. The decay times of those decay profiles can be
calibrated based on an extended-exponential model [29]. Table 3.1 shows the PL decay times
of the green and red components of all the samples fabricated on a flat GaN surface. By
combining GNP (RNP) with GQD (RQD) on the surface, the green (red) PL decay time reduces
from 7.111 (10.518) to 6.271 (8.927) ns through SP coupling. The PL decay rate enhancement
percentage of green (red) light is 13.4 (17.8) %, as shown inside the parentheses in Table 3.1.
Those increments can be regarded as the enhancements of QD emission efficiency since the
non-radiative recombination rate of QD is unchanged. In sample S-GQD+RQD, through FRET,
the decay time of green (red) light is reduced (increased) to 4.313 (13.915) ns. The FRET
efficiency is evaluated to give 39.35 %, as shown inside the curly brackets. The FRET
efficiency, 1, is defined as n = 1- tpa/tp [48]. Here, tpa is the PL decay time of the energy
donor when the acceptor exists and 1p is that when the acceptor is absent. For the FRET process
in sample S-GQD+RQD, 1pa (tp) is the PL decay time of sample S-GQD+RQD (S-GQD). As
shown in row 7 of Table 3.1, in sample S-GQD-RQD-GNP, the PL decay time of either green
or red light is reduced due to the SP coupling of GNP. In this situation, the FRET efficiency is
reduced, when compared with that of sample S-GQD+RQD. It is noted that SP coupling can
either strengthen or weaken an involved FRET process. As shown in row 8§ of Table 3.1, in
sample S-GQD-RQD-RNP, the PL decay time of either green or red light is longer than the
corresponding value in sample S-GQD+RQD-+GNP, indicating that here the SP coupling of
RNP is relatively weaker than that of GNP.

Figures 3.10(a) and 3.10(b) show the normalized PL decay profiles of the green and red

lights, respectively, for the samples with PSs under the conditions of polarized excitation, but
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un-polarized PL. The 1 and // signs in the labels represent the excitation polarizations

perpendicular to and parallel with the trench orientation. In Fig. 3.10(a), we can see that the
green-light decay becomes faster after GNP is added to a sample with GQD. With both GQD
and RQD in a sample, the induced FRET leads to a significant increase of PL decay rate. As
shown in Fig. 3.10(b) for the red-light component, SP coupling induced by RNP results in a
significant increase of PL decay rate. Also, FRET makes the red-light PL decay slowed down.
In the same sample, the difference between the two excitation polarization conditions is
generally small. However, those in the samples with SP coupling are larger. Figures 3.11(a) and
3.11(b) show the normalized PL decay profiles of the green and red lights, respectively, for
part of the PS samples under the conditions of polarized excitation and polarized PL. Again,

the L and//signs in the figures represent the polarizations perpendicular to and parallel with

the trench orientation, respectively, for either excitation or PL. In the labels, the first (second)
sign describes the excitation (PL) polarization. Figure 3.11(a) shows the results of samples P-
GQD, P-GQD+GNP, and P-GQD+RQD. Figure 3.11(b) shows the results of samples P-RQD,
P-RQD+RNP, and P-GQD+RQD. In each figure, the four decay profiles of the same sample
with different polarization combinations are close to each other. Figures 3.12(a) and 3.12(b)
show the normalized PL decay profiles of the green and red lights, respectively, for the rest of
the PS samples under the conditions of polarized excitation and polarized PL, including
samples P-GQD-+RQD+GNP and P-GQD+RQD+RNP. Again, the four decay profiles of the
same sample with different polarization combinations are close to each other. Therefore, we
can see two groups of decay profiles in each figure.

Table 3.2 shows the PL decay times of the green and red components of the PS samples
under the conditions of polarized excitation, but un-polarized PL. Here, one can see that for

either green or red light, the PL decay time under _L excitation polarization is always shorter

than that under // excitation polarization even though their differences are not large. The PL
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decay rate difference between the two cases of different excitation polarizations in sample P-
GQD+GNP (P-RQD+RNP) is relatively larger than that in sample GQD (RQD), indicating that
SP coupling in the polarization perpendicular to trench orientation is stronger. However, when
FRET occurs in those samples with both GQD and RQD, the difference generally becomes
smaller. Again, in Table 3.2, the numbers inside the parentheses show the enhancement
percentages of PL decay rate through the SP coupling of either GNP or RNP. We can see that
the SP coupling of RNP with RQD is stronger than that of GNP with GQD. As shown inside
the curly brackets in Table 3.2, the FRET efficiencies under the condition of // excitation

polarization are generally higher than that under the condition of | excitation polarization.

Also, the SP coupling of GNP can enhance the efficiency of the FRET from GQD into RQD in
the PS.

Table 3.3 shows the PL decay times of the green and red components of the samples with
PSs under the conditions of polarized excitation and polarized PL. In each box, the numbers

before (after) the slash correspond to the results under the condition of L (//) PL polarization.
Here, just like the results shown in Table 3.2, the PL decay times under the condition of _L

excitation polarization are always shorter than the corresponding values under the condition of
// excitation polarization. The PL decay times of the two PL polarizations in each box are close
to each other. No systematic trend can be found in their relative levels. However, we can see
clear variation trends in PL decay rate enhancement percentage through SP coupling (see the
values inside the parentheses) and FRET efficiency (see the values inside curly brackets). The
trend of the higher PL decay rate enhancement percentages through SP coupling under the

condition of _L excitation polarization, when compared with those under the condition of //

excitation polarization, is consistent with that in Table 3.2. Furthermore, under either excitation
polarization, the PL decay rate enhancement percentages through SP coupling under the

condition of // PL polarization is always higher than the corresponding values under the
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condition of L PL polarization. On the other hand, the trend of the lower FRET efficiency
under the condition of | excitation polarization, when compared with those under the

condition of // excitation polarization, is consistent with that in Table 3.2. Under the condition

of | excitation polarization, the FRET efficiency under the condition of // PL polarization is
higher than that under the condition of | PL polarization. However, under the condition of //
excitation polarization, the FRET efficiency under the condition of L PL polarization is

higher than that under the condition of // PL polarization. Although their differences are small,
the variation trend is clear. Although such a complicated system requires further investigation,

a simple attribution deserves mentioning here. Under the condition of L excitation

polarization, the donor emission efficiency is increased such that the energy available for
energy transfer in FRET is reduced and hence the FRET efficiency is decreased. Such a

mechanism becomes stronger when SP coupling is introduced.

3.3 Polarization dependent continuous photoluminescence measurement

Whenever both GQD and RQD exist in a sample, FRET can occur and color conversion
from green into red can be observed. We measure the continuous PL spectra of those samples
with both GQD and RQD for studying the color conversion behaviors under different SP
coupling conditions. The color conversion efficiency can be understood by evaluating the
integrated intensity ratio of the red component over the green component. Figure 3.13 shows
the normalized PL spectra of the three surface samples with both GQD and RQD. They are
normalized with respect to the peak intensities of individual green components. From such a
curve, we can evaluate the red-over-green integrated intensity ratio (R/G ratio). Among the
three surface samples, sample S-GQD+RQD-+RNP has the highest red intensity or R/G ratio,

followed by sample S-GQD+RQD-+GNP, and then sample S-GQD+RQD. The order of red
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intensity indicates that RNP can more significantly enhance color conversion, when compared
with GNP.

Figures 3.14(a) and 3.14(b) show the normalized PL spectra of the PS samples when the
excitation polarization is perpendicular to trench orientation. The results in Fig. 3.14(a) [Fig.
3.14(b)] are obtained under the condition of un-polarized (polarized) PL. In either case, the
R/G ratio is highest in sample P-GQD+RQD+RNP, followed by sample P-GQD+RQD+GNP,
and then sample P-GQD-+RQD. In Fig. 3.14(b), the two spectra of the same sample but different
PL polarizations are close to each other. Generally, the order of R/G ratio among the three
samples is the same as those shown in Fig. 3.13 and Fig. 3.14(a). Figures 3.15(a) and 3.15(b)
show the normalized PL spectra of the PS samples, similar to those in Figs. 3.14(a) and 3.14(b),
respectively, when the excitation polarization is parallel with trench orientation. The variation
behaviors among different samples and different polarization conditions are similar to those in
Figs. 3.14(a) and 3.14(b).

Table 3.4 shows the R/G ratios under various conditions shown in Figs. 3.13-3.15. Again,
under all conditions, the orders of R/G ratio among the three samples are the same. Sample
with GQD+RQD+RNP is the highest, followed by sample with GQD+RQD-+RNP, and then
sample with GQD+RQD. The R/G ratios in the PS samples are always higher than the

corresponding values in the surface samples. Also, those under the condition of | excitation
polarization are always higher than the corresponding values under the condition of // excitation

polarization. Meanwhile, under either excitation polarization condition, the R/G ratios under
the condition of // PL polarization are always higher than the corresponding values under the

condition of L PL polarization. Such a variation trend does not seem to be consistent with

that of FRET efficiency shown in Table 3.3. However, it is reasonable because the color
conversion efficiency consists of two factors, including FRET efficiency and acceptor emission

efficiency. There is a complicated combination between those two factors, leading to the color
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conversion results shown in Table 3.4.
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Table 3.1 PL decay times of the green and red components in the surface samples. The numbers

inside the parentheses show the PL decay rate enhancement percentages through SP coupling.

The numbers inside the curly brackets show the FRET efficiencies.

sample Decay time (ns) -- green Decay time (ns) -- red

S-GQD 7.111 —
S-GQD+GNP 6.271 (13.4 %) -—-

S-RQD --- 10.518
S-RQD+RNP --- 8.927 (17.8 %)
S-GQD+RQD 4.313 {39.35 %} 13.915

S-GQD+RQD+GNP 3.884 {38.06 %} 11.107
S-GQD+RQD+RNP 4.145 11.538
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Table 3.2 PL decay times of the green and red components in the PS samples under the

conditions of polarized excitation, but un-polarized PL. The numbers inside the parentheses

show the PL decay rate enhancement percentages through SP coupling. The numbers inside the

curly brackets show the FRET efficiencies.

Decay time (ns) -- green

Decay time (ns) -- red

Excitation ) )
polarization L to trench // with trench | L totrench | //with trench
P-GQD 6.942 7.089 --- -
P-GQD+GNP 5913 (17.3 %) | 6.171 (14.8 %) --- -
P-RQD --- - 8.987 9.069
P-RQD+RNP --- - 6.923 (29.8 %) | 7.370 (23.0 %)
P-GQD+RQD 4.361 {37.17 %}|4.412 {37.75 %} 10.543 10.711
P-GQD+RQD+GNP |3.507 {40.68 %} [3.540 {42.63 %} 8.233 8.397
P-GQD+RQD+RNP 3.839 3.901 8.985 9.024
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Table 3.3 PL decay times of the green and red components in the PS samples under the
conditions of polarized excitation and polarized PL. The numbers before (after) the slashes
show the PL decay times under the condition of | (//) PL polarization. The numbers inside
the parentheses show the PL decay rate enhancement percentages through SP coupling. The

numbers inside the curly brackets show the FRET efficiencies.

Decay time (ns) -- green Decay time (ns) -- red
Excitation ) )
o L to trench // with trench L to trench // with trench
polarization
P-GQD 6.928/7.007 7.108/7.051 --- -
6.107 (13.4 %)/ | 6.404 (11.0 %)/
P-GQD+GNP --- ---
6.135(14.2%) | 6.317 (11.6 %)
P-RQD --- - 9.010/9.051 9.219/9.300
7.183 (25.4 %)/ | 7.381 (24.9 %)/
P-RQD+RNP --- ---
7.121 (27.1 %) | 7.434(25.1 %)
4.393 {36.59 %}/|4.465 {37.19 %}/
P-GQD-+RQD 10.594/10.608 10.772/10.793
4.410 {37.06 %} | 4.437 {37.08 %}
3.482 {42.99 %}/(3.574 {44.19 %}/
P-GQD+RQD+GNP 8.277/8.264 8.376/8.287
3.482 {43.25 %} | 3.579 {43.34 %}
P-GQD+RQD+RNP 3.919/3.923 3.965/3.927 8.775/8.764 8.828/8.878
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Table 3.4 R/G integrated intensity ratios in the surface and PS samples under various

polarization combination conditions.

Sample S- Sample P- (Excitation Sample P- (Excitation
un-polar. polarization 1 to trench) polarization // with trench)
PL polarization - un-polar. L /! un-polar. 1 /!
GQD+RQD 3.83 5.76 5.77 5.88 5.53 5.35 5.42
GQD+RQD+GNP 4.70 6.03 5.89 6.09 5.79 5.82 593
GQD+RQD+RNP 5.74 6.80 6.69 6.93 6.59 6.35 6.52
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Fig 3.1 (a)-(c): Transmission spectra of samples S-GNP, S-GQD+GNP, and S-
GQD+RQD+GNP, respectively, by using a GaN template, samples S-GQD and S-GQD+RQD
as the normalization bases, respectively. The vertical green and red dashed lines indicate the

emission peak wavelengths of GQD and RQD, respectively.
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Fig 3.3 Transmission spectra of sample P-GNP under different polarization conditions,
including the polarization directions tilted 0, 30, 60 and 90 degrees with respect to the PS trench
orientation. The un-polarized transmission spectrum is also shown. The numbers after
polarization angles in the labels show the transmission minimum wavelengths through

Gaussian fitting.
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Fig 3.4 Results similar to those in Fig. 3.3 for sample P-GQD+GNP.
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Fig 3.5 Results similar to those in Fig. 3.3 for sample P-GQD+RQD+GNP.
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Fig 3.6 Results similar to those in Fig. 3.3 for sample P-RNP.
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Fig 3.7 Results similar to those in Fig. 3.3 for sample P-RQD+RNP.
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Fig 3.8 Results similar to those in Fig. 3.3 for sample P-GQD+RQD-+RNP.
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Fig 3.9 (a) and (b): Normalized PL decay profiles of the green and red components, respectively,

for the surface samples.
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Fig 3.10 (a) and (b): Normalized PL decay profiles of the green and red components,

respectively, for the PS samples under the conditions of polarized excitation, but un-polarized

PL. The | and // signs in the labels represent the excitation polarizations perpendicular to

and parallel with the trench orientation.
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Fig 3.11 (a) and (b): Normalized PL decay profiles of the green and red components,

respectively, for part of the PS samples under the conditions of polarized excitation and

polarized PL. In the labels, the first (second) sign describes the excitation (PL) polarization.
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Fig 3.12 (a) and (b): Normalized PL decay profiles of the green and red components,
respectively, for samples P-GQD+RQD-+GNP and P-GQD-+RQD+RNP under the conditions

of polarized excitation and polarized PL.
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Fig 3.13 Normalized PL spectra of the three surface samples with both GQD and RQD.

61

doi:10.6342/NTU202304307



Excitation polarization 1 to trench

(a)

E=Y [=)]
T

Normalized intensity
3% ]

P-GQD+RQD+RNP
P-GQD+RQD+GNP -~

PL un-polarized

P-GQD+RQ

o

500

Fig 3.14 (a) and (b): Normalized PL spectra of the PS samples when the excitation polarization

is perpendicular to trench orientation under the conditions of un-polarized and polarized PL,

respectively.

550 600 650
Wavelength (nm)

700

62

Normalized intensity
3% ] = (o]

o

(b) PL polarized
| P-GQD+RQD+RNP, // h

P-GQD+RQD+GNP, //
| P-GQD+RQD+GNP, I_|
. P-GQD+RQD, /// 4
| P-GQD+RQD, 1’ |

550 600 650
Wavelength (nm)

5(,]_0..,

doi:10.6342

700

/NTU202304307



Normalized intensity

[=2]

B
T

[\]
T

o

Excitation polarization // with trench

' (a)

PL un-polarized

P-GQD+RQD+RNP
P-GQD+RQD+GNP-
P-GQD+RQD

500 550 600 650

Wavelength (nm)

700

Normalized intensity
3% ] = ()]

o

(b) PL polarized
| P-GQD+RQD+RNP, H\

P-GQD+RQD+GNP, //

L P-GQD+RQD, //

A

P-GQD+RQAD, 1~ §

500 550 600

650 700

Wavelength (nm)

Fig 3.15 (a) and (b): Normalized PL spectra of the PS samples, similar to those in Figs. 3.14(a)

and 3.14(b), respectively, when the excitation polarization is parallel with trench orientation.
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Chapter 4 Discussions

4.1 Polarization dependent surface plasmon resonance

As shown in Figs. 3.3-3.8, when an Ag NP is inserted into an etched trench, the LSP
resonance occurs at a shorter wavelength and is stronger when the polarization is perpendicular
to the trench orientation. The stronger LSP resonance in this polarization is consistent with the
theoretical prediction in the case of a spherical Ag NP. However, the shorter wavelength
contradicts the prediction in the same case. If the Ag NP is spherical in geometry, the LSP
resonance wavelength should be longer in this polarization. For RNP, this contradiction is
attributed to its nano-disk geometry. In particular, for easily inserting into the trench, the nano-
disk face must be parallel with the trench sidewalls. In this situation, the aforementioned
perpendicular polarization is also perpendicular to the nano-disk face, leading to a shorter LSP
resonance. Regarding the LSP resonance strength, the nanoscale-cavity effect in this direction
can help in enhancing the LSP resonance. The anisotropic nanoscale-cavity effect is an
important cause for the observed polarization dependent LSP resonance. For GNP, it is closer
to a spherical geometry. However, its polarization dependent LSP resonance behavior in an
etched trench is similar to that of RNP. The polarization dependent LSP resonance behavior of

GNP deserves further investigation.

4.2 Polarization dependent quantum dot emission behaviors

The Purcell effect in the near field regime is quite different from that caused by far field.
Inside a nanoscale cavity, the electromagnetic behavior produced by a dipole source is expected
to differ from that of cavity resonance. Such a nanoscale-cavity effect is useful for enhancing
the efficiencies of emission, SP coupling, and color conversion in a light-emitting device for
illumination and display applications [7, 8, 15, 49-51]. In the current study, the nano-grating
structure can produce a nanoscale-cavity effect when the polarization is perpendicular to the
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oriented trench extension direction. Therefore, we would expect a higher QD emission
efficiency, a stronger SP coupling, and a higher color conversion efficiency when polarization
is perpendicular to the trench orientation. It is noted that color conversion relies on two factors,
including FRET efficiency and acceptor emission efficiency. Although the observed FRET
efficiency is not higher in the perpendicular polarization, the higher acceptor emission
efficiency can help in producing a higher color conversion efficiency in this polarization, as
shown in Table 3.4. The details of the polarization dependence in the fabricated samples

deserve further investigation.

4.3 Accuracy of optical measurement

It is noted that the footprint of excitation laser onto a sample in either continuous or time-
resolved PL measurement is larger than 300 micron. In other words, the excitation footprint is
larger than the width of a stripe mesa. As mentioned above, in a mesa, all the ECE etched
trenches are oriented in the same direction. However, between two neighboring mesas, there is
a S-micron separation region, in which no oriented trench structure exists. In this region, QDs
and/or Ag NPs also exist. Therefore, the contribution of this region to the collected signal in an
optical measurement can distort the polarization dependence of the measured results. To solve
this problem, in designing the mesa pattern, we purposely minimize the width of the mesa
separation region and maximize the width of a stripe mesa. Also, we need to consider the lateral
range limitation in ECE for minimizing the ECE dividing band width [see Figs. 2.7(c) and
2.7(d)] such that the area of oriented etched trench can be maximized. Under the current
experimental condition, by assuming that the ECE dividing band width is 100 nm, the width
ratio of oriented etched trenches (the study target) over other structures is estimated to give
58.8 (299.9 micron over 5.1 micron). This large ratio guarantees the small inaccuracies in our

optical measurements.
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Chapter 5 Conclusions

In summary, by well designing the epitaxial structure and the geometry of a stripe mesa
array, subsurface oriented pores in a GaN layer could be formed through an ECE process. After
removing the capping layer, surface oriented trenches of a fixed extension direction on the
mesas could be implemented to form a deep grating of sub-100 nm in period without using any
nano-lithography process. By drop-casting colloidal QDs and chemically synthesized Ag NPs
onto the surface of such a sample, they could be naturally settled into the trenches for showing
their polarization-dependent optical properties. Polarization-dependent SP resonance and
coupling, FRET, and QD emission were studied based on the spectroscopy measurements of
transmission, continuous PL and time-resolved PL. Generally speaking, when the excitation
polarization was perpendicular to the trench orientation, QD emission and SP coupling were
stronger. However, the FRET efficiency was lower. The overall color conversion efficiency

was higher when the excitation polarization was perpendicular to the trench orientation.
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