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Abstract:

The enhancements of colloidal quantum dot (QD) emission, Forster resonance energy transfer (FRET)
from green-emitting QD (GQD) into red-emitting QD (RQD), FRET from embedded quantum well
(QW) into QD, and surface plasmon (SP) coupling effect when QDs and synthesized Ag nanoparticles
(NPs) are inserted into a surface nano-hole, which penetrates through the whole QW structure, are
demonstrated. Nano-hole arrays on a GaN template to understand the effects without QW are first
fabricated. Then, nano-hole arrays on an InGaN/GaN QW template for studying the FRET processes
from the QW into QD are prepared. The samples with planar top surfaces for overlaying colloidal
QDs are also fabricated to compare the results with the nano-hole samples. Meanwhile, the results of
a set of sample with deeper nano-holes are compared with those with shallower nano-holes. The
overall FRET from the QW structure into the inserted QDs in a shallower nano-hole sample is stronger.
Besides, the SP coupling effect of surface Ag NPs on the FRET from the QW structure into the QDs
inserted into a shallow nano-hole is investigated. The FRET process can be enhanced through the SP

coupling effect.
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Chapter 1 Introduction

1.1 Photon down-conversion and Forster resonance energy transfer

Photon down-conversion is an effective method for generating the light of a new color,
particularly when the fabrication of a high-efficiency light emitter for this color is difficult [1, 2]. As
an example, for yellow light generation, it is usually difficult to use either InGaN or AlGalnP material
system for achieving a high emission efficiency [3, 4]. Yellow light generation based on a color
conversion process through colloidal quantum dots (QDs) can be a useful approach to achieve a
higher emission efficiency. Color conversion is also useful for implementing the arrayed pixels of
different emitting colors in display application [5, 6]. Green- and red-emitting QDs can be placed in
different pixels on a blue-emitting LED base to convert blue light into the designated colors. A color
conversion process is realized through the acceptor absorption of the emitted photons from the donor
and then the emission of the acceptor. However, the color conversion efficiency of such a far-field
process is limited by the absorption cross section of the acceptor. If the distance between the donor
and acceptor can be reduced to a scale of tens nm, the acceptor can absorb the energy of the strong
near field produced by the donor, resulting in a higher absorption efficiency and hence a more
effective color conversion process. With the development of the nano-process technology, such a
near-field interaction, known as the Forster resonance energy transfer (FRET) [7-11], becomes

feasible for color conversion application.

1.2 Colloidal quantum dots in surface nano-holes for enhancing Forster resonance energy

transfer

To implement an nm-scale distance between a donor and an acceptor, the insertion of the donor
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and/or acceptor into a nanoscale cavity is an attractive method. When a quantum well (QW) in an
LED serves as the donor in an energy transfer process, surface nano-holes can be fabricated to
penetrate through the QW structure for inserting color-converting QDs such that the distance between
an inserted QD and the portion of the QW near the nano-hole sidewall is small for producing FRET
and hence enhancing color conversion [12-17]. In such an implementation, the FRET effect has been
claimed typically based on the observations of a higher color conversion efficiency and a shorter
(longer) photoluminescence (PL) decay time of the donor (acceptor) emission, when compared with
a reference sample of overlaying QDs onto a planar-surface LED. These observations are interpreted
simply as the results of the short distance between the QDs in the nano-holes and the QW. However,
such an interpretation oversimplifies the near-field interactions in such a nanoscale-cavity structure.
Other important mechanisms exist in such a surface nano-hole with inserted QDs and nearby QWs
for enhancing color conversion. The understanding of such mechanisms will help us in developing

novel techniques for further improving the color conversion efficiency.

1.3 Surface plasmon coupling enhanced color conversion

When a light emitter or absorber is placed within the SP-resonance induced near-field distribution
range of a metal nanostructure, SP coupling can enhance its emission or absorption efficiency [18-
22]. In an SP coupling process for emission enhancement, the radiative recombination rate of a light
emitter can be enhanced when a strong electromagnetic field at the emission wavelength is applied to
the location of the light emitter [23]. In this process, carrier energy in the light emitter can be
transferred into SP resonance for radiation such that the non-radiative recombination rate in the light
emitter can be reduced, leading to a higher emission efficiency [24]. SP coupling has been used for

improving the performance of an LED, including the enhancements of internal quantum efficiency
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(IQE) and electroluminescence intensity, the suppression of the efficiency droop effect, and the
increase of LED modulation bandwidth [25-27]. SP coupling has also been used to enhance sunlight
harvest in a photovoltaic device [21, 22]. Therefore, SP coupling can be used for enhancing the
efficiencies of the three mechanisms mentioned in the last paragraph for a color conversion process.
In particular, when the donor, acceptor, and the metal nanostructure for inducing SP resonance are
close-by, the SP resonance excited by the donor can directly transfer energy into the acceptor through
a three-body coupling process. This energy transfer process can effectively enhance the color
conversion efficiency. SP-coupling enhanced color conversion from a blue-emitting QW structure or
LED into red emission through colloidal QDs has been studied in experiment and numerical

simulation based on the localized surface plasmon (LSP) resonances of Ag NPs [28-30, 31].

1.4 Preliminary study [32]

Red-emitting QDs immersed in a photoresist are inserted into the surface nano-holes fabricated
on the p-type mesa of a blue-emitting QW LED to show an enhanced color conversion efficiency and
an increased modulation bandwidth. Based on the TRPL study of the inserted QDs in a nano-hole
structure fabricated on an un-doped GaN template of no QW, it is found that the radiative
recombination rate of the inserted QDs is significantly increased due to the nanoscale-cavity effect.
This effect can also enhance the FRET efficiency when QDs are inserted into a nano-hole structure
fabricated in an LED. Simulation studies confirm the enhancements of dipole radiation efficiency and
FRET when it is placed in a nano-hole structure. Although FRET has been regarded as the major
cause for increasing the color conversion efficiency of the QDs inserted into such a surface nano-hole
structure in an LED, the study results show that the nanoscale-cavity effect plays a more important

role. Figure 1.1 schematically shows the structures of the samples under study. Here, with surface
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nano-holes, samples 11-H and 11-H-Q are fabricated based on sample 1. Without nano-hole, sample
I-Q is fabricated based on sample I. A photoresist (SU-8) solution containing red-emitting QDs is
applied to sample 1-Q and 11-H-Q. Figure 1.2(a) shows the plane-view SEM image of sample 1I-H
with the region circled by the red rectangle being magnified to show the SEM image in Fig. 1.2(b).
Figures 1.2(c) and 1.2(d) show the cross-sectional SEM images of a nano-hole array before and after
the application of the photoresist solution, respectively. Figure 1.3 shows the ratios of red intensity
over blue intensity (R/B ratio) of samples 1-Q and I1-H-Q (with the left ordinate) and the R/B ratio
enhancement (with the right ordinate) of sample I1-H-Q with respect to that of sample I-Q. Figure 1.4
shows the TRPL decay profiles of the QW and QD emissions in the samples with nano-holes and
inserted QDs fabricated based on the LED epitaxial structure (with QW) and a GaN template (without
QW). The results are summarized in Table 1.1 to show the R/B ratios with enhancement factor, and
the modulation bandwidths of the LED samples at 100 mA in injected current. Here, we can see that
the R/B ratio and modulation bandwidth of sample 1I-H-Q are indeed higher, when compared with
the corresponding values of sample I-Q. In Table 1.1, the PL decay times in TRPL study are also
shown. In the samples fabricated on GaN template, the QD PL decay time of sample H-Q is indeed
shorter than that of sample Q, indicating the higher radiative recombination rate in sample H-Q since
the non-radiative recombination rate is fixed. In the sample fabricated on the LED epitaxial structure,
the QD (QW) PL decay time becomes longer (shorter) in sample H-Q, when compared with sample
Q. These results are attributed to the FRET from QW into QD in the structure with QW. The FRET

is enhanced through the nanoscale-cavity effect.
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1.5 Research motivations

The study results shown in section 1.3 illustrate the nanoscale-cavity effect of a surface nano-
hole on the behaviors of QD emission and FRET. Although certain nanoscale-cavity effects have
been observed, many details are still unclear, particularly the basic optical behaviors of the QDs
inserted into a nano-hole deserves further investigation. Also, the SP coupling effects caused by the
metal NPs inserted into a surface nano-hole have not been studied. The SP coupling process can
further enhance the emission and FRET of the QDs inserted into a nano-hole. Such fundamental
knowledge about the emission and FRET behavior is important for further improving the design of a
color conversion device. In the study of this thesis, we first insert the photoresist solution of green-
emitting QDs (GQDs) and red-emitting QDs (RQDs) into the fabricated surface nano-holes on a GaN
template for studying the emission behaviors of those QDs and the FRET behavior from GQD into
RQD. Chemically synthesized Ag NPs are also immersed into the photoresist for inserting into the
nano-hole for producing an SP coupling effect. Then, similar samples are fabricated on an
InGaN/GaN QW template, in which nano-holes penetrate through the QW structure such that the QD
and Ag NP immersed photoresist contacts the QWs. In this situation, we can study the nanoscale-
cavity effect on the FRET from the QWs into the inserted QDs. Finally, shallow nano-holes are
fabricated on the QW template such that the bottom of the nano-holes is close to the top QW. By
inserting the photoresist solution of QDs into the shallow nano-holes and placing Ag NPs on the
sample surface, we can produce the SP coupling between the surface Ag NPs and the QWs. In this
situation, the QDs are located between the Ag NPs and QWs for absorbing the strong near-field
energy in the SP coupling process. It is expected that the color conversion through the QDs can be

enhanced.
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1.6 Thesis structure

In Chapter 2 of this thesis, the sample structures and their fabrication procedures are described.
Then, the emission, FRET, and SP coupling behaviors of QDs in a surface nano-hole array fabricated
on a GaN template are illustrated in Chapter 3. Next, the similar behaviors in a surface nano-hole
array fabricated on a QW template are presented in Chapter 4. In Chapter 5, we show the color
conversion results of QDs affected by the SP coupling between surface Ag NPs and QWs. Further

discussions about the results are made in Chapter 6. Finally, conclusions are drawn in Chapter 7.
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Table 1.1 Key data of LED performances and TRPL measurements.

sample I-Q 1-H-Q
Normalized EL intensity of LED at 100 mA 0.730 0.765 (5 %)
R/B intensity ratio of LED at 100 mA 4.85 5.34 (10 %)

LED Modulation bandwidth at 100 mA (MHz) 17.75/4.73/5.76 24.24/5.26/7.26
(blue/red/mixed)

QW PL decay time on LED structure (ns) 132.00 58.16
QD PL decay time on LED structure (ns) 11.21 19.43
QD PL decay time on u-GaN template (ns) 12.42 7.19
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Fig. 1.1 Schematic illustrations of sample structures.
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Fig. 1.2 Plane and cross-sectional SEM images of sample I1-H.
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Chapter 2 Sample Structures and Fabrication Procedures

2.1 Sample structures

Figure 2.1(a) schematically illustrates the structure of the GaN template used for fabricating
nano-hole samples without QW. The GaN template is grown with metalorganic chemical vapor
deposition (MOCVD) on double-polished sapphire substrate at 1040 °C. Figure 2.2(a) schematically
illustrates the structure of the QW template used for fabricating nano-hole samples with 5 periods of
InGaN/GaN QW. On a GaN template, the InGaN well layers and GaN barrier layers are grown at 695
and 793 °C, respectively. The QW structure is capped by an un-doped GaN (u-GaN) layer of ~50 nm
in thickness. The emission wavelength of the QW structure is around 455 nm. On either GaN or QW
template, a nano-hole array is fabricated, as schematically illustrated in Figs. 2.1(b) and 2.2(b). On
the QW template, the nano-holes are deep enough to penetrate through the QW layer. Photoresist
solutions of green-emitting QD (GQD), red-emitting QD (RQD), and/or synthesized Ag nanoparticles
(NPs) are inserted into the nano-holes to form various nano-hole samples. For comparison, those
photoresist solutions are also placed on the flat top surfaces of the GaN and QW templates to form
planar sample, as schematically illustrated in Figs. 2.1(c) and 2.2(c). Two types of Ag NP are
synthesized for producing localized surface plasmon (LSP) resonances at different wavelengths. The
Ag NP with LSP feature close to the emission wavelength of GQD (RQD) is denoted by GNP (RNP).
On GaN templates with surface nano-hole arrays, the combination of QDs and Ag NPs leads to the
samples of GN-H-XXX, with XXX = GQD, RQD, GQD+RQD, GQD+GNP, RQD+RNP,
GQD+RQD+GNP, and GQD+RQD+RNP. For comparison, the planar samples on GaN templates
include GN-R-XXX, with XXX = GQD, RQD, GQD+RQD, GQD+GNP, RQD+RNP,
GQD+RQD+GNP, and GQD+RQD+RNP. Similarly, on the QW template, we prepare the nano-hole
samples of QW-H-XXX and planar samples of QW-R-XXX.

12
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Besides the comparisons between the QW- and GN- sample series, we also study the QD
emission behavior when it is affected by the SP coupling between the QWs and surface Ag NPs. For
this study, we fabricate shallow nano-holes in the GaN capping layer on a QW template. The nano-
hole bottom is above the top QW. Then, GQD and/or RQD is inserted into the nano-holes, as
schematically illustrated in Fig. 2.3(a). This series of sample are denoted by QW-S-XXX, with XXX
= GQD, RQD, and GQD+RQD. The SP coupling effect is induced by surface Ag NPs, as
schematically illustrated in Fig. 2.3(b). This series of sample are denoted by QW-S-XXX-SP, with
XXX = GQD, RQD, and GQD+RQD. The prepared samples in this study (20 samples in total) are
summarized in Tables 2.1 and 2.2.

The structure of the QW template is analyzed with cross-sectional transmission electron
microscopy (TEM). Figure 2.4 shows a dark-field TEM image of the QW template, in which we can
see five periods of QW with the well layer thickness between 2.5 and 2.9 nm and the barrier thickness
around 17 nm. Including the top quantum barrier, the capping layer thickness, i.e., the distance
between the top QW and sample surface, is around 50 nm. Also, the distance between the bottom QW
and sample surface is around 134 nm. Therefore, if we fabricate nano-holes of >300 nm in depth, the
QWs can expose on the nano-hole sidewalls, as illustrated in Fig. 2.2(b). On the other hand, for

fabricating the samples illustrated in Fig. 2.3(a), the nano-hole depth needs to be smaller than 50 nm.

2.2 Fabrication of a surface nano-hole array

The procedures for fabricating surface nano-hole arrays based on the nano-imprint technique are
schematically illustrated in Figs. 2.5(a) through 2.5(f). As shown in Fig. 2.5(a), a SiO> layer and a
photoresist layer are first coated onto the sample. Then, as illustrated in Fig. 2.5(b), a nano-imprint

stamp is used to press the sample to form a triangular nano-hole array on the photoresist layer of 180
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nm in hole diameter and 380 nm in hole spacing (center-to-center). Next, we use reactive ion etching
(RIE) technique to etch the photoresist and SiO- to form a hole array on the two layers, as illustrated
in Fig. 2.5(c). This RIE process uses O plasma as etchants for 5 min to etch the photoresist and ChFs
plasma as etchant for 3 min to etch SiO». The photoresist is then removed also with RIE (O2 plasma
as etchant for 20 min), as shown in Fig. 2.5(d). The remaining SiO> pattern is used as the mask to
etch the p-type and QW structures in the LED sample with inductively coupled plasma RIE (ICP-
RIE) and wet etching (with AZ400K), as illustrated in Fig. 2.5(¢). In the ICP-RIE process, Cl> and Ar
are used as plasma etchants for 60 (20) sec to fabricate deep (shallow) nano-holes. Also, the AZ400K
wet etching lasts for 7 min at the temperature of 80 °C. The wet etching process can help in making
the hole sidewall vertical and removing the damaged material on the sidewall. Finally, buffered oxide
etchant (BOE) dipping for 1 min at room temperature is undertaken for removing the SiO, mask to
give us an LED sample with a surface deep nano-hole pattern, as illustrated in Fig. 2.5(f). Figures
2.6(a) and 2.6(b) show the SEM images of a nano-hole array with different magnifications. Although
the hole pattern of the nano-imprint stamp is circular, the planar nano-hole pattern is hexagonal. The
surface hole size between two parallel sides is ~238 nm. Figures 2.7(a) and 2.7(b) show two cross-
sectional SEM images of a nano-hole array in a GaN template. Here, we can see that the nano-hole
depth is around 300 nm, which is significantly larger than the depth of the bottom QW when such a
nano-hole array is fabricated on a QW template. Here, we can also see that the nano-hole cross-

sectional size slightly decreases with depth.

2.3 Colloidal quantum dots and synthesized Ag nanoparticles

The used CdZnSeS/ZnS GQDs and RQDs are purchased from Taiwan Nanocrystals Inc. Hsinchu,

Taiwan. They are capped with an amphiphilic polymer, i.e., poly(isobutylene-alt-maleic anhydride),
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and hence are negatively charged with zeta potentials at -28.3 and -25.6 mV, respectively [33]. The
emission peak wavelengths of GQD and RQD are 530 and 625 nm, respectively. The amphiphilic
polymer capped GQD or RQD is a sphere-like particle of 8-10 nm in size. To immerse QDs in the
photoresist, which is SU-8, the water solvent of QDs is replaced first by ethanol and then by propylene
glycol methyl ether acetate (PGMEA) through centrifugations [34, 35]. QDs can be uniformly
dispersed in a PGMEA solution after sonication. For forming the photoresist solution with QDs, we
mix 50-mL PGMEA solution of QDs with 380-mg photoresist of SU-8 and stir the mixer through
sonication. The QD concentration in the photoresist solution is estimated to be 5 wt%. To deposit an
SU-8 solution onto a sample, a drop of the SU-8 solution of ~30 uL in volume is applied to the sample,
followed by a spin process of 300 rpm for 30 sec. Then, the sample is baked first at 65 °C for 20 min
and then at 95 °C for 40 min. Next, we bake the sample again first at 65 °C for 1 min and then at 95
°C for 4 min.

Two types of synthesized Ag NPs (GNP and RNP) are fabricated [10, 11, 36]. Figures 2.8(al)
and 2.8(a2) [2.8(b1) and 2.8(b2)] show the SEM images of samples GNP (RNP) with different
magnifications when they are placed on GaN templates and dried up. We can see that the shape of the
Ag NPs is irregular and the size is not uniform. The average size of RNPs looks larger than that of
GNPs. Figure 2.9 shows the normalized extinction spectra of GNP and RNP in water under the
conditions before (bare) and after linking with 5 k polyethylene glycol (thiol-PEG-amine) (PEG) [37].
The linkage of PEG can prevent the aggregation of the Ag NPs in a solution. It can also turn the
surface charge of an Ag NP into positive such that it can attract negatively charged QDs. Before PEG
linkage, the extinction peaks, i.e., LSP resonance peaks, of GNP and RNP are located at 456 and 537
nm, respectively. After PEG linkage, they are red-shifted to 469 and 555 nm, respectively. It is

expected that the LSP resonance peaks will be further red-shifted after they are immersed in the

15

doi:10.6342/NTU202203112



photoresist, SU-8, because the refractive index of the photoresist is 1.577, which is larger than that of
water (1.33). Figure 2.10 shows the transmission spectra of GNP and RNP in the photoresist. In this
measurement, the photoresist solution is placed on a GaN template and solidified. The transmission
spectra in Fig. 2.10 are obtained using the transmission of a pure photoresist (no Ag NP) on a GaN
template as measurement baseline. Here, the spectral depressions correspond to the LSP resonance
features. We can see that the LSP resonance peak of GNP (RNP) in solidified photoresist is 506 (608)
nm. In Fig. 2.10, the two vertical dashed lines indicate the emission wavelengths of GQD and RQD
at 530 and 625 nm, respectively. One can see that the LSP resonance peak of GNP (RNP) is close to
the emission wavelength of GQD (RQD). In other words, the LSP resonance of GNP (RNP) at the
GQD (RQD) emission wavelength is quite strong. In particular, at the GQD (RQD) emission
wavelength, the LSP resonance of GNP is stronger (weaker) than that of RNP. Therefore, the SP
coupling effects of GNP and RNP can be differentiated.

In inserting the photoresist solution of QD/AG NP into the fabricated nano-holes, a drop of the
photoresist solution is applied to the sample surface. After a spin process, the photoresist solution
with immersed QDs and/or Ag NPs can flow into the nano-holes. However, since our study targets
are the QDs and/or Ag NPs in the nano-holes, the photoresist containing QDs/Ag NPs remains on the
sample top surface must be removed. Figure 2.11(al) shows the SEM image near the edge of a sample,
where the photoresist coverage thickness tapers off. The lower dark region corresponds to a thicker
coverage, where the photoresist solution exists on the top surface. Because the photoresist solution is
electric insulating, it looks dark in SEM observation. The upper brighter region in Fig. 2.11(al)
corresponds to a thinner coverage, where all the photoresist solution flows into the nano-holes.
Figures 2.11(a2) and 2.11(a3) show the magnified SEM images at the boundary in Fig. 2.11(al). We

can see the inserted photoresist solution in the nano-holes. To remove the remained photoresist
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solution on the sample top surface, i.e., clean sample surface, we sweep the sample top surface with
a wet cotton swab. Figures 2.11(b1)-2.11(b3) show three SEM images of a sample with different
magnifications after surface cleaning. By comparing Figs. 2.11(a3) and 2.11(b3), we can see that after
surface cleaning, the photoresist solution in the shallow region around a nano-hole is removed.

However, that inside the nano-holes remains.

2.4 Optical characterization methods

To understand the emission and FRET behaviors of QDs and QWs, the time-resolved (TR) PL
and continuous (cw) PL spectroscopy measurements are undertaken. TRPL measurement is excited
by the second-harmonic (390 nm in wavelength and ~1.5 mW in power) of a femtosecond Ti:sapphire
laser (Coherent, VERDI-8W). The signals are monitored with a photon counter of 2.5 ps in temporal
resolution (Acton research Corporation, SpectraPro 2150i). The measurement of cw PL is excited by
an InGaN laser diode of 405 nm in wavelength and 6 mW in output. The spectroscopic signals are
detected by an Ocean Optics spectrometer. Only room-temperature measurement is undertaken. In
both TRPL and cw PL measurements, the excitation lasers are incident onto the sample from the

sapphire side. The emitted PL signals are also collected from the sapphire side.
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photoresist.

Table 2.1 List of the samples based on the GaN and QW templates and their descriptions. PR:

Samples on GaN Samples on QW Description
template template
GN-H-GQD QW-H-GQD PR containing GQD in deep nano-holes
GN-H-RQD QW-H-RQD PR containing RQD in deep nano-holes
GN-H-GQD+RQD QW-H- PR containing GQD & RQD in deep nano-
GQD+RQD holes
GN-H-GQD+GNP QW-H- PR containing GQD & GNP in deep nano-
GQD+GNP holes
GN-H-RQD+RNP QW-H- PR containing RQD & RNP in deep nano-
RQD+RNP holes
GN-H- QW-H- PR containing GQD, RQD & GNP in deep
GQD+RQD+GNP | GQD+RQD+GNP nano-holes
GN-H- QW-H- PR containing GQD, RQD & RNP in deep
GQD+RQD+RNP | GQD+RQD+RNP nano-holes
GN-R-GQD QW-R-GQD PR containing GQD on surface
GN-R-RQD QW-R-RQD PR containing RQD on surface
GN-R-GQD+RQD QW-R- PR containing GQD & RQD on surface
GQD+RQD
GN-R-GQD+GNP QW-R- PR containing GQD & GNP on surface
GQD+GNP
GN-R-RQD+RNP QW-R- PR containing RQD & RNP on surface
RQD+RNP
GN-R- QW-R- PR containing GQD, RQD & GNP on
GQD+RQD+GNP | GQD+RQD+GNP surface
GN-R- QW-R- PR containing GQD, RQD & RNP on
GQD+RQD+RNP GQD+RQD+RNP surface
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Table 2.2 List of the samples for studying the SP coupling. PR: photoresist.

Sample Description
QW-S-GQD PR containing GQD in shallow nano-holes
QW-S-RQD PR containing RQD in shallow nano-holes

QW-S-GQD+RQD

PR containing GQD & RQD in shallow nano-holes

QW-S-GQD-SP PR containing GQD in shallow nano-holes overlaid with surface
Ag NPs
QW-S-RQD-SP PR containing RQD in shallow nano-holes overlaid with surface

Ag NPs

QW-S-GQD+RQD-
SP

PR containing GQD & RQD in shallow nano-holes overlaid with
surface Ag NPs
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Fig. 2.1 (a): Schematic illustration of the structure of the GaN template. (b): Schematic illustration
of the structures of samples GN-H-XXX with QDs and/or Ag NPs in deep nano-holes. (c):
Schematic illustration of the structures of samples GN-R-XXX with QDs and/or Ag NPs on the

sample surface.
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Fig. 2.2 (a): Schematic illustration of the structure of the QW template. (b): Schematic illustration
of the structures of samples QW-H-XXX with QDs and/or Ag NPs in deep nano-holes. (c):

Schematic illustration of the structures of samples QW-R-XXX with QDs and/or Ag NPs on the

sample surface.
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Fig. 2.3 (a): Schematic illustration of the structures of samples QW-S-XXX with QDs in shallow
nano-holes. (b): Schematic illustration of the structures of samples QW-S-XXX-SP with QDs in

shallow nano-holes and Ag NPs on the top surface.
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Fig. 2.4 Cross-sectional TEM image of the QW template showing the QW structure.
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Fig. 2.5 (a)-(f): Schematic illustrations of the surface nano-hole fabrication procedures.
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Fig. 2.6 (a) and (b): Plane-view SEM images of a fabricated surface nano-hole array with

different magnifications.
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Fig. 2.7 (a) and (b): Cross-sectional SEM images of a fabricated surface nano-hole array at different

locations.
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Fig. 2.8 (al) and (a2) [(b1) and (b2)]: SEM images of dried GNPs (RNPs) on GaN templates with

different magnifications.
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Fig. 2.9 Normalized extinction spectra of GNP and RNP in water before (bare) and after PEG linkage

(PEG). The numbers indicate the spectral peak wavelengths.
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Fig. 2.11 (al)-(a3): SEM images of different magnifications of a nano-hole array covered by the
photoresist solution (before surface cleaning). (b1)-(b3): SEM images of different magnifications
of a nano-hole array with the photoresist solution inserted into the nano-holes (aftere surface

cleaning).
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Chapter 3 Emission, Forster Resonance Energy Transfer and Surface Plasmon
Coupling in a Surface Nanoscale Hole on a GaN Template

3.1 Time-resolved photoluminescence results

Figure 3.1 shows the green-light PL decay profiles of samples GN-R-GQD, GN-R-GQD+RQD,
GN-R-GQD+GNP, GN-R-GQD+RQD+GNP, and GN-R-GQD+RQD+RNP. Here, one can see that
the green-light decay rate increases when RQD is added to produce FRET or Ag NP is added to
produce SP coupling. Figure 3.2 shows the red-light PL decay profiles of samples GN-R-RQD, GN-
R-GQD+RQD, GN-R-RQD+RNP, GN-R-GQD+RQD+GNP, and GN-R-GQD+RQD+RNP. Here,
when GQD is added to produce FRET, the red-light PL decay rate is reduced. When GNP or RNP is
added for producing SP coupling, the red-light PL decay rate is increased. Figure 3.3 shows the green-
light PL decay profiles of samples GN-H-GQD, GN-H-GQD+RQD, GN-H-GQD+GNP, GN-H-
GQD+RQD+GNP, and GN-H-GQD+RQD+RNP. The general variation trend of those curves is the
same as that in Fig. 3.1. For comparison, the green-light PL decay profile of sample GN-H-
GQD+RQD before surface cleaning is also shown. We can see that under this condition, the green-
light decay rate is lower than that after surface cleaning. Figure 3.4 shows the red-light PL decay
profiles of samples GN-H-RQD, GN-H-GQD+RQD, GN-H-RQD+RNP, GN-H-GQD+RQD+GNP,
and GN-H-GQD+RQD+RNP. Generally, the variation trend of those decay profiles is the same as
that in Fig. 3.2. Again, for comparison, the red-light PL decay profile of sample GN-H-GQD+RQD
before surface cleaning is also shown in Fig. 3.4. We can see that under this condition, the red-light
decay rate is lower than that after surface cleaning.

In Table 3.1, we show the green- and red-light PL decay times of the samples fabricated on the

GaN template. In sample GN-R-GQD (GN-R-RQD), the green-light (red-light) PL decay times is
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6.24 (8.65) ns. This number represents the GQD (RQD) PL decay behavior in the solidified
photoresist on the sample surface. The decay time of GQD emission decreases from 6.24 ns to 5.81
ns when GQDs are inserted into the deep nano-holes in sample GN-H-GQD. This result is attributed
to the nanoscale-cavity effect, which enhances the emission efficiency of a QD and hence reduces the
PL decay time. A similar result can be observed for RQD. The decay time of GQD emission decreases
from 8.65 ns to 7.27 ns when RQDs are inserted into the deep nano-holes in sample GN-H-RQD.
When GQD is linked with GNP for producing SP coupling in sample GN-R-GQD+GNP, the green-
light PL decay time is reduced from 6.24 ns to 5.51 ns because the SP coupling can also enhance the
GQD emission efficiency and hence reduce its decay time. Again, the similar behavior can be
observed for RQD in sample GN-R-RQD+RNP. The red-light decay time reduces from 8.65 ns to
7.79 ns. When GQD+GNP (RQD+RNP) is inserted into a nano-hole, the decay time of GQD (RQD)
is further reduced to 4.63 (6.91) ns, indicating that the SP coupling is stronger in a nanoscale cavity.

When both GQD and RQD exist in sample GN-R-GQD+RQD, FRET from GQD into RQD
occurs such that the green-light decay time is reduced from 6.24 ns to 4.98 ns and red-light decay
time is increased from 8.65 ns to 10.47 ns on the sample surface. When GQD and RQD are inserted
into a nano-hole, as the case of sample GN-H-GQD+RQD, two competing factors counteract in
determining the emission behavior. The nanoscale-cavity effect can enhance the FRET process to
further reduce (increase) green-light (red-light) decay time. However, the nanoscale-cavity effect can
also enhance the QD emission efficiency such that both green- and red-light decay times are reduced.
The additive effect leads to a further reduction of GQD PL decay time (from 4.98 ns to 4.09 ns).
However, the subtractive effect results in a decrease of RQD PL decay time (10.47 nsto 8.62 ns). The
underlined numbers in Table 3.1 show the decay times of sample GN-H-GQD+RQD before surface

cleaning. In this situation, we can see that either green- or red-light decay time lies between those of
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samples GN-R-GQD+RQD and GN-H-GQD+RQD (after surface cleaning). The results of sample
GN-H-GQD+RQD before surface cleaning are actually closer to those of sample GN-R-GQD+RQD,
confirming that the density of the QDs remaining on the sample top surface is higher than that inserted
into the nano-holes and hence dominates the PL decay behavior.

Next, when GNP or RNP is added to the GQD+RQD system, the FRET behavior can be affected
by SP coupling. In sample GN-R-GQD+RQD+GNP, the green-light decay time is further reduced to
450 ns (from 4.98 ns in sample GN-R-GQD+RQD). However, this reduction is not necessarily
caused by enhanced FRET. It can be due to the SP-coupling enhanced GQD emission. In this sample,
the red-light decay time is reduced to 9.77 ns (from 10.47 ns in sample GN-R-GQD+RQD),
confirming that the SP coupling also enhances RQD emission, but not necessarily enhance FRET. In
sample GN-H-GQD+RQD+GNP, both green- and red-light decay times are further reduced due to
the enhanced QD emission efficiency caused by the nanoscale-cavity effect. Nevertheless, the FRET
efficiency in the nano-hole can be enhanced. When RNP is used, instead of GNP, in samples GN-R-
GQD+RQD-RNP and GN-H-GQD+RQD-RNP, all the decay times are further reduced. Here, the
further reduction of red-light decay times are due to the stronger SP coupling of RNP at the
wavelength of RQD emission. The further reduction of green-light decay times can be attributed to
the enhanced FRET in this case. With the enhanced carrier decay rate in RQD, the energy transfer
from GQD into RQD can become more effective.

The numbers inside the curly brackets show the FRET efficiencies in some of the samples. The
FRET efficiency is defined as n = 1-tpa/tp. Here, toa (tp) is the PL decay time of donor in the
presence (absence) of acceptor. In Table 3, we can see that the FRET efficiency is always higher when
QDs are inserted into a nano-hole. With the SP coupling of GNP, in either case of surface QDs or

QDs in a nano-hole, FRET efficiency is reduced, indicating that this SP coupling leads to a reduction
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of FRET efficiency.

3.2 Continuous photoluminescence results

Figure 3.5 shows the normalized spectra of those samples with both GQD and RQD, including
sample GN-H-GQD+RQD before surface cleaning. All the spectra are normalized with respect to the
individual peak intensities of green light. The ratio (R/G ratio) of the integrated intensity of red light
over that of green light for each of those samples is shown inside the parentheses in Table 3.1. In the
sample series of surface QDs (nano-hole QDs), the R/B ratio decreases from 4.94 (6.26) in sample
GN-R-GQD+RQD (GN-H-GQD+RQD) to 4.43 (5.30) in sample GN-R-GQD+RQD+GNP (GN-H-
GQD+RQD+GNP), and then increases to 5.67 (6.81) in sample GN-R-GQD+RQD+RNP (GN-H-
GQD+RQD+RNP). We can see that with QDs in the nano-holes, the R/G ratios are always higher
than the corresponding values in the case of surface QDs, confirming the enhanced FRET effect in
the nano-holes. The R/G ratios are decreased in the samples with GNP because the GNP induced SP
coupling leads to a larger enhancement of green-light emission. The R/G ratios are increased in the
samples with RNP because the RNP induced SP coupling results in a larger enhancement of red-light
emission. The R/G ratio of sample GN-H-GQD+RQD before surface cleaning (5.01) is quite close to
that of sample GN-R-GQD+RQD (4.94), indicating that the emission behavior of the whole sample

is dominated by surface QDs before surface cleaning.
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Table 3.1 PL decay times of various samples. The numbers inside the parentheses show the R/G ratios.

The numbers inside the curly brackets show the FRET efficiencies. The underlined numbers show

the data of sample GN-H-GQD+RQD before surface cleaning.

XXX = GN-R-XXX (ns) GN-H-XXX (ns)
GQD G 6.24 5.81
RQD R 8.65 7.27
GQD+GNP G 5.51 4.63
RQD+RNP R 7.79 6.91
G 4.98 (1) {20.2 %} 4.09 (1)/4.67 (1) {29.6 %}
GQD+RQD
R 10.47 (4.94) 8.62 (6.26)/10.42 (5.01)
G 4.50 (1) {18.3 %) 3.61 (1) {22.0 %}
GQD+RQD+GNP
R 9.77 (4.43) 8.51 (5.30)
G 4.39 (1) 3.39 (1)
GQD+RQD+RNP
R 9.06 (5.67) 7.50 (6.81)
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Fig. 3.1 Green-light PL decay profiles of samples GN-R-GQD, GN-R-GQD+RQD, GN-R-

GQD+GNP, GN-R-GQD+RQD+GNP, and GN-R-GQD+RQD+RNP.
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Fig. 3.2 Red-light PL decay profiles of samples GN-R-RQD, GN-R-GQD+RQD, GN-R-RQD+RNP,

GN-R-GQD+RQD+GNP, and GN-R-GQD+RQD+RNP.

37

doi:10.6342/NTU202203112



Green light

>
= GN-H-GQD+RQD
g (before surface cleaning)
_"é GN-H-GQD+GNP
U W,
[«F] -0
N GN-H-GQD+RQD
©
= 01 GN-H-GQD+RQD+GNP
o -
= GN-H-GQD+RQD+RNP
0 2 4 6 8 10 12

Time (ns)

Fig. 3.3 Green-light PL decay profiles of samples GN-H-GQD, GN-H-GQD+RQD, GN-H-
GQD+GNP, GN-H-GQD+RQD+GNP, and GN-H-GQD+RQD+RNP. For comparison, the green-

light PL decay profile of sample GN-H-GQD+RQD before surface cleaning is also shown.
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Fig. 3.4 Red-light PL decay profiles of samples GN-H-RQD, GN-H-GQD+RQD, GN-H-RQD+RNP,
GN-H-GQD+RQD+GNP, and GN-H-GQD+RQD+RNP. For comparison, the red-light PL decay

profile of sample GN-H-GQD+RQD before surface cleaning is also shown.
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Fig. 3.5 Normalized spectra of samples GN-R-GQD+RQD, GN-R-GQD+RQD+GNP, GN-R-
GQD+RQD+RNP, GN-H-GQD+RQD, GN-H-GQD+RQD+GNP, and GN-H-GQD+RQD+RNP.

For comparison, that of sample GN-H-GQD+RQD before surface cleaning is also shown.
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Chapter 4 Emission, Forster Resonance Energy Transfer and Surface Plasmon
Coupling in a Surface Nanoscale Hole on a Quantum-well Structure

4.1 Emission behaviors of quantum-well templates

Although the small pieces of QW samples come from a full 2-inch wafer, because the MOCVD
growth of the QW template is not uniform over the wafer, the emission properties of the QWs in those
QW samples differ slightly. Therefore, we measure the emission behavior of each QW sample before
the application of the photoresist solution. Figures 4.1(a)-4.1(d) show the normalized PL spectra of
the QWs in samples QW-R-GQD, QW-R-RQD, QW-R-GQD+RQD, and QW-R-GQD+GNP,
respectively. Figures 4.2(a)-4.2(c) show the similar results for samples QW-R-RQD+RNP, QW-R-
GQD+RQD+GNP, and QW-R-GQD+RQD+RNP, respectively. The ratio of the integrated intensity
at 300 K over that at 10 K is defined as the internal quantum efficiency (IQE). IQEs of those samples
are shown in the figures. They range from 50.0 through 52.5 %.

When nano-holes are fabricated on a QW template, the nano-holes can relax the compressive
strain in the QW structure such that its quantum-confined Stark effect is reduced. In this situation, the
emission efficiency or the IQE of the QW structure can be enhanced. Figures 4.3(a)-4.3(d) show the
normalized PL spectra of the QWs in samples QW-H-GQD, QW-H-RQD, QW-H-GQD+RQD, and
QW-H-GQD+GNP, respectively, before (B) and after (A) nano-hole fabrication. Figures 4.4(a)-4.4(c)
show the similar results for samples QW-H-RQD+RNP, QW-H-GQD+RQD+GNP, and QW-H-
GQD+RQD+RNP, respectively. The IQEs before and after nano-hole fabrication are also shown in
the figures. We can see that the IQE of the QW structure increases by 8-12 % after nano-holes are

fabricated.
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4.2 Time-resolved photoluminescence results

Figure 4.5 shows the normalized green-light PL decay profiles of samples QW-R-GQD, QW-R-
GQD+GNP, QW-R-GQD+RQD, QW-R-GQD+RQD+GNP, and QW-R-GQD+RQD+RNP. Again,
one can see that the green-light decay rate increases when RQD is added to produce FRET or Ag NP
is added to produce SP coupling. Figure 4.6 shows the red-light PL decay profiles of samples QW-R-
RQD, QW-R-GQD+RQD, QW-R-RQD+RNP, QW-R-GQD+RQD+GNP, and QW-R-
GQD+RQD+RNP. Again, when GQD is added to produce FRET, the red-light PL decay rate is
reduced. When GNP or RNP is added for producing SP coupling, the red-light PL decay rate is
increased. Figure 4.7 shows the green-light PL decay profiles of samples QW-H-GQD, QW-H-
GQD+RQD, QW-H-GQD+GNP, QW-H-GQD+RQD+GNP, and QW-H-GQD+RQD+RNP. The
general variation trend of those curves is the same as that in Fig. 4.5. For comparison, the green-light
PL decay profile of sample QW-H-GQD+RQD before surface cleaning is also shown. We can see
that under this condition, the green-light decay rate is lower than that after surface cleaning. Figure
4.8 shows the red-light PL decay profiles of samples QW-H-RQD, QW-H-GQD+RQD, QW-H-
RQD+RNP, QW-H-GQD+RQD+GNP, and QW-H-GQD+RQD+RNP. Generally, the variation trend
of those decay profiles is the same as that in Fig. 4.6. Again, for comparison, the red-light PL decay
profile of sample QW-H-GQD+RQD before surface cleaning is also shown in Fig. 4.8. We can see
that under this condition, the red-light decay rate is significantly lower than that after surface cleaning.

Figure 4.9 shows the blue-light PL decay profiles of samples QW-R-GQD and QW-H-GQD
under different conditions. For sample QW-R-GQD, the results include the intrinsic condition and
that after QD/Ag NP application. For sample QW-H-GQD, the results include the intrinsic condition,
that after nano-hole application, and that after QD/Ag NP application and surface cleaning. Here, we

can see that after nano-hole application, the PL decay rate is significantly increased in sample QW-
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H-GQD. This variation is consistent with the significant increase of QW. IQE after nano-hole
application. It is noted that this increase of PL decay rate after nano-hole fabrication can have two
causes, including the radiative recombination enhancement due to the reduction of the quantum-
confined Stark effect and the non-radiative recombination enhancement due to the increase of surface
state on a nano-hole sidewall. After QD/Ag NP application, the photoresist filling into the nano-holes
can reduce the surface state and hence weaken non-radiative recombination such that the PL decay
rate is decreased. In sample QW-R-GQD, the application of QD/Ag NP leads to the increase of PL
decay rate because the FRET from QWs into GQDs can speed up carrier decay in the QWSs. This
FRET effect for enhancing blue-light PL decay also occur in sample QW-H-GQD. However, the PL
decay behavior in this situation is dominated by the factor of PL decay weakening due to the reduction
of non-radiative recombination. Therefore, in Fig. 4.9, we observe the reduction of PL decay rate
after QD/Ag NP application and surface cleaning in sample QW-H-GQD.

Figures 4.10-4.15 show the results for sample sets QW-R-RQD/QW-H-RQD, QW-R-
GQD+GNP/QW-H-GQD+GNP, QW-R-RQD+RNP/QW-H-RQD+RNP, QW-R-GQD+RQD/QW-H-
GQD+RQD, QW-R-GQD+RQD+GNP/QW-H-GQD+RQD+GNP, and QW-R-
GQD+RQD+RNP/QW-H-GQD+RQD+RNP, respectively. The variation trends of the corresponding
PL decay profiles are the same among those sample sets. In Fig. 4.13 for sample set QW-R-
GQD+RQD/QW-H-GQD+RQD, we also include the result of sample QW-H-GQD+RQD after
QD/Ag NP application, but before surface cleaning. This blue-light PL decay profile is quite close to
that of the same sample after surface cleaning, indicating that under this condition the FRET from the
QWs into the QDs in the nano-holes have almost exhausted the QW carrier such that extra QDs on
the sample surface does not produce a stronger FRET effect.

Table 4.1 shows the PL decay times of blue-, green-, and red-light in all the samples based on the
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QW template under different conditions. We start the discussions with the green-light decay time of
sample QW-R-GQD at 6.43 ns. This number is larger than that in sample GN-R-GQD at 6.24 ns. The
larger PL decay time in sample QW-R-GQD is due to the FRET from the QWs into the GQDs on the
sample surface. This FRET process can occur even though the GaN capping layer thickness is around
50 nm. This FRET process can also occur in sample QW-R-RQD. Therefore, the red-light decay time
of 9.52 ns is longer than that in sample GN-R-RQD at 8.65 ns. When GQD or RQD is inserted into a
nano-hole on a QW template in sample QW-H-GQD or QW-H-RQD, as shown in Table 4.1, the PL
decay time (5.84 or 7.29 ns) becomes shorter, when compared to the corresponding value of the
surface QD sample (6.43 or 9.52 ns). This comparison result implies that the FRET effect from the
QWs into the QDs inserted into the nano-holes is not necessarily stronger that that from the QWs into
the surface QDs. The behavior of QD PL decay in a nano-hole is dominated by the enhanced QD
emission efficiency to reduce its decay time. This speculation is supported by the decay time
comparison between the samples fabricated on the GaN and QW templates. The green-light (red-light)
decay time of sample QW-H-GQD (QW-H-RQD), i.e., 5.84 ns (7.29 ns), is comparable to that of
sample GN-H-GQD (GN-H-RQD), i.e., 5.81 ns (7.27 ns). These comparisons confirm that the FRET
from the QWs into QDs in the nano-holes is weak. Therefore, the QD decay time in a nano-hole is
only slightly increased on a QW template, when compared to that on a GaN template. It has been
reported that the FRET from QWs into the QDs inserted fabricated nano-holes can be significantly
stronger than that from QWs into the QDs on the sample surface. This can be true when the QWs are
far away the sample surface. However, if we increase the period number of QWs, the FRET from
QWs into the QDs inserted fabricated nano-holes can become stronger.
Then, in samples QW-R-GQD+GNP and QW-R-RQD+RNP, their decay times are shorter than

the corresponding values in samples QW-R-GQD and QW-R-RQD, respectively, due to the SP
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coupling effect for enhancing QD emission efficiency. Those decay times are longer than the
corresponding values of samples GN-R-GQD+GNP and GN-R-RQD+RNP, respectively, due to the
FRET from QW into QD. In samples QW-H-GQD+GNP and QW-H-RQD+RNP, the decay times are
shortened, when compared to the corresponding samples with QDs on the top surface, due to the
enhanced emission effect in the nano-holes. With both GQD and RQD in a sample, the green-light
decay time is significantly reduced, caused by the FRET from GQD into RQD. In this situation, the
red-light decay time can be increased. However, as mentioned earlier, the decay behavior of a QD in
a nano-hole is dominated by the emission efficiency enhancement. The generally shorter decay times
of GQD and RQD in the nano-holes of the samples with QWSs, when compared with those of the
samples without QW, are attributed to the stronger nanoscale-cavity effect for enhancing QD emission
efficiency. However, the basic mechanism leading to this behavior is still unclear. One of the possible
causes is the FRET from inserted QDs into the surface defect states on the nano-hole sidewall. The
weak FRET from the QWs into QDs in the nano-holes can be understood by comparing the depth of
the nano-hole (~300 nm), the thickness of the QW structure (~75 nm), and the diameter of the nano-
hole (~200 nm). The portion of the inserted QDs for effectively interacting with QWs through FRET
is small if the QD distribution in the photoresist is essentially uniform.

Table 4.1 also shows the PL decay times of the QWSs. In the sample series of QW-R-XXX, the
numbers before and after the slash in each box correspond to the decay times before and after QD/PR
application. After QD/PR application, the QW decay time is always significantly reduced, indicating
the effective FRET from the QWs into the surface QDs. In the sample series of QW-H-XXX, the
three numbers separated by the two slashes correspond to the QW decay times before and after nano-
hole fabrication, and after QD/PR insertion into the nano-holes. In each sample, after nano-hole

fabrication, the QW decay time is significantly reduced. Then after QD/PR insertion, the QW decay
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time is slightly recovered. The decay time reduction is due to two causes. First, the fabrication of the
nano-hole array can relax the strain and hence increase the QW emission efficiency. The strain
relaxation also produce the blue-shift of the emission peak, as shown in Figs. 4.3 and 4.4, particularly
at the room temperature. Second, the fabrication of the nano-holes produces surface defect states on
the sidewalls. In other words, both radiative and non-radiated recombination are increased, leading
to the significant decrease of QW decay time. After the insertion of QD/PR, we might expect that the
QW decay time is further reduced because of the FRET from the QWs into inserted QDs. However,
the results show the QW decay time is slightly increased. Suh a result implies that the insertion of
QD/PR can reduce the strain relaxation and/or the effect of surface defect states. Also, it implies that
the FRET from the QWs into inserted QDs is indeed weak. The numbers inside the curly brackets
show the FRET efficiencies in the sample series of QW-R-XXX. Generally speaking, with both GQD
and RQD in a sample, the FRET efficiency is higher. The FRET efficiency cannot be evaluated in the
sample series of QW-H-XXX because the QW (donor) condition has been changed in inserting
QD/PR.

To further understand the causes for changing the emission behavior of the QWs, we use a QW
template to fabricate a nano-hole array and then insert pure photoresist (without QD or Ag NP) into
the nano-holes. Figure 4.16 shows the normalized QW PL spectra at 10 and 300 K for the intrinsic (I)
case, and the other two cases of nano-hole (NH) fabrication and photoresist (PR) insertion. From the
results in Fig. 4.16, we can evaluate the intrinsic IQE at 55.1 %, the IQE after nano-hole fabrication
at 60.7 %, and that after photoresist insertion at 62.4 %. Figure 4.17 shows the PL decay profiles of
the QW sample at the aforementioned three stages. We can see that the PL decay rate significantly
increases after nano-hole fabrication. After pure photoresist insertion, the decay rate is reduced. The

decay times are summarized in Table 4.2. Here, we can see that the decay time decreases from the
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intrinsic value of 20. 99 ns to 5.76 ns after nano-hole fabrication, and then increases to 8.06 ns after
pure photoresist insertion. The opposite variation trends between IQE and PL decay time indicate that
photoresist insertion can indeed reduce the effect of surface defect states on the nano-hole sidewall.
In Table 4.1, we can see that the QW PL decay times after QD/PR insertion into the nano-holes of the
sample series of QW-H-XXX are always shorter than 8.06 ns mentioned above. The differences of
the QW PL decay time are caused by the FRET from the QWs into inserted QDs. Therefore, this

FRET process does exists.

4.3 Continuous photoluminescence results

Figure 4.18 shows the normalized cw PL spectra of samples QW-X-GQD, QW-X-RQD, QW-X-
GQD+GNP, and QW-X-RQD+RNP with X = R and H. All the spectra are normalized with respect to
individual blue-light intensity peaks. Figure 4.19 shows the normalized cw PL spectra of samples
QW-X-GQD+RQD, QW-X-GQD+RQD+GNP, and QW-X-GQD+RQD+RNP with X = R and H. All
the spectra are normalized with respect to individual blue-light intensity peaks. For comparison, the
result of sample QW-H-GQD+RQD before surface cleaning is also shown in Fig. 4.19. The integrated
intensity ratios of G/B and R/B are shown inside the parentheses in Table 4.1.Here, we can see that
generally the G/B or R/B ratios in the sample series of QW-H-XXX are smaller than the
corresponding values in the sample series of QW-R-XXX because of the smaller QD quantities inside
the nano-holes, when compared to those on the top surfaces. Also, the R/B ratios are generally higher
than the G/B ratios due to the higher absorption of RQD at the QW emission wavelength. Meanwhile,
the inclusion of Ag NPs generally results in a larger G/B and R/B ratios due to the enhanced FRTE
from QW into QD and the increased QD emission efficiency. Furthermore, with both GQD and RQD

in asample, the FRET from GQD into RQD can lead to increased R/B ratios and decreased G/B ratios.
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4.4 Effects of reducing nano-hole depth

To confirm the speculation that the weak FRET from the QWs into inserted QDs is due to the
significantly larger nano-hole depth, when compared to the thickness of the QW structure, we re-
process the samples with the QW template. To reduce the nano-hole depth, we first remove the
solidified photoresist solution of QD in the nano-holes and on the top surface of the sample series of
QW-R-XXX and QW-H-XXX by combining the techniques of acetone immersion and Oz-plasma
RIE. After this cleaning process, we fill into pure photoresist (no QD or Ag NP) into the nano-hole
and clean the surface. Then, we use Oz-plasma RIE to etch the solidified pure photoresist in the nano-
holes until the nano-hole depth reaches ~150 nm. Figures 4.20(a) and 4.20(b) show the atomic force
microscopy (AFM) scanning image and a line-scan result, respectively, of a test sample, confirming
that the new nano-hole depth is 151.79 nm. Next, we follow the procedures before to apply the
photoresist solutions of QDs to various samples. Those new samples use the same designations as
those before except that “(S)” is added at the end of a sample designation. Therefore, we now have a
set of sample of a smaller nano-hole volume. The depth of ~152 nm can cover the whole QW structure
on its sidewall (see Fig. 2.4). Figure 4.20(c) shows the schematic illustration of the structure of a re-
processed sample demonstrating the use of pure photoresist to reduce the depth of a nano-hole from
~300 nm to ~152 nm for filling QD/PR.

Figures 4.21-4.31 show the PL decay profiles of the green, red, and blue lights in the re-processed
samples, similar to those in Figs. 4.5-4.15, respectively. In Figs. 4.25-4.31 for the blue-light decay
profiles, one more curve is added for each sample after the nano-holes are filled with pure photoresist
up to the depth of ~152 nm. This curve is labeled by “after PR filling”. The PL decay times of the re-

processed samples are summarized in Table 4.3, similar to those in Table 4.1. However, in Table 4.3,
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one more value is added to the decay times of the QWs to describe the behavior after the nano-holes
are filled with pure photoresist up to the depth of ~152 nm. Therefore, the four decay times separated
by the three slashes correspond to the intrinsic case, the cases after nano-hole fabrication, after pure
photoresist filling up to ~152 nm depth, and after QD/PR application and surface cleaning. One can
see that in each sample, the QW PL decay time significantly decreases after nano-hole fabrication.
Then, it increases slightly after pure photoresist filling. Next, it decreases again after QD/PR
application and surface cleaning. The process of pure photoresist filling can reduce the effects of
surface defect states and/or the strain relaxation, leading to an elongated PL decay time. Then, after
QD insertion, the FRET from the QWs into QDs reduces the QW decay time. By comparing the
results in Table 4.3 with those in Table 4.1, one can see that the corresponding decay times in the
sample series of QW-R-XXX are comparable. However, the green and red-light (blue-light) decay
times in the sample series of QW-H-XXX(S) are systematically longer (shorter) than the counterparts
in the sample series of QW-H-XXX. This comparison result indicates that the effective FRET strength
from the QWs into inserted QDs in the sample series of QW-H-XXX(S) is relatively higher. This is
so because the quantity percentage of inserted QDs receiving FRET energy from the QWSs is increased
after the nano-holes are filled with pure photoresist up to the depth of ~152 nm. The numbers inside
the curly brackets show the FRET efficiencies of those samples. Here, we can see that in the sample
series of QW-R-XXX(S), the FRET efficiency in the sample of GQD or RQD only is around 20 %.
After Ag NPs are added, that increases to a level of ~24 %. When both GQD and RQD exist in a
sample, the FRET efficiency is further increased to ~30 %. After Ag NPs are added, that is further
increased. RNP can more increase the FRET efficiency from the QWs into QDs, when compared with
GNP. The variation trend of FRET efficiency in the sample series of QW-H-XXX(S) is the same as

that in the sample series of QW-R-XXX(S). However, the corresponding values are relatively higher
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by 3-6 %.

Figures 4.32 and 4.33 show the normalized PL spectra of the re-processed samples, similar to
those in Figs. 4.18 and 4.19, respectively. The integrated intensity ratios G/B and R/B are also shown
in Table 4.3 inside the parentheses. Here, one can see that in the sample series of QW-R-XXX(S), the
G/B ratios are increased. When both GQD and RQD exist in a sample, the stronger green intensity
also leads to a stronger red intensity (through FRET) and hence a larger R/B ratio. In the sample series
of QW-H-XXX(S), both G/B and R/B ratios are generally increased indicating the effectively stronger

FRET from the QWs into QDs.
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Table 4.1 PL decay times of the samples based on the QW template under different conditions. For
samples QW-R-XXX, the two PL decay times correspond to the cases before and after nano-hole
fabrication. For samples QW-H-XXX, the three PL decay times correspond to the cases before and
after nano-hole fabrication, and after QD/Ag NP application (after surface cleaning). The numbers
inside the parentheses show the G/B and R/B ratios. The underlined numbers show the results of

sample QW-H-GQD+RQD before surface cleaning. The numbers inside the curly brackets show the

FRET efficiencies.
XXX = QW-R-XXX (ns) QW-H-XXX (ns)
B 18.08/14.14 (1) {21.79 %} 18.14/5.44/6.06 (1)
GQD
G 6.43 (1.38) 5.84 (0.13)
B 18.11/15.36 (1) {15.18 %} 19.19/4.43/5.63 (1)
RQD
R 9.52 (3.95) 7.29 (1.64)
B 16.80/11.24 (1) {33.10 %} 18.71/5.25/6.43 (1)
GQD+GNP
G 5.65 (2.19) 4.95 (0.19)
B 18.05/14.33 (1) {20.61 %} 20.06/4.28/5.75 (1)
RQD+RNP
R 9.06 (5.83) 6.54 (3.21)
B 19.92/13.88 (1) {30.32 %} 20.61/5.84/6.33/6.32 (1)
GQD+RQD G 4.96 (1.55) 3.59/4.86 (0.08/1.63)
R 11.81 (7.98) 7.99/11.01 (0.52/8.49)
B 16.62/10.68 (1) {35.74 %} 19.50/3.41/4.58 (1)
GQD+RQD+GNP G 4.64 (2.05) 3.29 (0.17)
R 11.28 (9.92) 7.85 (0.94)
B 18.36/12.16 (1) {33.77 %} 20.37/4.98/4.70 (1)
GQD+RQD+RNP
G 4.32 (1.20) 3.18 (0.11)
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10.62 (6.96)

7.53 (0.85)
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Table 4.2 IQE and PL decay times of a test QW sample after different process stages.

Intrinsic After nano-hole After pure photoresist
fabrication insertion
IQE (%) 55.1 60.7 62.4
PL decay time (ns) 20.99 5.76 8.06
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Table 4.3 PL decay times of samples QW-R-XXX(S) and QW-H-XXX(S) under different conditions,

similar to the results in Table 4.1.

XXX = QW-R-XXX(S) (ns) QW-H-XXX(S) (ns)
B | 18.17/14.46 (1) {20.42 %} | 18.14/4.71/6.31/4.70 (1) {25.52 %}
GQD
G 6.47 (2.99) 5.98 (0.26)
B | 18.21/14.51 (1) {20.32 %} | 19.19/4.01/6.01/4.53 (1) {24.63 %}
RQD
R 9.28 (3.98) 9.07 (1.44)
B | 17.60/13.37 (1) £24.03 %} | 18.71/5.15/6.43/4.49 (1) {30.17 %}
GQD+GNP
G 5.74 (3.72) 5.23 (0.48)
B | 18.28/13.77 (1) {24.67 %} | 20.06/4.39/5.91/4.19 (1) £29.10 %]
ROD+RNP
R 8.89 (5.65) 8.68 (2.34)
B | 18.81/13.01{30.84 %} 20.61/4.78/6.52/4.35 {33.28 %}
GQD+RQD | G 5.61 (2.85) 5.04 (0.20)
R 11.48 (13.52) 10.83 (1.21)
B | 17.49/11.74 {32.88 %} 19.50/3.86/5.82/3.68 {36.77 %}
GQD+RQD
G 4.91 (3.54) 4.62 (0.31)
+GNP
R 10.85 (15.61) 10.42 (1.56)
B | 1856/12.16 {34.48 %} 20.37/4.69/6.96/4.23 {39.22 %}
GQD+RQD | o 4.85 (3.38) 4.32 (0.28)
+RNP
R 10.53 (17.80) 9.43 (1.91)
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Fig. 4.1 (a)-(d): Normalized PL spectra at 10 and 300 K for evaluating IQEs in samples QW-R-GQD,

QW-R-RQD, QW-R-GQD+RQD, and QW-R-GQD+GNP, respectively. The IQE values are also

shown in the figures.
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Fig. 4.2 (a)-(c): Normalized PL spectra at 10 and 300 K for evaluating IQEs in samples QW-R-

RQD+RNP, QW-R-GQD+RQD+GNP, and QW-R-GQD+RQD+RNP, respectively. The IQE

values are also shown in the figures.
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Fig. 4.3 (a)-(d): Normalized PL spectra at 10 and 300 K for evaluating IQEs in samples QW-H-GQD,
QW-H-RQD, QW-H-GQD+RQD, and QW-H-GQD+GNP, respectively, before (B) and after (A)

nano-hole fabrication. The IQE values are also shown in the figures.
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Fig. 4.4 (a)-(c): Normalized PL spectra at 10 and 300 K for evaluating IQEs in samples QW-H-

RQD+RNP, QW-H-GQD+RQD+GNP, and QW-H-GQD+RQD+RNP, respectively, before (B) and

after (A) nano-hole fabrication. The IQE values are also shown in the figures.
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Fig. 4.5 Normalized green-light PL decay profiles of samples QW-R-GQD, QW-R-GQD+GNP, QW-

R-GQD+RQD, QW-R-GQD+RQD+GNP, and QW-R-GQD+RQD+RNP.
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Fig. 4.6 Normalized red-light PL decay profiles of samples QW-R-RQD, QW-R-RQD+RNP, QW-R-

GQD+RQD, QW-R-GQD+RQD+GNP, and QW-R-GQD+RQD+RNP.
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Fig. 4.7 Normalized green-light PL decay profiles of samples QW-H-GQD, QW-H-GQD+GNP, QW-
H-GQD+RQD, QW-H-GQD+RQD+GNP, and QW-H-GQD+RQD+RNP. For comparison, that of

sample QW-H-GQD+RQD before surface cleaning is also shown.
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Fig. 4.8 Normalized red-light PL decay profiles of samples QW-H-RQD, QW-H-RQD+RNP, QW-H-
GQD+RQD, QW-H-GQD+RQD+GNP, and QW-H-GQD+RQD+RNP. For comparison, that of

sample QW-H-GQD+RQD before surface cleaning is also shown.
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Fig. 4.9 Normalized blue-light PL decay profiles of samples QW-R-GQD and QW-H-GQD under
different conditions. For sample QW-R-GQD, the results include the intrinsic condition and that
after QD/Ag NP application. For sample QW-H-GQD, the results include the intrinsic condition,

that after nano-hole application, and that after QD/Ag NP application and surface cleaning.
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Fig. 4.10 Normalized blue-light PL decay profiles of samples QW-R-RQD and QW-H-RQD under

different conditions, similar to Fig. 9.
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Fig. 4.11 Normalized blue-light PL decay profiles of samples QW-R-GQD+GNP and QW-H-

GQD+GNP under different conditions, similar to Fig. 9.
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Fig. 4.12 Normalized blue-light PL decay profiles of samples QW-R-RQD+RNP and QW-H-

RQD+RNP under different conditions, similar to Fig. 9.
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Fig. 4.13 Normalized blue-light PL decay profiles of samples QW-R-GQD+RQD and QW-H-
GQD+RQD under different conditions, similar to Fig. 9. For comparison, that of sample QW-H-

GQD+RQD before surface cleaning is also shown.
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Fig. 4.14 Normalized blue-light PL decay profiles of samples QW-R-GQD+RQD+GNP and QW-H-

GQD+RQD+GNP under different conditions, similar to Fig. 9.
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Fig. 4.15 Normalized blue-light PL decay profiles of samples QW-R-GQD+RQD+RNP and QW-H-

GQD+RQD+RNP under different conditions, similar to Fig. 9.

69

doi:10.6342/NTU202203112



' 10 K — after -7 QW emission
[ PR insertion IQE: 55.1 (I)/
2 08f 60.7 (NH)/
@ 10K~ 62.4 (PR) %
S [ intrinsic (1)
T 06300K- 10 K — after nano-hole (NH)
- | after PR fabrication
E 0.4 _lnsert|on 300 K — after nano-
] hole (NH) fabrication
S
S o2
300 K — intrinsic (1)

00 L L 1 R L 1 L L 1 i
420 440 460 480 500

Wavelength (nm)

Fig. 4.16 Normalized PL spectra at 10 and 300 of a test sample after nano-hole fabrication and PR

filling.
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Fig. 4.17 Normalized PL decay profiles of the test sample after nano-hole fabrication and PR filling.
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Fig. 4.18 Normalized PL spectra of samples QW-R-GQD, QW-R-RQD, QW-R-GQD+GNP, QW-R-

RQD+RNP, QW-H-GQD, QW-H-RQD, QW-H-GQD+GNP, and QW-H-RQD+RNP. All the

spectra are normalized with respect to individual blue-light peak intensities.
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Fig. 4.19 Normalized PL spectra of samples QW-R-GQD+RQD, QW-R-GQD+RQD+GNP, QW-R-
GQD+RQD+RNP, QW-H-GQD+RQD, QW-H-GQD+RQD+GNP, and QW-H-GQD+RQD+RNP.
All the spectra are normalized with respect to individual blue-light peak intensities. For

comparison, that of sample QW-H-GQD+RQD before surface cleaning is also shown.
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Fig. 4.20 (a): AFM image of the nano-holes in a re-processed sample. (b): Line-scan result showing
the nano-hole depth at ~152 nm. (c): Schematic illustration of the structure of a re-processed
sample showing the use of pure photoresist to reduce the depth of a nano-hole from ~300 nm to

~152 nm for filling QD/PR.
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Fig. 4.21 Normalized PL decay profiles for the sample series of QW-R-XXX(S) and/or QW-H-

XXX(S), similar to those in Fig. 4.5.
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Fig. 4.22 Normalized PL decay profiles for the sample series of QW-R-XXX(S) and/or QW-H-

XXX(S), similar to those in Fig. 4.6.
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Fig. 4.23 Normalized PL decay profiles for the sample series of QW-R-XXX(S) and/or QW-H-

XXX(S), similar to those in Fig. 4.7.
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Fig. 4.24 Normalized PL decay profiles for the sample series of QW-R-XXX(S) and/or QW-H-

XXX(S), similar to those in Fig. 4.8.

78

doi:10.6342/NTU202203112



—_—

. AW-R-GQD(S) (intrinsic) Blue light
> QW--GQD(S) (intrinsic)

o o
o o
e

QW-R-GQD(S) (after
QD/Ag NP application

o
~

F QW-H-GQD(S) (after g,

r PR Ailling) >

- QW-H-GQD(S) (after

I nano-hole fabrication)
QW-H-GQD(S) (after QD/Ag NP
application and surface cleaning)

Normalized intensity
o
o

0o 2 4 6 8 10 12
Time (ns)

Fig. 4.25 Normalized PL decay profiles for the sample series of QW-R-XXX(S) and/or QW-H-

XXX(S), similar to those in Fig. 4.9.
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Fig. 4.26 Normalized PL decay profiles for the sample series of QW-R-XXX(S) and/or QW-H-

XXX(S), similar to those in Fig. 4.10.
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Fig. 4.27 Normalized PL decay profiles for the sample series of QW-R-XXX(S) and/or QW-H-

XXX(S), similar to those in Fig. 4.11.
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Fig. 4.28 Normalized PL decay profiles for the sample series of QW-R-XXX(S) and/or QW-H-

XXX(S), similar to those in Fig. 4.12.

82

doi:10.6342/NTU202203112



o o
o o -
S

EQW-H-

o
~

Normalized intensity
o
o

- fabrication)

ten, AW-R-GQD+RQD(S

L

P ey

S,
i GQD+RQD(
 (after PR filli

ng)

) (intrinsic)
- QW-H-GQD+RQD(S)
WMW

- QW-R-GQD+RQD(S

| (after QD/Ag NP application)
QW-H-GQD+RQD(S) (after nano-hole
QW-H-GQD+RQD(S) (after QD/Ag
NP application and surface cleaning)

(intrinsic)
W-.umm

Blue light

0o 2

4 6
Time (ns)

8 10 12

Fig. 4.29 Normalized PL decay profiles for the sample series of QW-R-XXX(S) and/or QW-H-

XXX(S), similar to those in Fig. 4.13.
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Fig. 4.30 Normalized PL decay profiles for the sample series of QW-R-XXX(S) and/or QW-H-

XXX(S), similar to those in Fig. 4.14.
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Fig. 4.31 Normalized PL decay profiles for the sample series of QW-R-XXX(S) and/or QW-H-

XXX(S), similar to those in Fig. 4.15.
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Fig. 4.32 Normalized PL spectra for the sample series of QW-R-XXX(S) and/or QW-H-XXX(S),

similar to those in Fig. 4.18.
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Fig. 4.33 Normalized PL spectra for the sample series of QW-R-XXX(S) and/or QW-H-XXX(S),

similar to those in Fig. 4.19.
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Chapter 5 Color Conversion of Colloidal Quantum Dot Affected by the Surface
Plasmon Coupling between Surface Ag Nanoparticles and a Quantum-well
Structure

5.1 General descriptions of the samples

Figures 5.1(a) and 5.1(b) illustrate the sample structures to be fabricated for studying the SP
coupling effect induced by the surface Ag NPs on the FRET from the QWs into the QDs inserted in
a shallow nano-hole. Figures 5.2(a) and 5.2(b) show the plane-view SEM images of different
magnifications of a shallow nano-hole sample. Here, we can see that with shallow etching, the top
morphology of the hole is not as uniform as that with deep etching, as shown in Fig. 2.6(b). Figures
5.3(a) and 5.3(b) show the cross-sectional SEM images of different magnifications of the shallow
nano-hole sample. Here, one can see that the hole depth is ~40 nm. Referred to Fig. 2.4, we can see
that the bottom of such a shallow is ~10 nm above the top QW in the QW template. We then follow
the aforementioned procedure for inserting the photoresist solution of QDs into the shallow nano-
holes and cleaning the surface. Three QD samples are prepared, including those with pure GQD
(sample QW-HP-GQD), pure RQD (sample QW-HP-RQD), and GQD plus RQD (sample QW-HP-
GQD+RQD). After the top surfaces of the three samples are cleaned, we deposit 2.5-nm Ag onto the
surfaces of the samples at room temperature. With thermal annealing, surface Ag NPs can be naturally
formed as shown in the SEM images of Figs. 5.4(a) and 5.4(b). The surface Ag NPs on the three
samples lead to the transmission spectra shown in Fig. 5.5. The depression minima of the three curves
are all around 530 nm. The three vertical dashed lines indicate the emission wavelengths of the QW
(445 nm), GQD (530 nm), and RQD (625 nm), showing that the broad LSP resonance feature of the

deposited surface Ag NPs can cover all the three emission wavelengths. However, it is noted that the
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broad LPS resonance feature is caused by the distribution of surface Ag NPs on photoresist (refractive
index at 1.577) and GaN (refractive index at 2.399). The former (latter) results in the LSP feature on
the shorter- (longer-) wavelength side. In this study, only those surface Ag NPs on the QD/PR filled
nano-holes can effectively influence the FRET from the QWSs into QDs. Although we cannot
differentiate the LSP resonance contributions from the two parts of surface Ag NPs, the emissions of
the QWs, GQDs, and RQDs must be all affected by the SP coupling. In particular, those of the QWs
and GQDs must be significantly influenced by the SP coupling process.

Figure 5.6(a) shows the normalized PL spectra at 10 and 300 K of sample QW-HP-GQD before
(B) and after (A) nano-hole fabrication. From the integrated intensity ratios, we can obtain the IQEs
before and after nano-hole fabrication at 58.5 and 60.4 %, respectively. Figures 5.6(a) and 5.6(b)
show the results of samples QW-HP-RQD and QW-HP-GQD+RQD, respectively, similar to those in
Fig. 5.6(a) for sample QW-HP-GQD. After nano-hole fabrication, the IQE of the QWs is slightly
increased. However, the increments are significantly smaller than those after fabricating deep nano-
holes (300 nm in depth), as shown in Figs. 4.3 and 4.4. This is so because strain relaxation is weaker

after shallow nano-hole fabrication. .

5.2 Results of time-resolved and continuous photoluminescence measurements

Figure 5.7 shows the green-light PL decay profiles of samples QW-HP-GQD and QW-HP-
GQD+RQD before (w/o SP) and after (SP) surface Ag NP deposition. Here, one can see that with SP
coupling, the PL decay rate is slightly decreased. Figure 5.8 shows the red-light PL decay profiles of
samples QW-HP-RQD and QW-HP-GQD+RQD before (w/o SP) and after (SP) surface Ag NP
deposition. Here, we can see that the difference of red-light decay rate between the cases with and

without SP coupling becomes larger. Figures 5.9-5.11 show the blue-light PL decay profiles of
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samples QW-HP-GQD, QW-HP-RQD and QW-HP-GQD+RQD, respectively, in the intrinsic case
and the cases after nano-hole fabrication, after QD/PR application, and after surface Ag NP deposition.
All the samples show that the blue-light PL decay rate increases after nano-hole fabrication, further
increases after QD/PR application, and further increases after surface Ag NP deposition. After nano-
hole fabrication, strain relaxation and defect increase can lead to a higher decay rate. After QD/PR
application, the FRET from the QWs into QDs leads to a further increase of blue-light decay rate.
Finally, after Ag NP deposition, the induced SP coupling results in the enhanced FRET from the QWSs
into QDs.

Table 5.1 summarizes the PL decay times of the three samples under different conditions. We can
see that the increments of green-light decay time in sample QW-HP-GQD and red-light decay time
in sample QW-HP-RQD after surface Ag NP deposition are small, indicating that the SP coupling
effect on the FRET from the QWSs into QDs is not very strong. In sample QW-HP-GQD+RQD,
although the increment of green-light decay time is small, that of red light is quite large. This result
is caused by the FRET from GQD into RQD. The numbers inside the curly brackets show the
efficiencies of FRET from the QWs into QDs before Ag NP deposition. Those FRET efficiencies are
not high.

Figure 5.12 shows the normalized PL spectra of those three samples before and after Ag NP
deposition. All the spectra are normalized with respect to the individual blue peak intensities. The
numbers inside the parentheses in Table 5.1 show the integrated intensity ratios G/B and R/B in those
three samples. Here, we can see that the SP coupling can increase the G/B and R/B ratios. In other
words, the SP coupling through the surface Ag NPs can enhance the FRET from the QWs into the

QDs inserted into the shallow nano-holes.
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Table 5.1 PL decay times of blue-, green, and red-light in samples QW-HP-GQD, QW-HP-RQD, and
QW-HP-GQD+RQD under different conditions. The numbers inside the parentheses show the
integrated intensity ratios G/B and R/B. The numbers inside the curly brackets show the FRET

efficiencies before Ag NP deposition.

Samole Intrinsic | After nano-hole After QD/PR After Ag NP
P (ns) fabrication (ns) application (ns) deposition (ns)
QW-HP- B 10.61 7.13 6.46 {9.40 %} 5.81
GQD G 7.08 (0.15) 7.23 (0.24)
QW-Hp- | B | 1011 7.26 6.13 {15.57 %} 5.72
RQD R 10.11 (0.41) 10.87 (0.77)
B 9.91 7.22 6.01 {16.76 %} 5.45
QW-HP-
G 6.66 (0.12) 6.77 (0.16)
GQD+RQD
R 11.75 (0.52) 13.07 (0.72)

91

doi:10.6342/NTU202203112



GaN

GaN

OO0 OO0

Fig. 5.1 (a) and (b): Schematic illustrations of the structures of samples QW-HP-GQD, QW-HP-RQD,

and QW-HP-GQD+RQD before and after surface Ag NP deposition.
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Fig. 5.2 (a) and (b): Plane-view SEM images with different magnifications of a test sample with

surface shallow nano-holes.
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Fig. 5.3 (a) and (b): Cross-sectional SEM images with different magnifications of a test sample with

surface shallow nano-holes.

94

doi:10.6342/NTU202203112



Fig. 5.4 (a) and (b): Plane-view SEM images with different magnifications of a test sample with Ag

NP deposited onto the QD/PR filled surface shallow nano-holes.
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Fig. 5.5 Transmission spectra of the three samples after surface Ag NP deposition. The results are
normalized with respect to those before Ag NP deposition. The three vertical dashed lines indicate

the emission wavelengths of the QWSs, GQD, and RQD.
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Fig. 5.6 (a)-(c): Normalized QW PL spectra of samples QW-HP-GQD, QW-HP-RQD, and QW-HP-

GQD+RQD, respectively, before (B) and after (A) shallow nano-hole fabrication. The evaluated

IQEs before (B) and after (A) shallow nano-hole fabrication are also shown in the figures.
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Fig. 5.7 Green-light PL decay profiles of samples QW-HP-GQD and QW-HP-GQD+RQD with and

without SP coupling.
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Fig. 5.8 Red-light PL decay profiles of samples QW-HP-RQD and QW-HP-GQD+RQD with and

without SP coupling.
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Fig. 5.9 Blue-light PL decay profiles of sample QW-HP-GQD in the intrinsic case and the cases after

nano-hole fabrication, after QD/PR application, and after surface Ag NP deposition.
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Fig. 5.10 Blue-light PL decay profiles of sample QW-HP-RQD in the intrinsic case and the cases after

nano-hole fabrication, after QD/PR application, and after surface Ag NP deposition.
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Fig. 5.11 Blue-light PL decay profiles of sample QW-HP-GQD+RQD in the intrinsic case and the

cases after nano-hole fabrication, after QD/PR application, and after surface Ag NP deposition.
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Fig. 5.12 Normalized PL spectra of samples QW-HP-GQD, QW-HP-RQD, and QW-HP-GQD+RQD
with and without SP coupling. All the spectra are normalized with respect to the individual blue

light intensities.
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Chapter 6 Discussions

It has been claimed that by inserting QDs into surface nano-holes such that they become closer
to the embedded QWs, the FRET from the QWs into QDs can be enhanced for improving the color
conversion efficiency, when compared the case that the QDs are placed on the sample top surface.
Based on the study results above, this claim is true on a few conditions. First, the depth of the QW
structure is larger than several tens nm; otherwise, the strength of the FRET from the QWs into the
QDs on the top surface can be comparable to that from the QWs into the QDs inserted into the
fabricated nano-holes. It is noted that the FRET form the QWs into the surface QDs occurs on the
whole sample surface. However, the FRET from the QWs into the inserted QDs can occur only around
the nano-hole sidewalls. Unless the surface nano-hole density is very high, the volume coverage of
the former FRET can be larger than the latter, leading to a stronger FRET effect. Nevertheless, the
fabrication of nano-holes leads to the generation of surface defect states, which enhance non-radiated
recombination in the QWSs. Therefore, the second condition is that the fabrication of the nano-holes
does not significantly degrade the emission of the QWs, particularly the reduced emission volume
does not create a crucial issue. The third condition to be considered is the size of the nano-hole. If the
diameter or depth of the nano-hole is too large, most of the inserted QDs will not interact with the
QWs for energy transfer. However, if the diameter of the nano-hole is too small, the quantity of
inserted QDs becomes small such that the overall FRET effect is weak. Also, it may become difficult
to insert QDs into the nano-hole.

It is noted that when we observe enhanced QD emission or FRET with QDs in the nano-holes,
the enhancements are mainly caused by the nanoscale-cavity effect besides the shorter distance
between the QWs and QDs. In a simulation study of this group, we have demonstrated the nanoscale-

cavity effects on the QD emission and the FRET from the nearby QW portion into a QD. Such effects
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are highly polarization dependent. For maximizing such effects to optimize the color conversion
process, the nano-hole geometry needs to be carefully designed. In particular, when synthesized Ag
NPs are added to the system for inducing SP coupling, the nano-hole geometry is crucially important

for optimizing the SP coupling effect.
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Chapter 7 Conclusions

In summary, we have experimentally demonstrated the enhancements of QD emission, FRET
from GQD into RQD, FRET from embedded QW into QD, and SP coupling effect when QDs and
synthesized Ag NPs were inserted into a surface nano-hole, which penetrated through the whole QW
structure. We first fabricated nano-hole arrays on a GaN template to understand the effects without
QW. Then, nano-hole arrays were fabricated on an InGaN/GaN QW template for studying the FRET
processes from the QW into QD. The samples with planar top surfaces for overlaying QDs were also
prepared to compare the results with the nano-hole samples. Meanwhile, we compared the results of
a set of sample with deeper nano-holes with those with shallower nano-holes. The overall FRET from
the QW structure into the inserted QDs in a shallower nano-hole sample was relatively stronger.
Finally, we investigated the SP coupling effect of surface Ag NPs on the FRET from the QW structure
into the QDs inserted into a shallow nano-hole. The FRET process was indeed enhanced through the

SP coupling effect.
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