AN ABSTRACT OF THE DISSERTATION OF

Akash Kannegulla for the degree of Doctor of Philosophy in Electrical and Computer
Engineering presented on_August 30, 2018.

Title: Quantum Dot Plasmon Coupling: Fundamental Study and Applications

Abstract approved:

Li-Jing (Larry) Cheng

The dissertation focuses on the engineering of light-matter interaction using plasmonic
nanoparticles and metamaterials to achieve enhanced luminescence and based on which
to improve the performance of biosensing and light-emitting technologies. We
designed and fabricated a spectrum of nanostructures to exhibit particular dispersion
relations capable of controlling the spontaneous emission properties of quantum
emitters, such as quantum dots and organic fluorophores. To realize the concept, we
developed a metal-assisted focused-ion beam nanopatterning technology to fabricate
the plasmonic nanostructures with high-definition. We demonstrated a silver open-ring
nanoarrays (ORA) for broadband enhancement of QD emission that was further
exploited to demonstrate ultrasensitive DNA sensing. The ORA design offers multiple
resonance peaks to support both Purcell effect and excitation enhancement, resulting
in a maximal enhancement in QD emission of greater than 100 times and significant
improvement in the limit-of-detection of DNA sensing by four orders of magnitude.

Another plasmonic nanostructure, aluminum dimple array, was developed to take



advantage of the inherent UV plasmonic property of aluminum for broadband
enhancement of QD emission. The device may find major applications in
optoelectronic devices. While the small-area plasmonic devices are suitable to enhance
the fluorescence-based sensors on a chip, there exists a need for large-area
enhancement for several applications. For this purpose, we developed multilayered
hyperbolic metamaterials accompanied with an efficient light-extraction approach to
achieve enhanced quantum dot emission over a large area. Lastly, we expanded the
enhancement strategy using plasmonic nanoparticles to improve carbon dot-based
microLEDs. The embedded plasmonic nanoparticles were utilized to enhance carbon
dot emission while minimizing the UV excitation leak—age. This research provides a
set of design rules for enhanced spontaneous emission and the demonstrated
applications are expected to pave the way to advanced photonic, biosensing, and

optoelectronic devices.



©Copyright by Akash Kannegulla
August 30, 2018
All Rights Reserved



Quantum Dot Plasmon Coupling: Fundamental Study and Applications

by
Akash Kannegulla

A DISSERTATION

submitted to

Oregon State University

in partial fulfillment of
the requirements for the
degree of

Doctor of Philosophy

Presented August 30, 2018
Commencement June 2019



Doctor of Philosophy dissertation of Akash Kannegulla presented on August 30, 2018

APPROVED:

Major Professor, representing Electrical and Computer Engineering

Director of the School of Electrical Engineering and Computer Science

Dean of the Graduate School

I understand that my dissertation will become part of the permanent collection of
Oregon State University libraries. My signature below authorizes release of my
dissertation to any reader upon request.

Akash Kannegulla, Author



ACKNOWLEDGEMENTS

I would like to express my appreciation to my advisor Professor Li-Jing (Larry)
Cheng for the guidance and advising through my graduate education. It was only
because of his keen interest and careful supervision that gave my work this extent form.
My appreciation also extends to Professor Alan X. Wang, Professor Chih-Hung Chang,
Professor Matthew Johnston, Professor John Labram and Professor Jimmy Yang for

serving as my committee members.

| also would like to thank all my current and former laboratory colleagues (Ye
Liu, Bo Wu, Yi-Chieh Wang, Vishvas Chalishazar, and Amritha Ajithkumar),
collaborators (Professor Oksana Ostroverkhova and Jonathan VVan Schenck), Murgesh

Padmanarayan, and Sivashanmugan Kundan for their academic support and friendship.

I want to specially acknowledge with gratitude, the support and love of my

family. The completion of my Ph.D. study would not have been possible without them.

Finally, 1 want to thank for the financial support from National Science
Foundation under Grant No. 1512816 and National Institutes of Health (no.

1R21DE027170-01).



TABLE OF CONTENTS

Page

I 1000 [0t o] o PP 1
1.1 Surface plasmon TESOMANCE ........iiureentt et ettt et e ae et e eeeeeeeneeaeeanneennens 3

1.2 Metal enhanced FIUOIESCENCE..........ouieie e 6

1.3 Applications and methods of fluorescence enhancement.........................coeee 10

1.3 L Protein SENSING. ... uvtitit it 10

132 DNA SENSING. ...ttt e e 14

1.3.3 Hyperbolic metamaterials................cooiiiiiiiiiiiiiiieeea . 16

1.3.4 Display teCNNOLOZY.......uvreeiiet e e e 21

1.4 TheSiS OrganizZation. ...........o.iiritii i e 24

2 Metal assisted focused-ion beam nanoPatterning. ............ouvererineerereneirereeeeenaeaeenannns. 26
2.1 IntrodUCHION. . ... 26

2.2 MEtOMS. .. et e e e 29

2.3 Results and diSCUSSIONS ........uuirieit et 30

2.3.1 Dual line Patterns.........ouineer i 30

2.3.2 Templates for nanoimprint lithography.............cccoooooiiiiiiiiiiiinn. 33

2.3.3 Two-dimensional plasmonic arrays. ........ccccoeveuerininiiiininineen.n. 38

2.3.4 QD enhancement on gold dimple arrays.............cooviviiiiiininnnnn. 40

34 SUIMIMATY . ...ttt ettt ettt eb et e e sae e bt et e ebtesae et e e e 42

3 Plasmonic open-ring nanoarrays for broadband enhancement and DNA detection............... 43
L INtrOAUCHION. ..ttt e 43

3.2 Materials and MethOOS ..o e 46



TABLE OF CONTENTS (Continued)

3.2.1 Fabrication of silver open-ring and dimple nanoarrays...................... 46
3.2.2 Characterization of QD emission enhancement......................cceev.nn. 47
3.2.3 Finite difference time-domain (FDTD) simulations.......................... 48
3.2.4 Fabrication of microfluidic cells.............coviiiiiviiiiie, 50
3.2.5 DNA deteCtiON @SSAY. ... .euventitiitit et et et eeee et eeere et aaeneens 51
3.3 ReSUIES and ISCUSSIONS  ....eunieetit ittt 52
R 111010021 o PP 64
4 Aluminum ultraviolet-visible plasmonic arrays for broadband and wavelength selective
enhancements 0f QD EMISSION. . ... ..ot e e 65
o I 1 oo [0 Tod o) VPP 65
4.2 ReSUIS and iSCUSSIONS .......ueitit ettt et e 66
4.3 SUMIMATY ..ottt et et e 75
5 Hyperbolic metamaterials for QD enhancement: effect of unit cell thickness and large area
(01N 1 (oo 101 ] 110 To [ PSPPI 76
o T0( 1 1 0o o1 1 o ' 76
T80 1 41570 ) )2 77
5.3 ReSUIES aNd QISCUSSION. .......eueeit ettt e e ens 79
5 SUMMIANY . ..ottt e et ettt et et 89
6 Carbon dot-plasmon coupling for microLED display enhancement and control of UV
EXCItAtION 1€AKAGE. . ...ttt 90
6.1 INErOAUCTION. .. ..eee e e e e 90
6.2 Experimental SECHION...........oieiii i 91

6.2.1 Synthesis of carbon dots(CDS).........c.ovviiiiiiiiiiie e, 91



TABLE OF CONTENTS (Continued)

6.2.2 Synthesis of Ag NANOParticles...........oovuivuiiiiiriiiiiiieec e, 92

6.2.3 Fabrication of MICIOLED.............ooviriiiiieee e, 93

6.3 RESUILS @Nd QISCUSSION. ... ...ttt ettt et e e e e 93

O TR T 0= 98

T CONCIUSIONS. . ..ttt ettt ettt et e ettt e e e e e et e e et e et 99

RO O N CES ..., 101



LIST OF FIGURES

Figure Page

Figure 1.1. Schematics of (a) propagating surface plasmon resonance and (b) localized surface
PlASMON FESONANCE D6 . v ettt et 5

Figure 1.2. (a) Route 1: Emission enhancement relies on the interaction between QD emission and
surface plasmon resonance (SPR) around the same wavelength. (b) Route 2: Excitation
enhancement results from the extra near-field excitation of QDs by the surface plasmons created
by far-field iHUMINAtION. ... .o 7

Figure 1.3. (a) Schematic showing the process of plasmonic patch-enhanced fluoroimmunoassay
implemented in a glass bottom 96-well plate, demonstrating the wide applicability of the
plasmonic patch. (b) Fluorescence intensity maps of immunoassays corresponding to different
concentrations of KIM1 with unenhanced assays and with plasmonic patch substrate. (c) Plot
showing fluorescence intensities corresponding to different concentrations of KIM1. The limit-of-
detection is enhanced by 300 times over plasmonic patch compared to unenhanced assay.......... 12

Figure 1.4. Disk-coupled dots-on-pillar antenna array (D2PA) plate and immunoassay. (a)
Schematic (overview and cross-section) of D2PA plate without an immunoassay. D2PA has an
array of dense three-dimensional (3D) resonant cavity nanoantennas (formed by the gold disks on
top of periodic nonmetallic pillars and the gold backplane on the pillar foot) with dense plasmonic
nanodots inside and couples the metallic components through nanogaps. (b) Schematic of the
immunoassay on the D2PA, consisting of a self-assembled monolayer (SAM) of adhesion layer,
Protein-A (as capture layer) and human-lgG prelabeled with IRDye-800cw (as prelabeled
biomarker). (c) Fluorescence intensity vs IgG concentration on D2PA (squares) and glass plate
FETEIENCE (CITCIES) . . et e, 13

Figure 1.5. Working principle of MB-SPR Sensor[73] ........c.ccooiiiriiiiiiii e, 15
Figure 1.6. Isofrequency surfaces of (a)dielectric materials and (b-c)hyperbolic metamaterials..17

Figure 1.7. Schematic of (a) multilayer and (b) nanowire based hyperbolic metamaterials
indicating parallel and perpendicular permittivities and the unit cell (dashed), respectively[75].18

Figure 1.8. (a) Schematic of multilayered HMM with embedded QDs. (b) Cross-sectional SEM
image. (c) Top view SEM image of bulls-eye grating. (d) Scattering intensity spectra of HMM
with and without photonic crystal grating.............coooiiiiiii i 20

Figure 1.9. Schematic of QD LED with transparent substrate, ITO anode (Orange), hole transport
layer (green), QD layer (Red), electron transport layer (yellow), and metal cathode............... 22

Figure 1.10. Several schemes of QD LED enhancement using plasmonic arrays and nanoparticles
embedded in different layers of LEDS[77-81].......c.ooiiiiiiiiii e, 23



LIST OF FIGURES (Continued)

Figure 2.1. (a) Schematic of conventional focused-ion beam (FIB) patterning process: (1)
deposition of working metal over substrate and (2) direct ion beam milling resulting in formation
of blunt edges. (b) Schematic of metal assisted focused-ion beam (MAFIB) patterning process: (1)
deposition of working metal and sacrificial Al layer over a substrate, (2) ion beam milling, and (3)
removal of the sacrificial metal yielding sharp pattern edges..............ccooiiiiiiiiiiiinn.. 27

Figure 2.2. SEM images of dual line patterns fabricated by conventional FIB and MAFIB milling
processes with 100 nm line width and various center-to-center inter-line distances (a) 400 nm, (b)
200 nm, and (c) 100 nm. Red and green circles indicate the difference in surface roughness created
by FIB and MAFIB processes. Inset depicts the cross-sectional structure. (d) Cross-sectional SEM
images of etched lines with an inter-line distance of 400 nm and each line width of 100 nm. Arrows
indicate the blunt and sharp edges created by conventional FIB and MAFIB processes,
respectively. Scale bars indicate 500 nm forall images.............coviiii i 32

Figure 2.3. (a) Template fabrication process. (b) Top view SEM image of a Si template (Inset:
cross-sectional image). (c) SEM image of wedge array transferred on UV curable polymer. Scale
o T o100 01 1 P PR 35

Figure 2.4. (a) SEM images of silicon groove templates before Al removal with various groove
angles—27°, 36°, 42°, and 52°. (b) V-groove array silicon templates with two different periods
(400 and 500 nm). Scale bar: 500 NM. ... ..ot e 37

Figure 2.5. (a) Schematic of an open-ring nanostructure array with a 500 nm period, 100 nm depth,
and 200 nm thickness. SEM images of the device fabricated by using conventional FIB process
(b), and MAFIB process (€). Scale bar: 500 MM ... ..ot 39

Figure 2.6. Measured nonpolarized absorption spectra of the open-ring nanostructure array device
fabricated by using conventional FIB and MAFIB ProCESSES. ........ouveriiriiriieiaienaianeannns 40

Figure 2.7. SEM images of Au dimple arrays fabricated using (a) FIB and (b) MAFIB. (c) FDTD
simulation of electric field intensity with sharp and blunt edges. (d) Photoluminescence spectra of
QDs over dimple arrays made using FIB and MAFIB, Auand glass................cocevviinnn.n. 41

Figure 3.1. Schematic of metal-assisted focused-ion beam nanopatterning: (i) deposition of
working metal on substrate, (ii) deposition of sacrificial metal, (iii) ion beam milling, and (iv)
removal of sacrificial metal. (v) spin-coating of QD (dispersed in PVP) solution to form a thin
layer 0N the NANOSIIUCTUNE. ... ot e e e 47

Figure 3.2. Schematic of FDTD simulation model with perfectly matched layer (PML) boundary
conditions and an array of nanostructures with a dipole emitter placed 10-nm above the Ag surface
inoneofthe unitcellsatthe CENter. ... ..o e 49



LIST OF FIGURES (Continued)

Figure 3.3. Microfluidic flow cell (1.2 pL volume) preparation flow: (i) fabricate ORA metal-
assisted focused ion beam milling on a 200-nm thick silver coated silicon substrate using, (ii)
create a flow channel defined by spacer layers using polyimide/PET/polyimide thin film (inset),
(iii) connect inlet and outlet polyimide micropipes, (iv) fill the air-gaps with UV curable polymer
so as to avoid leakage or bubble formation, and (v) encapsulate the structure with a cover glass
followed by curing the polymer with 365- nm UV light exposure for 10 minutes. The resulting
chip will then be connected to solutions and a syringe pump through microtubings for the test.....50

Figure 3.4. Schematics and SEM images of the (a) engraved Ag open-ring nanoarray (ORA) and
(b) Ag dimple nanoarray (scale bars: 200 nm). The structures were spin-coated with a 30-nm-thick
poly- (vinylpyrrolidone) (PVP) layer embedded with CdSe/ZnS QDs to evaluate fluorescence
enhancement. The combined QD photoluminescence (PL) spectra and absorption spectra of (c) the
ORA with a 340 nm period, 100 nm depth, and 100 nm width and (d) the dimple nanoarray with
two different periods (280 and 350 nm) and 100 nmdepth...........ccooiiiiiiiiiiii 53

Figure 3.5. PL spectra of red QDs (610 nm emission) and green QDs (540 nm emission) on (a) a
340 nm period ORA substrate, (b) a 350 nm period dimple nanoarray, and (c) a 280 nm period
dimple nanoarray substrate. All QDs were excited by a 380 nm continuous-wave light source.
Enhancement factor (EF) is defined by the ratio of the peak PL intensity on the nanostructures
(ORAs or dimple nanoarrays) to that on the glass. (d) Fluorescence images of the enhanced QD
emission on the ORAs and dimple nanoarrays in the square areas. Outside the squares are plane
Ag surfaces. (e) Enhancement factors of the red QDs on ORA and plane Ag substrates as functions
of excitation wavelength. (f) The combined emission and absorption spectra of red QDs, and
absorption spectra of ORAs. The level of QD absorption spectrum is exaggerated. (g) Diagram
represents the interaction between the UV-excited QDs and surface plasmons at the emission
wavelength Aem that results in emission enhancement (indicated by route 1). ORAs do not absorb
UV light efficiently. (h) Diagram represents the QD—surface plasmon interactions under a visible-
light excitation. Apart from the route 1 emission enhancement, the visible-light also creates surface
plasmons on ORAs that enhance the excitation of QDs at the excitation wavelength Aex (indicated
DY FOULE ). e 55

Figure 3.6. Position-dependent enhancement factors of red (610 nm) and green (540 nm) dipole
emitters over (a) ORAs (340 nm period), (b) dimple arrays with 350 nm period, and (c) dimple
arrays with a 280 nm period. ORAs yield strong enhancements for both red and green emitter while
the dimple arrays show wavelength-selective enhancement. (d—f) Electric field profiles are
obtained with the dipole emitter placed at the center and oriented perpendicularly to the substrate.
Both red and green emitters induce high-intensity hot-spots over a large area of the ORA, whereas
the dimple arrays display the hot-spots induced only by specific emission wavelengths........... 58

Figure 3.7. (a) Schematic of molecular beacons (MBs) anchored on ORAs and plane silver
surfaces. Background intensities IB1 and 1B2 denote the quenched fluorescence on plane silver
and ORA surfaces before hybridization. ID1 and 1D2 represent the fluorescence signals of the
hybridized MBs on plane silver and ORA surfaces, respectively. (b) The absorption spectrum of



LIST OF FIGURES (Continued)

an ORA in an aqueous environment (1.33 refractive index) that overlaps the emission and
absorption spectra (measured) of the fluorophore. (c) Schematics of the quenching and
enhancement mechanisms resulting from the fluorophore—plasmon interaction. Route 1 represents
enhanced emission, and route 2 the enhanced eXCItation...............ccocveiiiiiiiiiiiiinenne. 60

Figure 3.8. Fluorescence intensities on the (a) ORA and (b) plane Ag surface in the presence of
target and nontarget DNA. Three devices were evaluated for the detection assays. The shaded areas
indicate the initial background fluorescence intensity IB at quenching status. The limit of detection
(LOD) is about 300 fM for ORA and 6 nM for plane Ag, respectively. (c) Signal-to-noise ratio
(SNR) acquired from the ORA and plane Ag substrates with reference to IB. The inset microscopic
image shows the Ag ORA sensors integrated into a 1.2 pL-sized microfluidic chamber. (d)
Fluorescence images of the device at various concentrations of complementary target DNA. The
dimension of the ORA is 150 um X 150 M. ..oeieiii e 63

Figure. 4.1. SEM image and schematic of an Al dimple array with a 550-nm period and 240-nm
hole diameter fabricated using focused-ion beam milling and spin coated with a QD-embedded
PVP thin film (scale bar: 500 nm). (b) Schematics of QD enhancement routes contributed by
different QD-surface plasmon coupling pathways. Route 1: Emission enhancement relies on the
interaction between QD emission and surface plasmon resonance (SPR) around the same
wavelength. Route 2: Excitation enhancement results from the extra near-field excitation of QDs
by the surface plasmons created by far-field illumination. Both enhancement routes are realized
by the same excitation wavelength [1ex=390 nm. The enhancement route is determined by the
choice of SPR wavelength of the substrate. (c) Measured emission and absorption spectra of green
and red QDs with the emission peak wavelengths of [Jem=540nm and 610 nm, respectively. (d)
Absorption spectra of the 30-nm thick PVP-coated Al dimple arrays with 350-nm, 450-nm, and
550-nm periods each of which yields a major absorption peak at 390 nm, 520 nm, and 610 nm,
OB LIV Y . ..t 68

Figure. 4.2. Measured photoluminescence (PL) spectra of green and red QDs spin-coated on (a)
the UV plasmonic dimple array with a 350-nm period and (b) the visible plasmonic dimple arrays
with 450-nm and 550-nm periods. All samples were excited by a 390-nm light source............ 72

Figure. 4.3. Calculated position-dependent enhancement factors (EFs) of a single UV-excited red
(540-nm emission) or green (610-nm emission) QD (dipole emitter) on a unit cell of (a) a UV
plasmonic dimple array with the 350-nm period and (b) visible plasmonic dimple arrays with 450-
nm and 550-nm periods. The dipole emitter is placed 10 nm above the metal surface and is
positioned with a step size of 20 nm. (c) Cross-sectional electric field profiles of the 350-nm period
UV plasmonic dimple array under far-field excitation of 390-nm light. (d) Cross-sectional electric
field profiles of the 450-nm period (left) and 550-nm period (right) visible plasmonic dimple arrays
induced in the near field by a dipole emitter with 540-nm or 610-nm emission wavelength placed
at 10 nm above the edge of the hole onan Al dimplearray..............coooiiiiiiiiiiiiiian.. 74



LIST OF FIGURES (Continued)

Figure 5.1. The LDOS (normalized by vacuum) available to a quantum emitter located on the top
of HMM with (a) 4, (b) 8, and (c) 16 bi-layers. The number of HMM modes increase with the bi-
layers leading to LDOS enhanCement. ... .. ....oouiiniiii e 78

Figure 5.2. (a) Schematic of Ag/ITO based multilayered HMM spin coated with CdSe/ZnS QDs
with emission wavelength peak at 540 nm. (b) Cross-sectional SEM image of 4 bi-layers HMM
with filling factor of 0.25 and total thickness of 320 nm. (c) permittivity along x-axis for three
different filling factors of HMM. (d) Simulated and (e) measured transmission spectra of visible
lightthroughthe HMM . ... e, 80

Figure 5.3. (a) Parallel and perpendicular permittivity of 0.25 filling factor HMM pointing epsilon-
near-zero (ENZ) point. (b) Cross-sectional SEM images of 320 nm thick HMMs formed by various
unit cell thickness- 80 nm (4 BLs), 40 nm (8 BLs), and 20 nm (16 BLs). (c) Analytical and (d)
measured transmission spectra of all three HMMs (Inset: bird eye images of HMMs). (e) Iso-
frequency cUrVeS OF HMIMIS. ... .. e, 82

Figure 5.4. (a) Schematic of the self-assembly of polystyrene nanoparticle monolayer. (b) Top
view and (c) cross-sectional SEM images of the resulting nanoparticle monolayer.
Photoluminescence spectra of 540 nm emission quantum dots spin-coated over HMMs with (d) 4
BLs, (e) 8 BLs, and (f) 16 BLs with outcoupling via a monolayer of polystyrene microbeads of
200, 500 and 750 NM N dIaMELE. ... it e 84

Figure 5.5. (a) Cross-sectional electric field profiles of plane HMM and HMM with 200, 500, 750
and 1000 nm polystyrene microbead assembly along with (b) contour far-field intensity profiles
showing a very strong intensity of HMM with 750 nm PS microbead diameter. (c) Out-coupling
factor with respect to PS microbead assembly............ooiiiiii i 86

Figure 5.6. Simulated (shaded) and measured (dotted) scattering intensity plots of quantum dots
spin-coated over a (a) glass, (b) HMM, HMM with self-assembled polystyrene monolayer of (c)
200 nm, (d) 500 nm, and (€) 750 nm indiameter.............oiiiiiiii e 88

Figure 6.1. (a) Schematics of microLED chip with and without nanoparticles indicating the
presence of leakage and an eventual emission enhancement after adding nanoparticles. The GaN-
based LED is encapsulated with polymer layer followed by formation of silicon based polymer
well for drop casting of the emissive layer. (b) Measured normalized absorbance spectra of 30 nm
silver nanoparticles dispersed in DI water and 300 mg/mL PVP solution leading to a redshift. The
blue color faded region indicates the excitation range and the yellow color faded spectra indicates
the EMISSION OF CDS. ...ttt e e e e e 94

Figure 6.2. (a) Transmission and enhancement factors of CD emissive layer while increasing the
Ag nanoparticle concentration. A maximum enhancement of 3.68 times is observed minimizing
leakage by ~25%. The concentration at which the leakage becomes zero is found to have 2-fold



LIST OF FIGURES (Continued)

emission enhancement. (b) Spectra indicating the transmission in UV regime and
photoluminescence of CD (inset) at Ag concentrations increasing from 0to 3.125nM............. 96

Figure 6.3. (a) Bird-eye image of GaN-based UV LED chip with 9 LEDs of dimensions 1 mm X
1 mm. (b) Enhanced microLED with zero UV leakage, made over the center UV LED. Microscopic
view of LEDs (c) with and (d) without emissive layer. This comparison shows the efficiency of
UV leakage minimization with Ag nanoparticles

Figure 6.4. CIE chromaticity diagram of the excitation and emission light showing the suitability
of CD based microLED for CMYK based display technology............cccccoviiiiiiiiiiiinninn. 98



LIST OF TABLES

Table Page
1.1 Summary of common QD enhancement techniques. ............coovuiiriiiiiriieiii e, 2
1.2 Overview of metal enhance fluorescence based protein sensors[62]................coeevvennnnn, 10

1.3 Overview of QD LED enhancement. ..............cooiuiiiiiii e 23



CHAPTER 1. INTRODUCTION

Colloidal semiconductor quantum dots (QDs), often referred to artificial atoms, have
attracted much attention over the past decades, primarily because of their optical
properties [1-11]. The narrowband emission and broadband absorption, similar to those
of atoms, with an emission wavelength that can be tuned with slight changes in size
and composition along with decent photostability make QDs attractive for a broad
range of optoelectronic as well as biomedical applications. QDs find their key
applications in solar cells[ 12 - 22 ], display devices[ 23 - 32 ], biosensing
technologies[33,34], bioimaging[35-44], lasers[45-47], and as photocatalysts[48]. On
the other hand, organic fluorophores are well known for their applications in labeled
biosensing techniques such as DNA sensing, protein sensing, and bioimaging.

In the past, various organic dyes and QDs were utilized for biosensing and imaging
technologies. However, due to the weak emission of these fluorescent crystals, the
sensitivity of biosensors becomes limited leading to a strong necessity of spontaneous
emission enhancement. As a result, the control over spontaneous emission becomes
important for many applications in biosensing technologies, solar cells, QD light
emitting diodes (LEDs), QD based micro LEDs, and efficient single-photon sources.
Spontaneous emission can be controlled by modifying the excitation rate, radiative
decay rate, local density of photonic states (LDOS), and electric-field strength at the

emitter’s location using optical cavities. However, each technique of spontaneous
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emission enhancement has its weaknesses. Table 1.1 summarizes the technique,

application, and respective disadvantages.

Table 1.1 Summary of common QD enhancement techniques

Technique

Applications

Disadvantages

Metal films

(a) Biosensing

(a) Weak enhancement
(b) Low sensitivity

(c) No selectivity

Plasmonic nanoparticles

(a) Biosensing
(b) Solar cells

(c) Light emitting diodes

(a) Weak enhancement
(b) Lack of broadband
enhancement

(c) Low coupling strength

Plasmonic gratings

(a) Biosensing
(b) Light emitting diodes
(c) Lasers

(d) Structural colors

(a) Poor precision in
nanofabrication
(b) Lack of broadband

enhancement

Photonic crystals

(a) Biosensing

(a) Weak enhancement

Hyperbolic metamaterials

(a) Waveguides

(b) Biosensing

(a) Lack of efficient
outcoupling
(b) Large unit cell

thicknesses




(c) Lack of large area

outcoupling

As listed in Table 1.1, in contrast to nanoparticles and photonic crystals, plasmonic
gratings and hyperbolic metamaterials have the scope of stronger enhancement due to
their strong electric field strength and an infinite number of LDOS. However, they lack
the capability of broadband enhancement, deviated enhancement factors due to low
precision in nanofabrication, and lack of efficient outcoupling in hyperbolic
metamaterials.

In this chapter, QD spontaneous emission enhancement techniques will be reviewed.
Among them, surface plasmon resonance (SPR) based techniques, the reported
applications, and challenges will be discussed in more details. Then a new
nanofabrication technique, plasmonic gratings, DNA sensing, hyperbolic

metamaterials, and microLED display applications will be discussed in further chapters.

1.1 Surface Plasmon Resonance

When an electromagnetic wave is incident over a metal substrate, under certain
conditions, the electrons on the surface of the metal starts oscillating. These collective
oscillations of the conduction electrons on the metallic surface are referred to be as
surface plasmons and surface plasmon resonance (SPR) occurs when the momentum

of excited light matches with the momentum of surface plasmon waves[49]. The
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intensity and the wavelength of resonance depend on the material properties, metal
nanostructure dimensions, incident light, and the refractive index of the surrounding
media. There are two types of SPRs: (1) propagating surface plasmon polaritons
(SPPs)[50-54] and localized surface plasmon resonance (LSPR)[55] as shown in Figure
1.1. Propagating SPR requires to have momentum matching condition, which is
possible by tuning the dimensions of nanostructures or by light incidence at different
angles, for resonance excitation. The resonance occurs when the momentum of the

incident light matches with the momentum of SPPs. The dispersion relation of SPPs is

€d€m
kspp = ko )
&a + Em

Where ko = w/c is the momentum of incident light, 4 is the permittivity of the

surrounding media and em is the permittivity of the metal. The oscillating nature of the

SPPs and the associated fields are shown in Figure 1.1(a).



Gold film

Electric field
Electron
cloud

Figure 1.1. Schematics of (a) propagating surface plasmon resonance and (b)
localized surface plasmon resonance[56].
On the other hand, when surface plasmons are confined on either periodic
nanostructures, colloidal metal nanoparticles or other nanosystems, LSPR is observed.
These modes are highly localized electromagnetic fields outside the particles.
Both propagating SPR and LSPR are sensitive to local refractive index changes which
may shift the resonant wavelength and modify the intensity of electric fields also
termed as ‘hot-spots.” The hot-spot intensity of metal nanostructures can influence the
optical processes such as fluorescence, absorption of the incident light, and Raman

scattering. By utilizing propagating SPR and LSPR, several plasmonic substrates have
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been designed over the past decades for application such as refractive index based
biosensing[ 57 ], metal-enhanced fluorescence (MEF)[ 58 ], fluorophore-labeled
biosensing[ 59 ], surface-enhanced Raman scattering[ 60 ], and biomolecular
interaction[ 61]. MEF is the major technique utilized for several biosensing and

optoelectronic applications.

1.2 Metal-Enhanced Fluorescence

Fluorescent crystals such as QDs or molecules such as fluorophores are easily affected
by their surrounding media. When QDs are located nearby conductive metallic
nanoparticles, nanostructures or any other nanosystems, they lose their property of free-
space conditions in ways that increase or decrease the incident electric field, which also
modify their respective decay rates. As shown in Figure 1.2, QDs once excited with
incident electromagnetic energy, Eex, undergo two major types of decays namely
radiative and non-radiative, with their respective decay rates, I'r and I'.. These effects
can be understood in terms of changes in local density of photonic states (LDOS),
where a large mode density provides more radiative decay pathways and larger
radiative decay rates, otherwise called as Purcell effect (further details in subsequent
chapters). The modification of radiative decay rate is termed as spontaneous emission
rate at which a QD emits photons, has a very low effect on the solvent and the
temperature, and hence it is highly dependent on its oscillator strength. An attempt to

increase this decay rate via a plasmonic environment leads to several biomedical and
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optoelectronic applications, by engineering distance dependent emission enhancement,

increase of quantum yields, and techniques involving broadband enhancement.

(a) Emission (b) Excitation
enhancement enhancement
Mex ?Lem Mex Mem
L QD > | QD —
Route 1 Route 2
SPR I+ SPR

Figure 1.2. (a) Route 1: Emission enhancement relies on the interaction between QD
emission and surface plasmon resonance (SPR) around the same wavelength. (b)
Route 2: Excitation enhancement results from the extra near-field excitation of QDs

by the surface plasmons created by far-field illumination.

The second mechanism of enhancement occurs through excitation enhancement over
the QD in which additional excitation energy supports extra decay rate (I"adq) for
enhanced emission. The excitation enhancement results from the extra near-field
excitation of QDs by the surface plasmons created by far-field illumination as shown
in the schematic of Figure 1.2(b).

Both the routes of QD enhancement lead to an increase in quantum yield (Q) and reduce

the fluorescence lifetime (t):
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Another major factor for fluorescence enhancement is the distance between QD and
the conducting material, which may increase the emission based on the mechanisms
discussed above, but also may reduce the emission called as fluorescence quenching.
QD quenching occurs through two key mechanisms: (1) electron transfer into the metal,
and (2) Forster resonance energy transfer (FRET). When a QD is located close to a
metal nanostructure or a nanoparticle, upon excitation, the electron will go from
valence band to conduction band and recombine into the metal substrate because of
shorter distance leading to QD quenching.

On the other hand, quenching through FRET is another major phenomenon for
understanding biological systems and thin film device development. FRET is highly
dependent on the distance between QD and resonator and as a result, when applied to
optical microscopy, it is utilized in measuring nanometer-scale distances and the
changes in distances, both in vitro and in vivo. Its sensitivity to distance allows

investigation of molecular level interactions.
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To understand the mechanism of FRET, consider a QD and a plasmonic resonator
situated closer to each other with distance less than 5 nm, otherwise called as Forster
distance. When the QD is in an excited electronic state, it may transfer its excitation
energy to nearby acceptor resonator in a non-radiative fashion through long-range
dipole-dipole interactions. According to the theory, an excited QD is treated as an
oscillating dipole that can undergo an energy exchange with a second dipole having a
similar resonance frequency. If a nanostructure is designed to have a peak of resonance
spectra overlap the emission of QD, at a distance less than Forster distance, QD
quenching occurs due to FRET via dipole-dipole interactions. Unlike radiative
interactions, FRET can yield a significant amount of structural information concerning
the emitter-resonator pair.

The strong distance-dependence of the FRET efficiency has been widely used in
realizing the structure and dynamics of nucleic acids, DNA sensing, and visualization
of intermolecular association and in the development of binding assays. Thus, the
distance becomes an important factor in QD enhancement, where, shorter distances
lead to quenching, and longer distances will have no Purcell effect or excitation
enhancement. So, a QD-plasmonic system needs to be designed in a way, to have an
optimal QD-metal distance for achieving a highest possible enhancement. This
mechanism plays a key role in DNA sensing application as discussed in the subsequent
chapters.

The engineering of QD quenching and majorly QD enhancement is found to have

applications in varied fields of biosensing, optoelectronics and display technology. In
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this chapter, some of the applications are discussed in more detail through some

literature to understand the need of QD enhancement techniques.

1.3 Applications and Methods of Fluorescence Enhancement

1.3.1 Protein sensing

Protein sensing is vital in biological study and medical diagnosis such as cancer
detection. Over the past decade, several researchers have presented the utilization of
metal-enhanced fluorescence into biosensing technologies such as fluorescence
microarray scanners, fluorescence microscopes, or microtiter plate readers as well as
the development of compact devices which utilizes this amplification scheme. Metal
nanostructures combined with immunoassays offers a highly sensitive detection with

very low detection times as listed in Table 1.2.

Table 1.2 Overview of metal-enhanced fluorescence based protein sensors[62]

Analyte Plasmon mode  Limit of Detection Ref.
detection time

a-mouse 1gG LSPR 20 fM 20 min [63]

Streptavidin SPP 50 pM 10 min [64]

Human 1gG SPP 6.7 fM 60 min [65]

Human IgG LSP 0.57 pM 60 min [66]

Human IgG LSP 0.3fM 60 min [67]
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KIM1 LSP 9.1 fM NA [68]

The protein sensing is mostly done using sandwich fluoroimmunoassay method, which
involves following major steps: (i) capture of target antigen by an immobilized
antibody; (ii) binding of the biotinylated detection antibody to the captured antigen;
and (iii) binding of the fluorescently labeled protein. Some of the recent advances in
detection of streptavidin and human IgG using plasmonic structures could reach limit-
of-detection as low as 9.1 fM and 0.3 fM, respectively (see Table 1.2).

Plasmonic patch-enhanced fluoroimmunoassays by Luan et al. [68] could reach
streptavidin detection limits as low as 9.1 fM. The addition of plasmonic patch after
the last step (i.e., binding of the fluorescently labeled streptavidin) resulted in a large
enhancement of the fluorescent intensity and significantly improved the limit-of-
detection (three times of standard deviation at zero target concentration). Briefly, the
plasmonic patch is made by dispersing gold nanorods into a polymer followed by

curing it. The detection method is shown in Figure 1.3.
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Figure 1.3. (a) Schematic showing the process of plasmonic patch-enhanced
fluoroimmunoassay implemented in a glass bottom 96-well plate, demonstrating the
wide applicability of the plasmonic patch. (b) Fluorescence intensity maps of
immunoassays corresponding to different concentrations of KIM1 with unenhanced
assays and with plasmonic patch substrate. (c) Plot showing fluorescence intensities
corresponding to different concentrations of KIM1. The limit-of-detection is

enhanced by 300 times over plasmonic patch compared to unenhanced assay.[68]

Another example of protein detection using plasmonic arrays is detection of human
IgG using disk-coupled dots-on-pillar antenna array (D2PA)[67] as shown in Figure

1.4.
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Figure 1.4. Disk-coupled dots-on-pillar antenna array (D2PA) plate and
immunoassay. (a) Schematic (overview and cross-section) of D2PA plate without an
immunoassay. D2PA has an array of dense three-dimensional (3D) resonant cavity
nanoantennas (formed by the gold disks on top of periodic nonmetallic pillars and the
gold backplane on the pillar foot) with dense plasmonic nanodots inside and couples
the metallic components through nanogaps. (b) Schematic of the immunoassay on the
D2PA, consisting of a self-assembled monolayer (SAM) of the adhesion layer,
Protein-A (as capture layer) and human-1gG prelabeled with IRDye-800cw (as a
prelabeled biomarker). (c) Fluorescence intensity vs. 1gG concentration on D2PA

(squares) and glass plate reference (circles).
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The D2PA nanostructures were fabricated using an approach that combines
nanoimprint with self-aligned self-assembly. The pillars were patterned first on the
silica wafer by nanoimprint and reactive ion etching. Then, a thin gold layer was
evaporated onto the wafer, which simultaneously deposited the gold nanodisk on the
pillar top, the gold backplane, and gold nanodots on the pillar sidewall. During the
deposition, due to the elevated temperature; and together with the nonwetting property
of gold on the silica surface, the gold self-assembles into the nanodots with a small gap
in between and self-aligned precisely next to the gold nanodisk. The target detection is
similar to the previously discussed example, the sandwich assay detection method.
Self-assembled layers over the gold capture protein A followed by capturing human
IgG prelabeled with IRDye-800cw. An extraordinary QD enhancement of 7400 times
occurs due to the fluorophore present at an optimal distance of 10 nm from the metal

nanostructures leading to a limit-of-detection of 0.3 fM.

1.3.2 DNA sensing

DNA sensing is essential for genetic screening[69], medical diagnosis[70], forensic
analysis[ 71], and single-nucleotide polymorphism profiling[ 72]. Among several
approaches for detection of oligonucleotides in a solution, the use of DNA hairpins as
molecular beacons (MBs) has proven to be a useful method. MBs are single-stranded
DNA hairpin structures with a sequence complementary to the target as well as a
double-stranded stem region equipped with a fluorophore and a quencher causing the

fluorescence to be quenched in close proximity by FRET. Upon hybridization with
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target DNA, the stem opens, and fluorophore emits light. MBs are known to have
extraordinary stability and high selectivity.

4
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Figure 1.5. Working principle of MB-SPR sensor[73].

p-polarized

The MB-based DNA sensing using SPR of gold substrate takes place in following
major steps: (i) the thiol-terminated MB will be self-assembled onto the metal substrate;
and (ii) as the target DNA hybridizes with the MB, the hairpin structure opens and the
fluorophore attached to the MB emits with enhanced fluorescence due to the Purcell
effect as shown in Figure 1.5. The limit-of-detection achieved using this method is 500
pM. However, due to the weak resonance and coupling strength of fluorophore and the
gold substrate, the quenching and the enhancement at initial and final stages are vividly

weak. This allows a scope of improvement in limit-of-detection using plasmonic

nanostructures.
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1.3.3 Hyperbolic metamaterials
In nature, materials such as metals or dielectrics are isotropic along all the directions
with their permittivity being negative or positive, respectively. In vacuum, their linear
dispersion and isotropic behavior of propagating waves implies a spherical
isofrequency surface given by the equation:

ki+ k3 + ki = a?/c?

Where, k = [k, ky, k] is the wave vector, o is the frequency of radiation and c is the

velocity of light in free space. However, if a material is engineered to have positive
permittivity in one direction and negative permittivity in other directions, such a
material shows an anisotropic behavior leading to a hyperbolic isofrequency surface
(Figure 1.6) given by equation:

k9%+k32/+k_§:w2/cz

gZ Z gx X

Where, €= [&yx, &y, &.] i the permittivity along all three directions with in-plane

isotropic components are exx=gyy=¢ and out of the plane component is €;=¢1. Such an

artificially engineered metamaterial is termed as hyperbolic metamaterial[74].
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Figure 1.6. Isofrequency surfaces of (a) dielectric materials and (b-c) hyperbolic

metamaterials.

The condition for anisotropy is g.e1< 0. The most important property of HMMs is
related to behavior of waves with high-k waves. In hyperbolic media, the open form of
isofrequency surface allows for propagating waves with infinitely large wavevectors.
This unique property of high-k waves will be well utilized in Purcell effect of QDs or
fluorophores.

HMMs are classified into two types: (i) Type I (Figure 1.6(b)), and (ii) Type Il (Figure
1.6 (¢)). Type | HMMs have one component of the dielectric tensor negative (£2:<0, &xx,
eyy>0) while Type Il HMMs have two components negative (£:>0, exx, €y<0),
respectively.

HMMs are usually made using two practical approaches, namely 1D and 2D HMMs.
The fact that HMM acts as metal in some directions and dielectric in others leads to a

requirement that both metals and dielectrics are utilized as building blocks. 1D HMMs
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are otherwise called as multilayered HMMs. They are made by depositing alternate
layers of metals and dielectric with metal filling factor, f. The high-k modes in HMMs
are the result of the near-field coupling of the SPPs at each of the metal-dielectric
interfaces in the structure. On other hand, 2D HMMs are made by embedding the metal

nanowires in a dielectric medium as shown in the Figure 1.7.

(A) (B

=

~
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e

Figure 1.7. Schematic of (a) multilayer and (b) nanowire based hyperbolic
metamaterials indicating parallel and perpendicular permittivities and the unit cell

(dashed), respectively[75].

As discussed, in an ideal HMM, hyperbolic dispersion corresponds to an infinite local
photonic density of states (LDOS). According to Fermi’s golden rule, the spontaneous
emission of quantum emitters is strongly influenced by density of available LDOS.
When fluorescent dye or QDs are brought near HMM the interaction is dominated by
the modes with highest density of states. As compared to the modes in vacuum, the

hyperbolic high-k states dominate and the emitters preferentially couple to these modes.
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This leads to decrease of lifetime and an increase of Purcell factor. However, all the
enhanced waves are high-k waves and remain trapped inside the HMM. As a result, the
far-field enhancement factor is not as high as plasmonic arrays. In the past, few
researchers have demonstrated the outcoupling of these high-k waves through photonic
crystal gratings.

One of the examples for outcoupling using photonic crystal grating is the use of
Germanium-based Bullseye by Galfsky et al[76]. The multilayer HMM used in this
research work is based on Ag/Al>Oz of unit cell thickness 32 nm with a metal filling
ratio of 0.375 comprising 7 bi-layers as shown in Figure 1.8. The QDs are embedded
inside the HMM to achieve a highest possible Purcell factor.

As shown in Figure 1.8(d), the non-patterned area over the HMM shows the scattering
intensity of lower magnitude along with poor directionality. On the other hand, the
HMM patterned with Ge based bullseye grating outcouples the light with a drastically
increased directionality. The photonic crystal provides an additional momentum
required for the evanescent wave on the surface of the HMM to propagate into the free

space.
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Figure 1.8. (a) Schematic of multilayered HMM with embedded QDs. (b) Cross-
sectional SEM image. (c) Top view SEM image of bulls-eye grating. (d) Scattering

intensity spectra of HMM with and without photonic crystal grating.

Although some attempts have been made in the past to outcouple the light, the
enhancement factors achieved were much less than the ones with plasmonic arrays.
Moreover, there is a much needed outcoupling mechanism over a large area on HMM,
which may lead to several applications in biosensing, display and other optoelectronic

devices.
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1.3.4 Display technology
QD light emitting diodes (LEDs) have been well studied in the past few years. They
are found to have great potential as devices for next-generation large area and flexible
displays by replacing organic LEDs mainly due to their narrow emission spectra
leading to a larger color gamut and longer device lifetimes. In addition, QD LEDs are
processed at low temperatures and are compatible with light-weight, flexible, organic
substrates. Although they have some major advantages over organic LEDs, they have
a low electroluminescence efficiency (EL) because of structural and electrical
limitations.
To enhance the EL of QD LEDs, one of the major approaches is by utilizing SPR based
nanoparticles and nanostructures. Figure 1.9 shows the schematic of a typical QD LED.
Briefly, the voltage applied to the two electrodes allows the electrons and holes to pass
through the electron (ETL) and hole transport layers (HTL) followed by their
recombination in the QD layer. As the electrons and holes recombine in the QD layer
the energy is emitted in form of light through one of the transparent electrodes

(typically ITO).
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Metal Cathode

Substrate

Figure 1.9. Schematic of QD LED with transparent substrate, ITO anode (Orange),
hole transport layer (HTL, green), QD layer (Red), electron transport layer (ETL,

yellow), and metal cathode.

To enhance the EL, plasmonic nanoparticles are embedded in the QD/ electron
transport/ hole transport layers, with the metal nanoparticles usually coated with some
ligands to avoid any possible quenching. Figure 1.10 shows some of the existing
methods used for EL enhancement. Another method presented in the past is to utilize
gold nanostructure arrays embedded inside the QD layer, fabricated using electron
beam lithography. All the mechanisms follow the Purcell effect for achieving the
enhancement, and the enhancement factors of some of the research works are

summarized in Table 1.3.
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Figure 1.10. Several schemes of QD LED enhancement using plasmonic arrays and

nanoparticles embedded in different layers of LEDs[77-81].

Table 1.3 Overview of QD LED enhancement

LED Plasmon mode EL enhancement Ref.
factor

Au NPs in ETL LSPR 4.54 [78]

AU NPs in Si LSPR 2 [79]

nanocrystal LEDs

Ag NPs in Si QD LSPR 45 [82]

LED
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Au NPs in QD LSPR 3 [80]
layer

Au NPs in HTL LSPR 5 [83]
Ag NPs in HTL LSPR 15 [81]
Au NPs in HTL LSPR 2 [84]

To the best of our knowledge, QD enhancement is found to be a maximum of 5 times
using most of the techniques. However, there exist other issues for QD display
technology such as possible recombination of holes in ETL and vice versa leading to
some fluorescence emission of the transport layers affecting the emission bandwidth.
As a result, the research focus using QDs for display technology has eventually shifted
towards micro LED in both academia and industry. The details of microLED display

technology, and the methods of enhancement will be discussed in subsequent chapters.

1.4 Thesis Organization

In Chapter 2, a novel nanostructure fabrication technique called metal-assisted focused-
ion beam nanopatterning is presented. The typical fabrication technique for the
plasmonic structures is focused ion beam etching. However, due to the scattering of
ions and the gaussian ion beam, the edges of the etched grooves lose their sharpness
leading to a reduced electric field intensity. Since the electric field intensity is a key

factor in QD enhancement, a fabrication technique is developed followed by design of
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plasmonic structures for various applications. The impact of the fabrication technique
over gold plasmonic dimple arrays for QD enhancement is also presented in this chapter.
In Chapter 3, a novel plasmonic nanostructure array called open-ring nanoarray is
designed for demonstrating broadband enhancement and DNA sensing. The fabrication
of the sensor and the experimental results are presented in this chapter. Broadband
enhancement based plasmonic arrays can be potentially applied for biosensing
applications.

In Chapter 4, UV plasmonic structure using Aluminum is designed for demonstrating
broadband enhancement using excitation rate enhancement. Simulation and
experimental results are discussed in detail about a major route of enhancement in UV
plasmonics. The broadband enhancement in UV range finds potential applications in
solar cells and microLED display technology.

In Chapter 5, Hyperbolic metamaterials are demonstrated to study the effect of unit cell
thickness on QD enhancement. Further, a novel photonic crystal using polystyrene
beads is demonstrated for large area outcoupling of high-k waves. Such a design will
be well utilized for biosensing and microLED display technology.

In Chapter 6, the enhancement of carbon dot based microLED is demonstrated. Ag
nanoparticles are utilized for enhancement and control of UV leakage through the
emission layer. This technique will avoid the need for complex processes and additional
filters required for controlling the UV excitation leakage.

A summary and conclusion will be presented in Chapter 7.
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CHAPTER 2. METAL ASSISTED FOCUSED-ION BEAM

NANOPATTERNING

As discussed in Chapter 1, QD enhancement using plasmonic arrays is highly
dependent on electric field intensity, in other words, hot-spot intensity. The hot-spot
intensity is highly dependent on fabrication technique. Focused-ion beam etching is the
typical method of nanopatterning in the plasmonic community, however, facing several
issues such as re-deposition during etching, gaussian ion beam, and ion scattering
causing high-level defects in the nanostructures. As a result, metal-assisted focused-

ion beam nanopatterning is developed and presented in this chapter.

2.1 Introduction

Nanopatterning with high precision and flexibility is highly important and challenging
for the fabrication of nanophotonic devices. Focused-ion beam (FIB) has been widely
used to define the device structure by direct milling of working materials without
additional masks. In another way, the device can be duplicated using nanoimprint
lithography with the template fabricated by FIB or other nanolithography processes.
FIB fabrication technigue is advantageous in its maskless process and decent spatial
resolution. In addition, the milling process allows the fabrication of tapered structures
which can hardly achieve by using other fabrication methods such as electron beam
lithography and dry etching. However, ion beam exposure tends to induce damage on

substrate morphology, material re-deposition, and surface roughness that deteriorate
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the fidelity of pattern transfer resulting in optical loss and degradation of device
performance. Take surface plasmonic devices for instance. The blunt-edged device
structures due to low-definition pattern transfer can reduce the electric field hotspot
intensity and alter the spectral response. We have recently observed that the efficiency
of surface plasmon enhanced quantum dot emission in a FIB-fabricated device was

deteriorated by ion beam induced surface roughness and structure deformation[85].

(a) Focused-lon Beam (FIB)
1. Working material 2. FIB milling
deposition ~_ Blunt
— edges
Working material
—
(b) Metal-Assisted Focused-lon Beam (MAFIB)
1. Deposition of working 2. FIB milling 3. Al removal
material and sacrificial
Al layer
Sacrificial metal Sharp
; m A edges “w-.
Working material -

Substrate — -

Figure 2.1. (a) Schematic of conventional focused-ion beam (FIB) patterning process:
(1) deposition of working metal over the substrate and (2) direct ion beam milling
resulting in formation of blunt edges. (b) Schematic of metal assisted focused-ion

beam (MAFIB) patterning process: (1) deposition of working metal and sacrificial Al
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layer over a substrate, (2) ion beam milling, and (3) removal of the sacrificial metal
yielding

sharp pattern edges.

Metal nanostructure-based photonic devices can be fabricated via direct FIB milling of
metal thin films. The conventional FIB milling process tends to yield unwanted rough
surfaces and blunt milling edges as illustrated in figure 2.1(a). To overcome the issues,
we present a metal-assisted focused-ion beam (MAFIB) etching process which utilizes
an aluminum protective layer on the working material to achieve high fidelity
nanostructure patterning in figure 2.1(b). The protective Al layer prevents the working
material from exposing to low energy peripheral ion beam tails, reduces lateral milling
of the substrate and thus avoids deformation of pattern edges and surface morphology.
The protective aluminum layer significantly reduces the ion-beam induced damage and
has advantages over other methods that use silicon oxide or aluminum oxide thin films
as the protective layer[86,87] in many aspects: (1) the aluminum layer prevents the
working material from exposing to the nonuniform low-energy ion beam tails leading
to well-defined sidewalls; (2) the conductive aluminum surface alleviates charging
effect upon FIB process and promotes pattern resolution; (3) the aluminum layer can
be selectively removed by using KOH solution at room temperature leaving intact the
protected working materials, such as silver, gold, silicon, and other dielectric materials
for nanophotonic applications and nanoimprint template fabrication. The wet chemical

etching processes for aluminum oxide removal using phosphoric acid-based etchants
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and silicon oxide removal using buffer hydrofluoric acid are compatible to silicon
substrates [86]; however, both etchants tend to corrode silver working material and are
expected to damage silver nanopatterns. In this paper, we demonstrate the use of the
MAFIB technique for high-fidelity, high-consistency patterning of sophisticated
nanophotonic devices and V-shaped groove nanostructures on silver and silicon with
controllable groove angles which can serve as plasmonic waveguides [88] or the

templates for nanoimprint lithography.

2.2 Methods

To demonstrate direct patterning of silver nanostructures using MAFIB process, a
sample with a 50 nm thick sacrificial Al layer and a 400 nm thick Ag thin film were
deposited on a silicon substrate through a 10 nm thick titanium adhesive layer as
illustrated in figure 2.1(b). FIB milling was carried out using FEI Quanta 3D FEG.
Gallium ion beam doses and currents were adjusted to achieve required milling depth.
A particular line patterning process was performed using an ion beam current of 300
pA and a dose of 1000 nC cm—1 at a magnification of 3100x to create a 100 nm wide
and 200 nm deep V-shaped groove. The process is accomplished by removing the
sacrificial Al layer in a 0.9M KOH solution at room temperature (~10 nm s—1). The
KOH etchant was chosen as it does not attack silicon or glass substrates and the
working metals, such as silver and gold, at room temperature. Similar processes were

applied to fabricate silicon nanoimprint templates and nanophotonic devices with silver
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open-ring nanostructure array. Process details for the specific applications are

discussed in section 2.3.

2.3 Results and Discussions

2.3.1 Dual Line Patterns

To evaluate the precision of nanopatterning, dual line patterns with 100 nm line width
and various inter-line distances as indicated in the schematics in figure 2.2 were
fabricated using both conventional and MAFIB processes. As shown in the scanning
electron microscopic (SEM) images in figure 2.2, a drastic improvement in surface
smoothness is observed in between and around the milling lines fabricated by MAFIB
process in comparison to those by FIB process as indicated by red (FIB) and green
(MAFIB) circles. In the dual line pattern with 200 nm inter-line distance, conventional
FIB process fails to produce a continuous, uniform structure between the milling lines,
whereas MAFIB process gives consistently sharp structures. As the inter-line distance
reduces to 100 nm, the structure in between the milling lines was almost eroded away
under conventional FIB process, while the pattern formed by MAFIB preserves the
residual structure between the etched lines although it becomes too narrow to stand
straight as depicted in the inset of figure 2.2(c). As the ions strike the material surface,
secondary ions scattering is likely to cause the blunt structure edges as well as re-
deposition of the etched metal. In this scenario, the working metal acts as a barrier for
secondary ions and minimizes their damage to the interface of working and sacrificial

metal. The redeposited material does not reach the surface of the working material, and
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instead only a small amount of it piles up and forms a small bump over the edge which
can be resolved by the SEM images. Furthermore, because the ion beam passes through
several apertures before being incident to the working material, the ion beam profile
becomes non-uniform from which the extended ion beam tails contribute to the surface
damage. The MAFIB process overcomes all the issues and is proved to yield high-
precision nanopatterning with consistently fine edges on the milling structures which

can also be observed in the cross-sectional SEM images in figure 2.2(d).
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Figure 2.2. SEM images of dual line patterns fabricated by conventional FIB and
MAFIB milling processes with 100 nm line width and various center-to-center inter-

line distances (a) 400 nm, (b) 200 nm, and (c) 100 nm. Red and green circles indicate
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the difference in surface roughness created by FIB and MAFIB processes. Inset
depicts the cross-sectional structure. (d) Cross-sectional SEM images of etched lines
with an inter-line distance of 400 nm and each line width of 100 nm. Arrows indicate

the blunt and sharp edges created by conventional FIB and MAFIB processes,

respectively. Scale bars indicate 500 nm for all images.

2.3.2 Templates for Nanoimprint Lithography

The capability of high-fidelity patterning makes MAFIB a competent technique for
high-precision fabrication of nanoimprint templates. Precision aside, the technique
enables direct formation of V-shaped grooves which has potential to be utilized for
grooves or wedges-based surface plasmon devices to implement plasmon waveguides,
fluorescence enhancement, biosensing and THz technology[ 89 - 94]. Here we
demonstrate the use of the MAFIB process to fabricate silicon nanoimprint templates
for transferring wedge grating patterns with controllable angles as in the schematic
shown in figure 2.3(a). A 55 nm thick aluminum was deposited over a silicon wafer to
serve as the sacrificial layer without additional adhesion layer. FIB milling at 300 pA
with a dose of 900 nC cm™! followed by aluminum removal was performed to obtain
v-shaped groove structures on silicon. The silicon template was treated with
perfloruosilane by evaporation to promote mold release. Polyurethane-based UV
curable polymer (300 cps), was then coated over the silicon template and contacted to
a polyethylene terephthalate (PET) sheet substrate. After exposure under 365 nm,

175mwWem~2 UV light for 3 min, the PET sheet along with the imprinted polymer
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structure was demolded from the template along the groove orientation which is
essential to achieve high-quality pattern transfer. Figure 2.3(b) is the top-view SEM
image of the groove array in a silicon template. The cross-sectional SEM image in the
inset shows that the groove structures were well defined to reveal fine edges. The
wedge grating structures were successfully transferred to the UV curable polymer on a
PET substrate as shown in figure 2.3(c). The wedges were not as pointed as those of
the grooves on the silicon template which may be attributed to the incomplete filling

of the viscous UV curable polymer at the template cavities.
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Figure 2.3. (a) Template fabrication process. (b) Top view SEM image of a Si
template (Inset: cross-sectional image). (c) SEM image of wedge array transferred on

UV curable polymer. Scale bar: 500 nm.

V-shaped grooves are typically fabricated on crystalline substrates, e.g., silicon wafers,

through lithography pattering of an etching mask followed by anisotropic etching. The
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resulting groove angle restricted by the crystal structure of the silicon wafer. Moreover,
the pattern layout needs to be designed properly according to the crystal orientation.
MAFIB allows direct formation of the V-shaped grooves with controllable groove
angles, by unlimited layout design, and on various substrate materials.

Figure 2.4(a) shows multiple v-shaped grooves of various groove angles fabricated on
a silicon substrate. Under the protection of the aluminum layer, the silicon groove
structure with fine edges and valleys were easily achieved through FIB milling. The
groove angle and depth were adjusted by controlling the combination of beam current
and dose. The increase of beam current broadens the milling spot size whereas the rise
of ion dose increases milling depth. The flexibility cannot be realized by using
conventional anisotropic etching or dry etching processes. Figure 2.4(b) shows two
silicon groove arrays with 400 and 500 nm array periods. The sharp edges on the groove
arrays make the structures suitable for the fabrication of nanophotonic devices such as

plasmonic waveguides.
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Figure 2.4. (a) SEM images of silicon groove templates before Al removal with
various groove angles—27°, 36°, 42°, and 52°. (b) VV-groove array silicon templates

with two different periods (400 and 500 nm). Scale bar: 500 nm.

2.3.3 Two-Dimensional Plasmonic Arrays

The MAFIB process allows high-fidelity patterning of complex nanostructures, such
as the silver open-ring nanostructure array illustrated in figure 2.5(a). The silver
nanostructure array was designed to achieve maximum absorption of broadband non-
polarized visible light. Each unit cell has a 100 nm wide open-ring structure engraved
100 nm deep into a 200 nm thick silver thin film. The nanoscale curvature and closely
packed feature in each ring structure can be hardly realized by using the conventional
FIB method. The SEM image of the resulting structure in figure 2.5(b) shows that the
details of the open-ring patterns were not present due to the deformation of the structure
during the milling process. On the other hand, the open-ring structures with well-
defined boundaries were obtained with high reproducibility through the MAFIB
technique as shown in figure 2.5(c). The FIB milling process was carried out using a
current of 300 pA and a dose of 600 nC cm™'. The silver thin film was protected by

a 55 nm thick aluminum sacrificial layer during the milling process. The improvement
in surface smoothness and fine edges is clearly observed.

The absorption spectra of the open-ring nanostructure array devices fabricated by
conventional FIB and MAFIB were measured to evaluate the effect of process on their

optical property. It is observed that the device made by MAFIB process exhibits higher
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absorption over the entire visible range with a maximum increase of 30% at 450 nm
wavelength as shown in figure 2.6. The additional protective layer results in precise
structure formation with sharp pattern edges and drastically minimizes surface
roughness. These two features are critical to the performance of surface plasmon
resonance based devices as they can distort the Q-factor and absorbance of optical
spectra. The absorption property can be utilized to implement surface plasmon-
enhanced fluorescence that will find applications in biosensing and fluorescence

imaging.
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Figure 2.5. (a) Schematic of an open-ring nanostructure array with a 500 nm period,
100 nm depth, and 200 nm thickness. SEM images of the device fabricated by using

conventional FIB process (b), and MAFIB process (c). Scale bar: 500 nm.
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Figure 2.6. Measured nonpolarized absorption spectra of the open-ring nanostructure

array device fabricated by using conventional FIB and MAFIB processes.

2.3.4 QD Enhancement on Gold Dimple Arrays

Dimple arrays are partially etched holes into a 200 nm thick Au film. As shown in
Figure 2.7, Au film of 500 nm period (distance between two dimples) is made with 200
nm dimple diameter, etched using MAFIB technique. The SEM images show the
difference in sharpness of edges and the simulated electric field profile shows the

increase in field intensity is more than twice that of the one made using FIB. The
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simulation is done using FDTD method and more details about this will be discussed
in Chapter 3. CdSe/ZnS QDs dispersed in polymer is spin-coated over the substrate and
carried out for photoluminescence measurement. The enhancement factor of QDs
which is the ratio over the plasmonic substrate and glass is measured using
spectrofluorometer. The EF achieved over dimple array made use MAFIB is found to
be ~40 times, while the one with FIB is found to be ~19 times. This ratio of

enhancement by improving the fabrication technique agrees well with the simulation.
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Figure 2.7. SEM images of Au dimple arrays fabricated using (a) FIB and (b)
MAFIB. (c) FDTD simulation of electric field intensity with sharp and blunt edges.
(d) Photoluminescence spectra of QDs over dimple arrays made using FIB and

MAFIB, Au and glass.

2.4 Summary

In conclusion, we demonstrated a MAFIB process to achieve high-fidelity, high-
reproducibility nanostructure patterning. The technique takes advantage of the
additional aluminum layer to protect working materials from ion-induced damage, re-
deposition of material and, therefore, results in high-precise nanopatterning and smooth
surfaces after aluminum removal. Aside from the drastic improvement in the patterning
of nanostructures, the MAFIB process is compatible with various substrate materials.
This technique is expected to benefit the fabrication of nanoimprint templates and the
development of nanophotonic devices. In the end, we demonstrate the effect of
fabrication techniqgue on QD enhancement using Au dimple arrays. A 40-fold
enhancement is found on MAFIB based dimple array, and a 19-fold enhancement is

observed on FIB based dimple array.
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CHAPTER 3. PLASMONIC OPEN-RING NANOARRAYS FOR
BROADBAND FLUORESCENCE ENHACEMENT AND

ULTRASENSITIVE DNA DETECTION

In this chapter, a short overview of mechanisms is discussed followed by the design of
novel open-ring nanostructures for broadband fluorescence enhancement and

ultrasensitive DNA sensing.

3.1 Introduction

Fluorescence-based detection is the most widely adopted analytical technique in
biotechnology and medical diagnostics due to its low detection limit and high reliability.
A variety of techniques have been developed to enhance fluorescence responses based
on plasmonic structures aiming to further improve the sensitivity and the limit of
fluorescence detection. The improvement can be achieved by incorporating
fluorescence enhancement induced by the surface plasmonic resonance on metal
nanostructures[95,96], the fluorescence quenching using metal nanoparticles[97-99],
and the combination of both[100,101] to increase the signal-to-noise ratio for the
detection. These techniques take advantage of the interactions between the surface
plasmons on the metal surface and quantum emitters, such as quantum dots (QDs) and
organic fluorophores. The fluorescence enhancement becomes stronger with the
decrease of the separation distance between the quantum emitter and the metal surface

until the nonradiative energy transfer to the metal nanostructure begins to dominate at
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short distances, leading to fluorescence quenching[102]. A maximum fluorescence
enhancement occurs at a separation distance of about 5—10 nm. The enhanced
fluorescence can be attributed to the increased excitation rate or the enhanced radiative
decay rate (emission rate) of the quantum emitter[103-106] which are associated with
the spectral overlap between the surface plasmon resonance and the absorption or
emission spectrum of the quantum emitters. In a system where the surface plasmon
resonance of the metal nanostructure overlaps the absorption of the quantum emitter,
the emitter tends to obtain an enhanced excitation rate. In this case, the metal
nanostructure primarily absorbs the incident excitation and produces surface plasmon
polaritons. The quantum emitter can be further excited through Forster resonance
energy transfer (FRET) by the intense local field created by surface plasmons. The
excitation rate increases with the decrease of the metal—emitter distance. On the other
hand, the overlap between the surface plasmon resonance and the emitter’s emission
spectrum can either enhance or quench the fluorescence depending on the separation
distance. If the emitter is within a few nanometers of the plasmon, the emission will be
quenched through FRET by exciting higher order modes in the plasmon which do not
radiate to the far-field[107]. At a distance outside the FRET regime, the plasmon-
induced strong local field raises the number of photon modes accessible for the
quantum emitter to emit, i.e., the local density of optical states (LDOS), and, therefore,
increases the radiative emission rate of the quantum emitter compared to that in the free
space. Such emission enhancement is known as the Purcell effect. Metal nanostructures,

such as periodic metal hole nanoarrays or dimple nanoarrays, have been employed to
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produce surface plasmon resonance for fluorescence enhancement by controlling their
periodicity and dimension[108,109]. The resonance peaks of these structures tend to be
narrow and are arranged to enhance the quantum emitter of a selective wavelength. The
plasmonic nanostructures with multiple resonance peaks allow a broad spectral overlap
with the emission wavelengths of different quantum emitters to result in a
multiwavelength emission enhancement. In the case of organic fluorophores which
have a considerable overlap of absorption and emission spectra in the visible range, the
broadband surface plasmon resonance permits the concurrence of both enhanced
excitation and emission leading to a strong fluorescence enhancement.

In this paper, we demonstrate an open-ring nanoarray (ORA) engraved on a silver
surface to support multiple surface plasmon resonance peaks covering almost the entire
visible spectral range to achieve strong, broadband fluorescence enhancement for
ultrasensitive DNA sensing. It is worthwhile to emphasize that a complementary open-
ring array typically refers to a structure with an array of the open-ring structure cut
through the metal thin film. Differently, the ORA presented here is the structure
partially etched onto a silver thin film which exhibits no light transmission through the
structure and no coupling between both sides of metal interfaces. The absorption
spectrum is contributed by the surface plasmon resonances on the top side of the metal
surface exposed to incident light. The ORA structure was found to be advantageous in
at least three aspects. First, it produces multiple resonance modes in the visible spectral
range that allow broadband and strong enhancement of fluorescence through enhanced

emission and enhanced excitation rate. Second, the engraved open-ring structure has a
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longer perimeter than circular holes or dimples; the lengthy sharp edges may increase
the density of electric-field hot-spots that further enhance fluorescence intensity. Third,
the resonance spectrum of the ORA provides efficient energy transfer between emitter
and surface plasmons that promotes the quenching efficiency of the fluorophores in
close proximity to the metal surface[110]. The improved fluorescence quenching
reduces the background fluorescence signals and amplifies the signal-to-noise ratio for
biosensing. To clarify the emission and excitation enhancement properties of ORA, we
experimentally and theoretically investigate the enhancement of multicolor QDs on
ORA with the same period and analyzed enhancement of QDs on the ORA under
variable excitation wavelengths. Silver dimple nanoarrays with different periods were
characterized for comparison. On the basis of the studies, we demonstrate ultrasensitive

DNA detection using ORA-enabled molecular beacons.

3.2 Materials and Methods
3.2.1 Fabrication of Silver Open-Ring Nanoarrays and Dimple

Nanoarrays

Silver open-ring nanoarrays (ORASs) and dimple arrays were fabricated using a metal-
assisted focused-ion beam (MAFIB) nanopatterning[111] technique to achieve high-
definition metal nanostructures as detailed in the previous chapter and Figure 3.1. In
brief, a 200-nm-thick silver layer was deposited on a silicon substrate with a 5-nm-
thick titanium adhesive layer using physical vapor deposition. A 50-nm-thick

aluminum layer was deposited to serve as a sacrificial metal. FIB milling was
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performed using an electron microscope (Dual-beam SEM, FEI) to engrave 100-nm-
deep nanostructures into the silver layer through the Al sacrificial layer. The Al layer

was then removed in 0.9 M KOH solution.

Metal assisted focused-ion beam nanopatterning (MAFIB) process flow
(i) Deposit Ag on Si wafer (i) Deposit Al (iii) FIB milling

Iy L oy

(v) QD+PVP spin coating (iv) Al removal

f

Figure 3.1. Schematic of metal-assisted focused-ion beam nanopatterning: (i)
deposition of working metal on substrate, (ii) deposition of sacrificial metal, (iii) ion
beam milling, and (iv) removal of sacrificial metal. (v) spin-coating of QD (dispersed

in PVP) solution to form a thin layer on the nanostructure.

3.2.2 Characterization of QD Emission Enhancement

To evaluate the enhancement of QD emission on the nanostructured substrates, we
spin-coated a QD/polymer solution on the nanostructured substrates and glass
substrates to form a 30-nm-thick layer after drying. The QD/polymer mixture was

prepared by dispersing colloidal CdSe/ZnS QDs (Ocean Nanotech) in 0.9 mg/mL
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methanolic poly(vinylpyrrolidone) (PVP-10) solution. QDs with 610 and 540 nm
emission peaks were chosen for tests. Both QDs have an intrinsic quantum efficiency
of 65%. Photoluminescence (PL) spectra measurements were carried out on an inverted
microscope (Olympus 1X73) integrated with a fluorospectrometer (Horiba Fluoromax-
4). The PL excitation was a continuous-wave light source with a power density
measured to be about 70 mW/cm2 after the 60x microscope objective (N.A. =0.9) that
was low enough to prevent saturation of the QD PL. The fluorescent images were

captured by a color CCD camera (Lumenera Infinity3-3UR) on the inverted microscope.

3.2.3 Finite-Difference Time-Domain (FDTD) Simulations

Theoretical enhancement factors of the quantum emitters, the electric-field profiles on
ORAs and dimple nanoarrays, and their far-field emission profiles were calculated
using a commercial solver FDTD Solutions (Lumerical, Vancouver, Canada). The

simulation setup and schematics are discussed in Figure 3.2.
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Figure 3.2. Schematic of FDTD simulation model with perfectly matched layer
(PML) boundary conditions and an array of nanostructures with a dipole emitter
placed 10-nm above the Ag surface in one of the unit cells at the center. The Ag and
glass layers are 200 nm and 1000 nm thick, respectively. The ORA has a 340 nm
period, 100 nm depth and 100 nm width and the dimple nanoarray with two different
periods (280 nm and 350 nm) and 100 nm depth. An optional plane-wave light source
is placed 1000 nm above the Ag surface. The simulation can be performed without
the external light source if the wavelength of the light source does not interact with
the nanostructure which would occur for a UV excitation. The enhancement factor of
each point EF, in a unit cell is calculated by averaging the EF of different

polarizations, i.e.,
1
EE, = 3 (EE,x + EFyy, + EFy,)

The total average enhancement factor is calculated by averaging all the EFn at different

positions in the unit cell, i.e., (EF) = %ZA”nEFn.
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3.2.4 Fabrication of Microfluidic Flow Cells

The ORA substrate was integrated with a 1.2 uL.-sized microfluidic flow cell to perform
the DNA sensing assay. The microfluidic channel was built between the ORA substrate
and a glass slide separated by a 370 um-thick spacer formed by a polyimide double-
sided adhesive film cut into a microchannel pattern. Polyimide microtubings (140 pm
outer diameter) were connected to both ends of the channel and sealed with

polyurethane-based UV curable polymer. The schematics are presented in Figure 3.3.

Microfluidic flow cell (1.2 uL)

(i) Fabricated ORA over Ag (ii) Create spacer s
Polyimide tape < 1 PET |
I
” § .
(v) Cover with glass slide + UV curing (iv) Fill air-gaps =

l l l l lUV €xposure . UV curable polymer

- Glass <=

Figure 3.3. Microfluidic flow cell (1.2 uL volume) preparation flow: (i) fabricate
ORA metal-assisted focused ion beam milling on a 200-nm thick silver coated silicon
substrate using, (ii) create a flow channel defined by spacer layers using
polyimide/PET/polyimide thin film (inset), (iii) connect inlet and outlet polyimide

micropipes, (iv) fill the air-gaps with UV curable polymer so as to avoid leakage or
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bubble formation, and (v) encapsulate the structure with a cover glass followed by
curing the polymer with 365- nm UV light exposure for 10 minutes. The resulting
chip will then be connected to solutions and a syringe pump through microtubings for

the test.

3.2.5 DNA Detection Assay

The DNA molecular beacon (MB) probe was a 32-base oligonucleotide with a disulfide
linker-modified 5’ terminus and fluorescent fluorescein (5-FAM)- labeled 3’ terminus.
Target and nontarget single-stranded DNA (ssDNA) molecules were used to analyze
the sensitivity and selectivity of the sensor. All the DNA oligonucleotides were
purchased from LGC Biosearch Technologies (Novato, CA). The sequences of the
oligonucleotides are as follows: MB probe: 5’-SS-C6-
GCGCGTCAACATCAGTCTGATAAGCTACGCGC- FAM-3'; target DNA: 5'-
TAGCTTATCAGACTGATGTTGA-3"; nontarget DNA: 5'-
TTAATGCTAATCGTGATAGGGGT-3".

Immobilization of DNA MB probes on the silver ORA substrate started with the
reduction of the disulfide linker on the MB probes using tris(2-carboxyethyl)phosphine
hydrochloride (TCEP) (Sigma-Aldrich). The freshly prepared silver ORA substrates
were exposed for 45 min to a solution mixture containing 1 M monopotassium
phosphate, 0.01 mM 6- mercapto-1-hexanol, and 2 uM MB probes. The flow chamber
was then rinsed thoroughly with 1X PBS buffer. The MB modified substrates were

further annealed at 65 °C to allow the MB to form a hairpin configuration. DNA
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detection was performed by passing analyte samples of various target DNA
concentrations ranging from 100 fM to 1 uM, each with 40 min hybridization. A
hybridization time of at least 20 min was tested to yield a comparable result. This
process was repeated using nontarget DNA to verify the sensing selectivity. DNA
sensing was performed using an LED excitation light source (X-Cite 120 LED) coupled
to the inverted microscope. To minimize he photobleaching effect, the exposure time
was limited to 10 s. The fluorescence detection signals were analyzed with a
monochromatic SCMOS camera (Hamamatsu Flash 4.0 LT). The fluorescent images

were captured with a color CCD camera (Lumenera Infinity3-3UR).

3.3 Results and Discussion

Figure 3.4(a) and 1(b) shows the scanning electron microscopic (SEM) images of a Ag
ORA with 340 nm period, 100 nm depth, and 100 nm width and, for comparison, a Ag
dimple nanoarray with 280 nm period and 100 nm depth. The absorption spectra in
Figure 3.4(c) show that the ORA supports multiple resonant peaks covering the
emission spectra of both green and red QDs at 540 and 610 nm wavelengths,
respectively. On the contrary, the dimple nanoarrays provide a single resonant mode
determined by the periodicity of the structure. Figure 3.4(d) shows that the dimple
nanoarrays of 280 nm period and 350 nm period create narrowband resonance peaks

that selectively match one of the red and green QD emissions.
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Figure 3.4. Schematics and SEM images of the (a) engraved Ag open-ring nanoarray
(ORA) and (b) Ag dimple nanoarray (scale bars: 200 nm). The structures were spin-
coated with a 30-nm-thick poly- (vinylpyrrolidone) (PVP) layer embedded with
CdSe/znS QDs to evaluate fluorescence enhancement. The combined QD
photoluminescence (PL) spectra and absorption spectra of (c) the ORA with a 340 nm
period, 100 nm depth, and 100 nm width and (d) the dimple nanoarray with two

different periods (280 and 350 nm) and 100 nm depth.
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The PL measurements summarized in Figure 3.5 compare the enhancement of red QDs
(610 nm emission) and green QDs (540 nm emission) on ORAs and dimple nanoarrays.
We quantified the PL enhancement by using an enhancement factor (EF) defined as the
ratio of the QD emission peak on the metal nanostructures to that on the glass substrate.
All the QD PL characterizations were acquired under continuous wave excitations at a
380 nm wavelength and a 70 mW/cm2 power density. Figure 3.5(a) shows that the red
and green QDs on the same 340 nm period ORA exhibit strong EFs of ~40 and ~30,

respectively. However, the 350 nm period dimple nanoarray selectively enhances red
QDs yielding an EF ~ 35 but has an insignificant effect on green QDs with a small EF
~ 1.4 (Figure 3.5(b)). The same wavelength-selective enhancement was observed on
the 280 nm period dimple array in which a large EF ~ 30 was observed for green QDs
and a weak EF ~ 3 for red QDs as shown in Figure 3.5(c). The corresponding
fluorescence images summarized in Figure 3.5(d) demonstrate the broadband
enhancement on ORAs and wavelength-selective enhancement on dimple arrays. The
UV excitation was not absorbed by ORAs efficiently, leaving the enhancements
primarily contributed to enhanced emission due to the spectral overlap between QD
emission and substrate absorption. The emission enhancement can be illustrated by the
route 1 interaction in the diagram in Figure 3.5(f) and 3.5(g). It is worth noting that the
QD PL intensities on the non-resonant Ag dimple arrays show a reduced fluorescence
intensity compared with that on the plane Ag surfaces. The result can be attributed to

the large-angle scattering of QD emission from the metal nanostructure.
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Figure 3.5. PL spectra of red QDs (610 nm emission) and green QDs (540 nm

emission) on (a) a 340 nm period ORA substrate, (b) a 350 nm period dimple

nanoarray, and (c) a 280 nm period dimple nanoarray substrate. All QDs were excited

by a 380 nm continuous-wave light source. Enhancement factor (EF) is defined by the

ratio of the peak PL intensity on the nanostructures (ORAs or dimple nanoarrays) to

that on the glass. (d) Fluorescence images of the enhanced QD emission on the ORAs

and dimple nanoarrays in the square areas. Outside the squares are plane Ag surfaces.

(e) Enhancement factors of the red QDs on ORA and plane Ag substrates as functions

of excitation wavelength. (f) The combined emission and absorption spectra of red

QDs, and absorption spectra of ORAs. The level of QD absorption spectrum is
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exaggerated. (g) Diagram represents the interaction between the UV-excited QDs and
surface plasmons at the emission wavelength Aem that results in emission
enhancement (indicated by route 1). ORAs do not absorb UV light efficiently. (h)
Diagram represents the QD—surface plasmon interactions under a visible-light
excitation. Apart from the route 1 emission enhancement, the visible-light also creates
surface plasmons on ORAs that enhance the excitation of QDs at the excitation

wavelength Aex (indicated by route 2).

Figure 3.5(e) shows that the EF of red QDs on ORAs rises with the increased excitation
wavelength and even exceeds 110 while that on plane Ag decreases slightly. It is known
that no matter what substrate the QDs are placed on for enhancement, the intensity of
QD emission decreases with the increase of excitation wavelength due to the reduced
absorption of QDs at longer wavelengths. However, the EF of the QDs on ORA, which
considers the ratio of the emission intensity on the plasmonic substrate to that on the
glass, can vary with excitation wavelength due to the enhancement of QD excitation.
As illustrated by the diagram in Figure 3.5(h), apart from the emission enhancement
contributed by the route 1 QD—plasmon interaction at the emission wavelength, the
visible-light excitation is absorbed by the ORA through surface plasmons that creates
strong local fields and enhances the excitation of QDs. The plane silver substrate shows
a different trend of wavelength-dependent EF because of the poor and slightly

decreased absorption as wavelength increases in the visible range.
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Figure 3.6(a—c) summarizes the position-dependent EF of a single dipole emitter (540
or 610 nm emission wavelengths) placed at 10 nm above the metal surface across the
unit cell of an ORA and a dimple nanoarray. The EF value at each position was
calculated by averaging the results of three dipole emitters polarized along X, y, and z
directions. We obtain (EF) by averaging the EFs over the entire unit cell. To explicate
the relationship between EF and the surface plasmon resonance on the nanostructures,
we resolve the representative electric-field profiles on the ORA and dimple nanoarray
induced by a vertically oriented dipole emitter positioned at the center of the unit cell
as shown in Figure 3.6(d—f). Overall, the EF profiles indicate that the edges of the
nanostructures contribute most to the enhancement due to the electric field hot-spots
around the sharp geometries. The ORA exhibits different distributions of strong EF on
the structure for green and red QDs but supports comparably large EFs for both
emission wavelengths. The EF profiles match the corresponding distributions of
electric-field hot-spots induced by the dipole emitters, indicating that the multi-
resonance modes on ORASs enable coupling of multicolor QDs and thus support the
broadband enhancement. On the contrary, the dimple nanoarray shows a narrowband
enhancement. We can only observe the strong electric-field hot-spots and large EF for
a specific QD emission wavelength. Despite the qualitative agreement between the
simulation and experimental results, all the simulated (EF) are smaller than the
measured values. The difference may be attributed to the presence of mutual

enhancement among QDs associated with a plasmonic Dicke effect which results from
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dipole—dipole interactions assisted by surface plasmons[112,113]. We will conduct

further studies to verify the effect.
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Figure 3.6. Position-dependent enhancement factors of red (610 nm) and green (540
nm) dipole emitters over (a) ORAs (340 nm period), (b) dimple arrays with 350 nm
period, and (c) dimple arrays with a 280 nm period. ORAs yield strong enhancements
for both red and green emitter while the dimple arrays show wavelength-selective
enhancement. (d—f) Electric field profiles are obtained with the dipole emitter placed
at the center and oriented perpendicularly to the substrate. Both red and green
emitters induce high-intensity hot-spots over a large area of the ORA, whereas the

dimple arrays display the hot-spots induced only by specific emission wavelengths.

ORA can be utilized to amplify the fluorescence signal from immobilized molecular
beacon (MB) probes as depicted in Figure 3.7(a). The organic fluorophores carried by
the MB probes have largely overlapped absorption and emission spectra that lie within
the broad resonance spectrum of ORAs in the visible range (Figure 3.7(b)). This
property allows both the Purcell effect and the enhanced excitation rate to occur for
fluorescence enhancement as illustrated in the route 1 and route 2 interactions in Figure
3.7(c). Also, the strong spectral overlap between fluorophore emission and ORA
absorption promotes quenching of the fluorophores in very close proximity to the ORA
surface through an efficient FRET process. The strong fluorescence enhancement and

quenching will benefit the performance of the MB-based biosensor.
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Figure 3.7. (a) Schematic of molecular beacons (MBs) anchored on ORAs and plane
silver surfaces. Background intensities Is1 and Is2 denote the quenched fluorescence
on plane silver and ORA surfaces before hybridization. Ip1 and Ip2 represent the
fluorescence signals of the hybridized MBs on plane silver and ORA surfaces,
respectively. (b) The absorption spectrum of an ORA in an aqueous environment
(1.33 refractive index) that overlaps the emission and absorption spectra (measured)
of the fluorophore. (c) Schematics of the quenching and enhancement mechanisms
resulting from the fluorophore—plasmon interaction. Route 1 represents enhanced

emission, and route 2 the enhanced excitation.
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Combining the ORA plasmonic nanostructures with MB probes, we demonstrate the
ultrasensitive detection of DNA without an additional labeling step. The ORA-enabled
MBs were composed of 32 base-long synthetic oligonucleotides folded in a stem-loop
shape tethered on the Ag ORA surface. The fluorophore, fluorescein amidite (FAM),
on the other end of the MB probe was initially quenched by the Ag ORA surface when
it coiled up to form a hairpin configuration and brought FAM within a few nanometers
above the Ag surface. When the stem-loop opened upon hybridization with target DNA
of complementary sequences, the FAM stayed 12—15 nm (estimated by the lengths of
a 32 base-long probe and a cross-linker) from the ORA surface, a separation distance
sufficient for enhancing fluorescence emission. The multi-resonance spectrum of ORA
was designed to overlap both emission and absorption spectra of FAM in an aqueous
environment for strong fluorescence enhancement. Figure 3.7(b) shows the resulting
absorption spectrum of the Ag ORA substrate in water corresponding to the emission
and absorption spectra of a FAM fluorophore. The EFs of FAM fluorophores on a Ag
ORA substrate and a plane Ag substrate were measured to be ~42 and ~11.8,
respectively, with reference to those on glass substrates.

Before the assay, we first annealed the conjugated MBs to form a hairpin configuration
and immediately observed a strong fluorescence quenching in the absence of target
DNA. The quenched fluorescence intensities on the plane Ag and ORAs were measured
as the background signals (Ig), presented as shaded areas in Figure 3.8(a) and 3.8(b).

For each substrate, we measured a series of replicates of background signals to obtain
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background standard deviation (og). The ORA substrate was found to exhibit a lower
background signal compared with the plane Ag surface. The greater fluorescence
quenching on the ORA is believed to originate from the efficient energy transfer
between the fluorophore and surface plasmons through the FRET process explained
previously. After hybridization, the detected fluorescence intensity (Ip) on the ORA
increases significantly with the target DNA concentration while that on the plane Ag
surface rises slightly. Strong fluorescence enhancements started to occur in the ORA
region as the target DNA concentration exceeded 100 fM. The fluorescence intensities
on three ORAs were measured to observe consistent results. We emphasize that all the
fluorescence signals were measured within a 10-s exposure to avoid photobleaching.
We calculated the limit of detection (LOD) defined as the concentration that yields a
net fluorescence signal (Io — Ig) equivalent to three times the background standard
deviation (3o8)[114]. The ORA sensor achieved a LOD estimated to be ~300 fM,
equivalently 360 zmol in a 1.2 pL microfluidic chamber volume, whereas the plane Ag
sensor has the LOD of about 6 nM. The results indicate that ORAs enhance the LOD

by more than 4 orders of magnitude as compared to the plane Ag. We verified the
selectivity of the sensors by detecting the analytes with nontarget DNA. The
fluorescence intensities for the nontarget detection were found to be insignificant
compared with the LOD level, implying the high selectivity of detection. The signal-
to-noise ratio (SNR) defined as the Ip/Ig ratio under each DNA concentration quantifies
the change in fluorescence signal before and after hybridization. The signal change

ratio acquired from the ORA sensors are much more distinguishable because it provides
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a lower background signal due to the strong quenching at the initial status and the
enhanced fluorescence signals upon the binding of target DNA. The results can be
observed from the fluorescent images of the ORA sensors at various target DNA

concentrations in Figure 3.8 (d).
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Figure 3.8. Fluorescence intensities on the (a) ORA and (b) plane Ag surface in the
presence of target and nontarget DNA. Three devices were evaluated for the detection

assays. The shaded areas indicate the initial background fluorescence intensity Ig at
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quenching status. The limit of detection (LOD) is about 300 fM for ORA and 6 nM
for plane Ag, respectively. (c) Signal-to-noise ratio (SNR) acquired from the ORA
and plane Ag substrates with reference to IB. The inset microscopic image shows the
Ag ORA sensors integrated into a 1.2 pL-sized microfluidic chamber. (d)
Fluorescence images of the device at various concentrations of complementary target

DNA. The dimension of the ORA is 150 um x 150 um.

3.4 Summary

We utilized multicolor QDs and variable excitation wavelengths accompanied by
theoretical analysis to elucidate the fluorescence enhancement property of a Ag open-
ring nanoarray (ORA) on which to demonstrate ultrasensitive DNA detection. The
ORA offers multiple resonance peaks that cover the absorption and emission spectra of
the fluorophores in the visible range to support both emission and excitation
enhancements. The spectral overlap also enhances quenching of the fluorophores in
close proximity to ORA due to the improved efficiency of the FRET process. We
observed amplified DNA detection signals using ORA-enabled MB probes that reduce
the background signal level and intensify the fluorescence intensity in response to the
binding of target DNA. The ORA sensor yields a detection limit of sub-picomolar
concentration (~300 fM) or equivalent sub-attomoles, four orders of improvement in
detection limit as compared with the approach using a plane Ag substrate. The sensitive
and selective DNA detection method enabled by the signal enhancement approach will

benefit applications in biological analysis and medical diagnostics.
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CHAPTER 4. ALUMINUM ULTRAVIOLET-VISIBLE PLASMONIC
ARRAYS FOR BROADBAND AND WAVELENGTH-SELECTIVE

ENHANCEMENTS OF QUANTUM DOT EMISSION

In the previous chapters, QD enhancement of both broadband and wavelength-selective
is presented using gold and silver arrays. In this chapter, both the enhancements are
presented using Aluminum UV-visible plasmonic arrays which find several

applications in solar cells, microLED displays, and other optoelectronic devices.

4.1 Introduction

The enhancement through two-dimensional plasmonic arrays is advantageous in
providing greater enhancement factors and enabling integration with metal electrodes
for multiple optoelectronic applications. Aluminum is a suitable alternative to noble
metals for plasmonic applications[115-123]. It is an abundant, inexpensive material
widely used as the metal electrodes in optoelectronic devices. More importantly, it has
a negative real part of the relative permittivity at wavelengths spanning from the visible
to the ultraviolet range even at the wavelength shorter than 200 nm where the imaginary
part remains relatively low. Such an optical property makes aluminum superior to gold
or silver in supporting strong surface plasmon resonances (SPRs) covering both visible
and UV regions of the spectrum[124]. Taking advantage of the unique property of

aluminum, we demonstrate the use of Al dimple arrays (Fig. 4.1) with their SPRs
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tailored to be in the UV range for broadband enhancement of multicolor QD emission
and in the visible light region for enhancement of wavelength-selective QD emission,
all under 390-nm excitation. The Al dimple array is a periodic array of 100-nm deep
Al holes closed at one end on a 200-nm thick Al thin film. Different from metal
through-hole arrays, the Al dimple array presented here exhibits a major SPR mode
throughout the UV and visible range; there is no observable gap mode or the modes
resulting from the coupling between both sides of metal interfaces. The Al structure
may be easily oxidized to form a 2-3 nm thick native aluminum oxide layer under
atmospheric conditions[125] and results in a red shift in the SPR peak position[126].
However, the challenge does not significantly affect the plasmon enhanced
spontaneous emission as a thin insulating layer of at least about 5 nm is required to
prevent the unwanted emission quenching due to the direct contact of QDs with the
metal surfaces[127]. We introduced QD to the Al dimple array surface by spin coating
a 30-nm thick QD-embedded polymer layer that provides a short enough distance for

most of the QDs to interact with surface plasmons while avoiding quenching.

4.2 Results and Discussion

Plasmon-enhanced QD emission can be carried out by different routes of couplings
between QDs and surface plasmons. An excited QD interacts with the free electrons on
a metal surface in the vicinity and creates additional energy relaxation channels through
plasmon excitations that reduce the QD emission lifetime[128-134]. The phenomenon,

referred to as the Purcell effect, originates from the increased number of photon modes
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accessible for emission, i.e., the local density of states (LDOS), and results in enhanced
spontaneous emission rate and radiative intensity. Plasmonic structures support the
Purcell effect by providing strong local electric field enhancements in a sub-diffraction
limit volume that strongly modifies the LDOS for QDs. The effect can be realized
through the coupling of QD emission with the resonant modes of the optical
environment, such as plasmonic cavities[ 135,136] and plasmonic surfaces. This
enhancement pathway requires the spectral overlap between the QD emission
wavelength and the SPR indicated as the Route-1 coupling in Fig. 4.1(b). In this case,
the period, p, of the Al dimple array is designed to match its absorption resonance
spectrum with the QD emission peaks in the visible range. For instance, as shown in
Figs. 4.1(c) and 4.1(d), the dimple array with a 450-nm period produces an absorption
peak at 540 nm and will be used to enhance QD with a 540-nm emission wavelength.
The dimple array with a 550-nm period was designed to enhance 610-nm QD emission
in the same way. The Route-1 coupling using the visible-light plasmonic Al dimple

array leads to wavelength-selective emission enhancement.
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Figure. 4.1. SEM image and schematic of an Al dimple array with a 550-nm period
and 240-nm hole diameter fabricated using focused-ion beam milling and spin coated
with a QD-embedded PVP thin film (scale bar: 500 nm). (b) Schematics of QD
enhancement routes contributed by different QD-surface plasmon coupling pathways.
Route 1: Emission enhancement relies on the interaction between QD emission and
surface plasmon resonance (SPR) around the same wavelength. Route 2: Excitation
enhancement results from the extra near-field excitation of QDs by the surface
plasmons created by far-field illumination. Both enhancement routes are realized by

the same excitation wavelength Aex=390 nm. The enhancement route is determined by
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the choice of SPR wavelength of the substrate. (c) Measured emission and absorption
spectra of green and red QDs with the emission peak wavelengths Aem=540nm and
610 nm, respectively. (d) Absorption spectra of the 30-nm thick PVVP-coated Al
dimple arrays with 350-nm, 450-nm, and 550-nm periods each of which yields a

major absorption peak at 390 nm, 520 nm, and 610 nm, respectively.

QD emission can also be enhanced by additional nearfield excitation of UV surface
plasmons. The SPR of the Al dimple array substrate designed to peak in the UV range
where the absorption of QDs is noticeably strong can enhance multi-color QDs. As
indicated by the Route-2 coupling in the schematic of Fig. 4.1(b), the 350-nm period
Al dimple array efficiently absorbs far-field 390-nm UV illumination, creates UV
surface plasmons and produces extra excitation of QDs in the near field. This approach
relies on the generation of UV surface plasmons which cannot be achieved by using
common noble metals, such as gold, with the SPR limited in the visible range. The UV-
plasmonic Al dimple array is expected to provide broadband enhancement of QD
emission independent of the emission wavelengths.

It is worth noting that both Route-1 and Route-2 couplings can take place
simultaneously to enhance most organic fluorophores which exhibit a considerable
overlap of absorption and emission spectra in the visible range. The plasmonic substrate
designed to match its resonance peak with the fluorophore emission can also efficiently
absorb the external illumination for fluorophore excitation. The surface plasmons

created by the far-field absorption further supply an extra excitation of the fluorophores
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in the near field. As a result, both pathways concurrently contribute to the enhanced
fluorophore emission. Different from organic fluorophores, QDs have weak absorption
near their emission range but have strong absorption in the UV regime as shown in Fig.
4.1(c). The plasmonic substrate with a single major SPR peak in the visible range does
not take advantage of excitation enhancement, and the Route-1 wavelength-dependent
coupling dominates the enhanced emission. With the Route-2 coupling, the absorption
of far-field UV illumination efficiently supports additional strong near-field excitation
of QDs.

The 100-nm deep Al dimple arrays of various periodicities were fabricated by focused-
ion beam (FIB) milling of a 200-nm thick Al layer and a 5-nm thick titanium adhesive
layer deposited by thermal evaporation on a glass substrate. Commercially available
CdSe/znS QDs (Ocean Nanotech) were dispersed in 0.9 mg/ml methanolic
polyvinylpyrrolidone (PVP-10) solution and spin-coated on the Al dimple arrays to
form a 30-nm thick QD-embedded PVP thin film after drying. The polymer layer
prevents the direct contact of most QDs to the metal surface that avoids any possible
quenching of QD emission. Figure 4.1(a) shows the SEM image of a typical Al dimple
array with the 550-nm period and 240-nm dimple diameter. A 90-nm dimple diameter
was applied for the 350-nm period array.

The absorption and photoluminescence (PL) emission spectra of QDs in Figs. 4.1(c)
and 2 were measured by using a spectrometer (HR4000, Ocean Optics) and a
spectrofluorometer (Fluoromax-4, Horiba) coupled to an inverted microscope (1X73,

Olympus), respectively. The PL excitation delivered from the spectrofluorometer was
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a continuous-wave light source with a power density measured to be about 70 mwW/
cm2 after a 60microscope objective that did not saturate the QD PL. The ratio of the
QD PL peak on the dimple array to that on the glass substrate was calculated to quantify
the enhancement factor (EF). The fluorescent images in the insets of Fig. 4.2 were
captured by a color CCD camera (Lumenera Infinity3-3UR) on the inverted microscope.
The PL spectra and fluorescence images in Fig. 4.2(a) show that the UV-plasmonic
dimple array with the 350-nm period enhances both green and red QD emissions with
the EFs of 22 and 15, respectively. The 350-nm period dimple array has a plasmon
resonance peak at 390 nm [Fig. 4.1(d)] that efficiently absorbs 390-nm UV excitation
to produce surface plasmons and promotes the excitation of both red and green QDs in
the near field. The visible-light plasmonic dimple array of the 450-nm period
selectively enhances green QDs with EF=15, while the 550-nm period dimple array

exclusively enhances red QDs with an EF=16 as shown in Fig. 4.2(b).
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coated on (a) the UV plasmonic dimple array with a 350-nm period and (b) the visible

plasmonic dimple arrays with 450-nm and 550-nm periods. All samples were excited

by a 390-nm light source.

The effect of the substrate SPR on broadband and wavelength-selective enhancement

as verified by finite-difference time-domain (FDTD) simulations. In Fig. 4.3, we

summarize the position-dependent EF of a single dipole emitter (540-nm and 610-nm

emission wavelengths) across a unit cell of the dimple arrays of three different array

periods illuminated by a 390-nm plane wave. The EF value at each position was

calculated by averaging the results of three dipole emitters polarized along X, y, and z
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directions. The (EF) averages the enhancement factor over the entire unit cell. The
results imply that the edges of the dimple structure contribute the majority of the EF
due to the presence of high-intensity electric field hot-spots. Overall, the UV-plasmonic
dimple array gives a theoretical average enhancement factor of about 8 for both green
and red dipole emitters as shown in Fig. 4.3(a). Figure 4.3(b) shows the position-
dependent EFs of red and green QDs on two different visible-light plasmonic dimple
arrays. The results qualitatively agree with the experimental observations. The red QDs
on the 550-nm period dimple array were enhanced more than those on the 450-nm
period counterpart; an opposite trend of enhancement was observed for green QDs. The
UV plasmonic dimple array enhances multicolor QDs through the additional near-field
excitation. The strong electric field profile in Fig. 4.3(c) indicates that the 350- nm
period dimple array efficiently absorbs 390-nm UV excitation light and converts the
energy into UV surface plasmons for extra excitation of QDs on the surface. Such a
process referred to as the Route-2 coupling enhances the QDs independent of their
emission wavelengths. Differently, the dimple arrays with the 450-nm period and 550-
nm period have distinct resonant modes that absorb the QD emission of the selective

wavelength instead of the UV illumination.
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Figure. 3. Calculated position-dependent enhancement factors (EFs) of a single UV-
excited red (540-nm emission) or green (610-nm emission) QD (dipole emitter) on a
unit cell of (a) a UV plasmonic dimple array with the 350-nm period and (b) visible
plasmonic dimple arrays with 450-nm and 550-nm periods. The dipole emitter is
placed 10 nm above the metal surface and is positioned with a step size of 20 nm. (c)
Cross-sectional electric field profiles of the 350-nm period UV plasmonic dimple
array under far-field excitation of 390-nm light. (d) Cross-sectional electric field

profiles of the 450-nm period (left) and 550-nm period (right) visible plasmonic
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dimple arrays induced in the near field by a dipole emitter (indicated by the double-
headed arrows) with 540-nm or 610-nm emission wavelength placed at 10 nm above
the edge of the hole on an Al dimple array.
The surface plasmon excited by the QD emission in the near field at a specific
wavelength can be observed through the electric field profiles in Fig. 4.3(d). The
enhancement is fulfilled by the interaction between QD and surface plasmons via the
Route-1 coupling. The calculated EFs, which consider the effect of a single QD, are
lower than the experimental results that involve an ensemble of multiple QDs. The
discrepancy may be attributed to the presence of mutual enhancement among QDs
associated with a plasmonic Dicke effect resulting from the dipole-dipole interactions

assisted by surface plasmons[137,138].

4.3 Summary

The wavelength-selective and broadband enhancement of QD emission using Al
dimple arrays that have the plasmon resonance tailorable from the UV to the visible
range is presented. The enhancement effects are contributed by two different coupling
routes created by the interaction between QD emission and surface plasmon resonance
and extra near-field excitation of QDs by the surface plasmons induced by the
absorption of far-field illumination. The Al plasmonic design will be suitable for
photovoltaic applications in improving ultraviolet light harvesting. It is also beneficial
for QD-based biosensing that takes advantage of excess UV excitation from surface

plasmons to boost the fluorescence signals from multicolor QD probes.
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CHAPTER 5. HYPERBOLIC METAMATERIALS FOR QUANTUM
DOT ENHANCEMENT: EFFECT OF UNIT CELL THICKNESS

AND LARGE AREA OUTCOUPLING

5.1 Introduction

Quantum dot (QD) enhancement using multilayer hyperbolic metamaterials (HMMs)
consisting of alternating subwavelength layers of metal and a dielectric have been
studied extensively in recent years[139-141]. The periodic multilayer HMMs creates
anisotropy in permittivity and leads to unique optical properties compared with their
counterparts in nature. In the hyperbolic region, an infinite number of optical modes
with large wave vectors enabled by coupled surface plasmon polaritons (SPPs) provide
large local density of photonic states for spontaneous emission rate enhancement of
QDs, in other words, an enhanced Purcell factor[142-151]. The tunability of elliptic
and hyperbolic regimes by changing the metal filling ratio and unit cell thickness leads
to several applications in fluorescence enhancement.

Ideally, HMMs have infinite density of photonic states which leads to a large Purcell
factor of QDs. However, in multilayer HMMs, the presence of anomalous optical
modes is highly dependent on unit cell thickness[152]. Unit cell thickness is a critical
factor for achieving the expected hyperbolic regime, number of optical modes, and
Purcell factor. In the past, few research groups have presented a deviation of HMM

properties because of lack of unit cell thickness control[153], but no experimental
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attempt was made to demonstrate this effect. An HMM with thick unit cell thickness
hinders the performance of fluorescence enhancement and leads to enhancement
factors lower than the ones achieved through surface plasmonic arrays, metal
nanoparticles and photonic crystals.

In addition, a large emission enhancement of QDs are high-k waves and needs to have
additional mechanisms incorporated to outcouple the light from HMM. In the past,
subwavelength gratings[154], photonic crystals[155], and photonic hypercrystals[156]
were fabricated to assist light out-coupling. However, all the mechanisms involve
complex fabrication techniques, lack of large area enhancement and lower
enhancement in relative to QDs on glass substrate.

In this research work, we study the effect of unit cell thickness of Ag/ITO based
multilayer HMM over enhancement factor of QDs and we employ a new technique to
outcouple the light over a large area using polystyrene microbeads. We achieved a
maximum of 40-fold enhancement of QDs over a large area which is larger than
previously reported enhancement factors via plasmonic arrays[157,158] and other

photonic crystals.

5.2 Theory

As discussed, the enhanced photonic density of states has a consequence on the
spontaneous emission lifetime of QDs in the near-field of the HMM, based on Fermi’s
golden rule[159]. In HMMs, due to the presence of a large number of modes, there

exists an increase in the decay rate of QDs causing an enhancement in spontaneous
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emission, in other words, called as Purcell effect. The number of modes available for
QDs to recombine and emit a photon is highly dependent on the unit cell thickness of

the HMM. Using transfer matrix method[160]:

31 1k, . (1
PR AR) =557 {Eyﬁ[u +rOWE — (1 —r®)k2] + 2 [(1+ r(m)kf}

where r® and r® are the reflection coefficients for s- and p-polarized light, k, is the
magnitude of the wavevector in the dipole medium, k; = v&(w/c), we calculated the
local density of photonic states (LDOS) for Ag/ITO based HMM with total thickness

of 320 nm, filling factor of 0.25, and unit cell thicknesses of 20, 40, and 80 nm as shown

in the Figure 5.1(a-c).
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Figure 5.1. The LDOS (normalized by vacuum) available to a quantum emitter
located on the top of HMM with (a) 80 nm, (b) 40 nm, and (c) 20 nm unit cell
thickness. The number of HMM modes increase with the bi-layers leading to LDOS

enhancement.
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We observe the series of bright vertical bands as high-k modes that arise from the
coupled surface plasmons between the metal layers. As we decrease the unit cell
thickness from 80 nm to 20 nm, we find an increase in number of HMM modes leading

to an increase in Purcell factor according to following equation:

B=(1—-1n+nRe U p(2,d.k) dk”],
0
where 7 is the intrinsic quantum yield. The increase in Purcell factor is shown in the

Figure 5.2(e).

5.2 Results and Discussions

Figure 5.2(a) illustrates the schematic configuration of Ag-ITO based multi-layered
hyperbolic metamaterials (HMMSs) coated with CdSe/ZnS quantum dots (QDs) on the
top. The multilayer consists of alternating pairs of Ag and ITO layers. The HMMs
were created by sputtering over the glass substrate, and a 10 nm thick ITO spacer is
deposited on top of HMM before spin coating QDs, so as to avoid any possible
quenching via charge transfer. As indicated by scanning electron microscopy (SEM)
image in Figure 5.2(b), the HMM consists of four pairs of 80 nm unit cell with a metal
filling fraction (ff) of 0.25, the unit cell thickness of 80 nm, and the total thickness of

320 nm.
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(a) Schematic of Ag/ITO HMM (b) SEM image
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Figure 5.2. (a) Schematic of Ag/ITO based hyperbolic metamaterial (HMM), (b)
SEM image of HMM with 80 nm unit cells, (c) permittivity along x-axis with change
in filling fractions of 0.18, 0.22, and 0.25 respectively, (d) simulated and (e)

measured transmission spectra of 80 nm HMMs with three different filling factors.
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The epsilon-near-zero (ENZ) point, which determines the transition from elliptic to
hyperbolic dispersion, is tunable by varying metal filling fraction as shown in Figure
5.2(c). Lower filling fraction results in redshift in the ENZ wavelength and is identified
by measuring the transmission spectra of the HMMs. Figure 5.2(d) shows the
transmission spectra calculated using the finite-difference time domain (FDTD)
analysis and effective medium theory (EMT). The transmission becomes zero in the
hyperbolic region; the falling points indicate the ENZ wavelength. We observed a
redshift of ENZ wavelength when the metal filling fraction was reduced from 0.25 to
0.18 as shown in Figure 5.2(e) which agree with theoretical results.

As discussed previously, the large LDOS in HMMs can induce dramatic Purcell
enhancement especially when the emission wavelength of QDs matches ENZ
wavelength. An ideal HMM consists of an infinite number of modes for emission
enhancement, however, in multilayer based HMMs the unit cell thickness has to be
minimized to reach the ideal condition for Purcell enhancement. In this work, we study
the effect of unit cell thickness on the emission of 520 nm QDs on HMM with filling
fraction of 0.25 that has ENZ wavelength at 520 nm as shown in Figure 5.3(a). The
cross-sectional SEM images in Figure 5.3(b) show the 320 nm thick HMMs formed by
80 nm, 40 nm, and 20 nm unit cell thicknesses. The simulated and measured
transmission spectra of three different HMMs in Figure 5.3(c) and 5.3(d) indicate that
the ENZ wavelength approaches the result estimated using EMT as the unit cell

thickness decreases.
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Figure 5.3. (a) Parallel and perpendicular permittivity of 0.25 fill factor pointing
epsilon-near-zero (ENZ) point. (b) Cross-sectional SEM images of 320 nm thick
HMMs formed by various unit cell thickness—80 nm, 40 nm, and 20 nm which
correspond to 4, 8 and 16 bilayers. (c) Simulated and (d) measured transmission
spectra of all three HMMs (Inset: bird eye images of HMMs). (e) Iso-frequency

curves of HMMs. (f) Purcell factor spectra of HMMs.

The transformation of HMM from finite to infinite local density of photonic states is

realized by the iso-frequency curves of the respective HMMs as shown in Figure 5.3(e),

using Bloch theorem[161].
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The iso-frequency curves of the multilayered HMMs in Figure 5.3(e) show that the
Ag/ITO multilayered structure exhibits hyperbolic dispersion as the unit cell thickness
decreases. Because of the larger LDOS supported by hyperbolic dispersion, the Purcell
factor of the dipole emitters will be enhanced accordingly for the HMM with a reduced
unit cell thickness as shown in Figure 5.3(f).

Despite the enhanced Purcell factor, the enhanced light emission is mostly high-k
waves within HMM which requires additional approach for light extraction. Here we
utilize self-assembled polystyrene (PS) nanoparticle monolayer on top of the HMM
fabricated by a Langmuir process as depicted in Figure 5.4(a) to outcouple the
enhanced QD emission to the free space. Figure 5.4(b-c) shows the cross-sectional and
top view of SEM images with HMMs covered by a monolayer of 500 nm PS monolayer.
The photoluminescence (PL) measurements show that without light extraction only
1.8-fold enhancement was observed for the QDs on the HMM with 20 nm unit cell (16
bilayers) compared with those on a glass substrate as shown in Figure 5.4(f). Three
different PS nanoparticles (200 nm, 500 nm, and 750 nm) were self-assembled on these
HMMs for light outcoupling. Figures 5.4(d-f) show that the PL enhancement of QDs
and the enhancement factor increase from 12.6-fold for 80 nm unit cell (4 bilayers) to
40-fold for 20 nm unit cell (16 bilayers). The outcoupling factor is determined by the
ratio of emission intensity in the presence and absence of PS nanoparticle monolayer.
The monolayer composed of 750 nm PS nanoparticles was found to have a larger
outcoupling factor of 22 times in comparison with 500 nm and 200 nm particles that

provide 13 times and 7 times of outcoupling factors, respectively.
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Figure 5.4. (a) Schematic of the self-assembly of polystyrene nanoparticle monolayer.

(b) Top view and (c) cross-sectional SEM images of the resulting nanoparticle

monolayer. Photoluminescence spectra of 540 nm emission quantum dots spin-coated

over HMMs with the unit cell thickness of (d) 80 nm, (e) 40 nm, and (f) 20 nm with
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outcoupling via a monolayer of polystyrene nanoparticle of 200, 500 and 750 nm in

diameter.

The outcoupling factor is related to the size and refractive index of PS nanoparticles
but is independent to the HMMs. No change in enhancement factor was observed for
QDs on a glass substrate with and without PS nanoparticle monolayer, which agree
with the simulated results.

To further visualize and understand the out-coupling mechanism, we realize the electric
field profiles of this system as shown in Figure 5.5. Using FDTD, a dipole with an
orientation parallel to HMM surface is located under the PS microbeads and electric
field intensity distribution at x-z plane (y=0) is observed. Figure 5.5(a) shows electric
field intensity of plane HMM, which is weak and only distributed at the center. This is
due to the lack of outcoupling efficiency as discussed in the previous sections. Much
stronger intensity was observed for the HMMs with sphere arrays, with 750 nm PS
microbeads being the maximum. The sphere arrays serve as the graded refractive
materials to reduce the refractive index contrast and provide additional momentum for
outcoupling these high-k waves[ 162]. The light coupled to the PS microbeads
undergoes an internal reflection at the PS-air interface, and based on the phase
difference between the reflected wave and the original wave, constructive interference
occurs leading to the higher light intensity, and eventually results in higher out-

coupling factors[163-165]. The comparison of far-field radiation patterns for the plane
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HMM and HMMs with PS microbeads is presented in Figure 5.5(b). The far-field
intensity of plane HMM is weaker in all the directions compared to those of the LEDs
with PS beads due to the small light escape cone and lack of out-coupling. The far-field
intensities exhibit hexagonal symmetry due to hexagonally packed microbead arrays.
The outcoupling factor for various conditions is simulated using FDTD as shown in

Figure 5.5(c).

@ ywmm 109l 200nmPSI99El 500 nm PSI99El 750 nm PS 199IEl 1000 nm PSIOSIE]

1 1 1 " 1
1 0 A e q W T o g g A g
X (pm) X (pm) X (um) X (um) X (um)
(b) HMM Intensity 200 nmPS Intensity 500 nmPS  Intensity
1.0 1.0 1.0
) i 8 0. 8
= = =
£ £ £
-} 2 Q@
oS il ~ul
-4, - °‘ -4
S e £
s 2 2 2
T T T T v T T
10 -05 0.0 0.5 1.0 -1.0 05 0.0 0.5 1.0 10 05 0.0 05 1.0
(6/90)cos(4) (0/90)cos(d) (0/90)cos()
750 nm PS  Intensity 1000 nm PS Intensity (€) ———F——————
1.0 1.0 —~ 25} -
e .
s 2 n
= e 5 20+ i i
2 e © R
£ 6 £ 6 8 L
20 @0, o 15F ; -
8 & % I oim ',-r"r.
e =N 3 10} .5! oo .
2 2 £ i TR
2 L VY L
O 5L 8 v _
$ T T % T T 1 1 1 1 1
40 05 00 05 10 40 05 00 05 10 200 400 600 800 1000 1200
(06/90)cos(d) (0/90)cos(d)

PS size (nm)



87

Figure 5.5. (a) Cross-sectional electric field profiles of plane HMM and HMM with
200, 500, 750 and 1000 nm polystyrene microbead assembly along with (b) contour
far-field intensity profiles showing a very strong intensity of HMM with 750 nm PS

microbead diameter. (c) Out-coupling factor with respect to PS microbead assembly.

Since the light trapped within the HMM acts as a waveguide, it reflects on both the top
and bottom surfaces of HMM and the light outcoupling occurs at all the interfaces
across the arrays. The far-field electric field distribution at x-y plane depicts such
effects in relative to a plane HMM. The tunability in out-coupling factor is possible by
varying the diameter of the spheres, which affects the optical length difference of the
original light and the reflected light. By tuning the diameter of the PS microbeads, the
maximum out-coupling factor of ~25 times was achieved at the sphere diameter of 750

nm which lies within the range of our experiments.
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Figure 5.6. Simulated (shaded) and measured (dotted) scattering intensity plots of
quantum dots spin-coated over a (a) glass, (b)) HMM, HMM with self-assembled

polystyrene monolayer of (c) 200 nm, (d) 500 nm, and (e) 750 nm..
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Figure 5.6 summarizes the measured and simulated far-field emission profile of a
dipole on HMMs. The calculated results average the emission from the dipole emitters
of three different polarizations. For PL measurement, the emission within a collection
angle of 120° was collected by the lens to contribute to the QD emission enhancement.
To evaluate the angle-dependent emission intensity and the light outcoupling efficiency,
we measured the scattering profile by exciting the sample with a 405 nm laser and
analyzed the emission collected by a variable-angle detector from 0 to 180° with a step
size of 15° angle. We detected negligible QD emission intensity within the collection
angle from a plane HMM because of the lack of outcoupling as shown in Figure 5.6(b).
Figures 5.6(c-e) show that the presence of nanoparticle monolayer improves the
emission directionality. The effect becomes more observable as the particle size
increases. The experimental measurements agree well with the simulated patterns, and

any possible deviation is accounted for random QD orientation.

5.4 Summary

In conclusion, we experimentally and theoretically verified that reducing the unit cell
thickness of a multilayer HMM increases the enhancement of QD emission. We
successfully demonstrated a simple light outcoupling approach using a large-area self-
assembled microbead layer. We found a 40-fold enhancement of QDs over a large area,
higher than the ones previously obtained using plasmonic arrays and nanoparticles. Our
study will benefit the applications in light-emitting devices and quantum

electrodynamics.
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CHAPTER 6. CARBON DOT-PLASMON COUPLING FOR
MICROLED DISPLAY ENHANCEMENT AND CONTROL OF UV

EXCITATION LEAKAGE

6.1 Introduction

Gallium-nitride-based (GaN) light-emitting diodes (LEDs) have attracted much
attention because of their low power consumption, long device lifetime, low cost, and
high brightness for applications such as backlight units in liquid crystal displays[166-
171] and visible light communications[172-179]. Recently, GaN-based backlight LEDs
have been extensively used as promising candidates for microLED display technology.
MicroLED display carries an advantage of photoluminescence (PL), which is the
emission is obtained with an electromagnetic wave input rather than electrical input
utilized for OLED and QLED display technologies. This leads to a very large color
gamut thus pushing the envelope of display technology.

In the past, CdSe based quantum dots have been applied for micro-LEDs for reduction
in optical cross-talk and control of excitation light leakage. However, the techniques
implemented needs additional processing of depositing the dielectric multi-layers, thus
creating a Bragg reflector which hase a high reflectivity at UV regime and a large
transmission at visible wavelengths[180,181]. In addition, there exist no attempts in
creating cadmium-free emissive layers due to lack of their efficiency.

In this work, we utilize carbon dot (CD) emissive layers and experimentally

demonstrate the use of Ag plasmonic nanoparticles to enhance the PL of CDs while
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minimizing the leakage of excitation light. Conventional microLEDs utilize the multi-
layered filters to minimize the leakage and may reduce the PL of emissive layers as
well, with no technique incorporated for PL enhancement. The fluorescence emission
can be improved by incorporating 30 nm Ag nanoparticles which absorbs the excitation
light and enhance the PL at the same time.

The PL enhancement follows the excitation enhancement route as indicated in the
schematic of Figure 6.1. In short, the 400 nm light excited using GaN backlight LED
excites the CDs and also couples with the Ag nanoparticles. The localized surface
plasmons created using through the 400 nm excitation acts as an additional source for
CDs, leading to an enhanced emission. At same time, due to the formation of surface
plasmons, the additional light gets coupled with nanoparticles and minimize its leakage
to the far-field. In the absence of plasmonic nanoparticles, the additional excitation
from the source may leak out of the CD film leading to leakage and poor image quality.
Ag nanoparticles serve as excellent blocking agents and lead to a broadband
enhancement of CDs. This technique offers a low-cost and effective approach to

improve the performance of microLED displays.

6.2 Experimental Section

6.2.1 Synthesis of Carbon Dots (CDs)
The carbon dots were synthesized based on the method reported by Jinyang et al[182].
In short, 500 mg of citric acid and 1g of urea were dissolved in 10 mL ethanol solution,

and then the solution was transferred into a 30 mL Teflon-line stainless steel autoclave.
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The sealed autoclave was heated at 180 °C for 8 hours. Then the as obtained CDs were
purified by ethanol water solution, and the precipitates were collected and re-dispersed

in DI water. The emission of carbon dots is indicated in figure 6.1 (b).

6.2.2 Synthesis of Ag Nanoparticles

Ag nanoparticles were synthesized based on chemical reduction method[183]. Two
reductants sodium borohydride (NaBHs) and trisodium citrate (TSC) were used as
primary reductant and stabilizing agents, respectively. The procedure is as follows: 48
mL of aqueous solution containing 1mM of NaBH4 and 4 mM of TSC is stirred at
60 °C for 30 min. Then, 2 mL aqueous silver nitrate (AgNOs3) solution (4 mM) was
added drop-wise while the temperature is raised to 90 °C. Within 3 min the color of
solution starts changing from transparent to dark yellow. The reaction was stopped and
the beaker is allowed to cool down in the dark at room temperature followed by
purification with a centrifuge. The Ag NP suspension is centrifuged three times (9000
rpm, 10 min) and the obtained powder is suspended in DI water and stored at 4 °C in
the dark for future use. The obtained Ag NPs show the absorbance spectra peaking at
400 nm as shown in Figure 6.1(b), thus estimating its size to be 30 nm. After they are
dispersed in CD polymer solution the resonance spectra red-shifts peaking at 420 nm

wavelength.
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6.2.3 Fabrication of MicroLED
The commercially available GaN-based UV LED chip with emission wavelength of
400 nm and is encapsulated by a transparent polymer, was utilized as an excitation
source for microLED. An optically insulating silicone polymer well was attached over
the excitation source followed by drop casting the emission layer for further

measurements using Ocean Optics USB4000 spectrometer.

6.3 Results and Discussions

As shown in Figure 6.1(a), 15 ug/mL of CD is dispersed in 300 mg/mL PVP in ethanol
for drop casting in the silicon polymer well to form a ~400 um thick film. However,
due to the transparency of the film, there exists a strong transmission through it leading
to a heavy leakage and a relatively negligible emission of CDs. Ag nanoparticles are
introduced to minimize the leakage and enhance the emission simultaneously as shown
in the schematic of Figure 6.1(a). This mechanism of CD enhancement follows the
excitation rate enhancement as reported in the past. The inset of Figure 6.1(a) shows
the block diagram of the CD enhancement. In short, the UV source from the GaN chip
acts as excitation for the CDs as well as the additional source of energy for CD
enhancement. Since the absorption of Ag nanoparticles lies in the UV region, it blocks

the UV light from leaking through the film.
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Figure 6.1. (a) Schematics of microLED chip with and without nanoparticles
indicating the presence of leakage and an eventual emission enhancement after
adding nanoparticles. The GaN-based LED is encapsulated with polymer layer

followed by formation of silicon-based polymer well for drop casting of the emissive
layer. (b) Measured normalized absorbance spectra of 30 nm silver nanoparticles
dispersed in DI water and 300 mg/mL PVP solution leading to a redshift. The blue
color faded region indicates the excitation range and the yellow color faded spectra

indicates the emission of CDs.

Figure 6.2 shows the working of CD enhancement and UV leakage control. As the
concentration of Ag nanoparticles in the film is increased from 0 to 3.125 nM, we found
a maximum enhancement of 3.68 times at 1.25 nM of Ag nanoparticles. As the
nanoparticle concentration is increased even more, the leakage of UV reduces to zero

while the emission enhancement of 2 times is still observed. Although a similar
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enhancement was previously reported in OLEDs and QLEDs, the electroluminescence
spectrum was found to be different from photoluminescence spectrum. In this
microLED, the PL spectrum in the solution and on the UV chip was found to be the
same with an additional 2-fold enhancement. As of our knowledge, this research is first
to report the use of surface plasmonic nanoparticles for completely reducing the UV
leakage to zero and demonstrate an additional enhancement. The measured PL spectra
of microLED at various Ag nanoparticle concentrations is shown in Figure 6.2(b). As
the concentration is increased, the intensity of UV wavelength keeps reducing while a
different behavior exists for CD enhancement. The CD enhancement factor is
determined by the ratio of CD emission with and without Ag nanoparticles. At first, the
enhancement factor increases because the Ag nanoparticles are too far away for
enhancement to occur, and after a certain concentration, the enhancement factor
reduces from 3.68 to 2 times due to the blocking of emission light as result of excessive
metal nanoparticles in the film. However, the metal nanoparticles hold the capacity of
broadband enhancement and reduce the UV leakage, thus avoiding the additional

processing of filters/Bragg’s reflector deposition.
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Figure 6.2. (a) Transmission and enhancement factors of CD emissive layer while
increasing the Ag nanoparticle concentration. A maximum enhancement of 3.68 times
is observed minimizing leakage by ~25%. The concentration at which the leakage
becomes zero is found to have 2-fold emission enhancement. (b) Spectra indicating
the transmission in UV regime and photoluminescence of CD (inset) at Ag

concentrations increasing from 0 to 3.125 nM.

The bird-eye image of GaN-based UV LED chip is shown in the Figure 6.3(a) and
Figure 6.3(b) shows the bird-eye image of enhanced CD based microLED with 8.5V
and 0.5 A electrical input. The microscopic images of UV excitation and microLED is
shown in Figure 6.3(c-d). Such a bright emission by an excitation source of 1mm X
1mm shows the efficiency of cadmium-free emissive material utilized here and its fit

for display technology. Finally, the CIE chromaticity diagram of the excitation and
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emission light is indicated in Figure 6.4 showing that the device is suitable for CMYK-

based microLED display technology.

MicroLED

Figure 6.3. (2) Bird-eye image of GaN-based UV LED chip with 9 LEDs of
dimensions 1 mm X 1 mm. (b) Enhanced microLED with zero UV leakage, made
over the center UV LED. Microscopic view of LEDs (c) with and (d) without the
emissive layer. This comparison shows the efficiency of UV leakage minimization

with Ag nanoparticles.
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Figure 6.4. CIE chromaticity diagram of the excitation and emission light showing the

suitability of CD-based microLED for CMYK based display technology.

6.4 Summary

In conclusion, we demonstrate a novel approach to enhance the performance of
microLED by introducing Ag plasmonic nanoparticles to simultaneously enhance the
emission of carbon dots (CDs) and suppress the leakage of excitation light. The
cadmium free emissive layers have not been demonstrated in the past due to their weak
emissive efficiencies. We incorporated metal nanoparticles in the emissive layer to
enhance microLED by 2 times. Such an enhancement lies within the range of other QD
LED display devices. This multi-featured emissive layer serves as a PL enhancer and
an excitation blocker without the need of additional filters. This innovative approach

could lead to efficient and cost-effective displays.
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CHAPTER 7. CONCLUSIONS

In conclusion, we presented a novel fabrication technique called metal-assisted
focused-ion beam nanopatterning for manufacturing of high precision photonic and
plasmonic nanostructures. This technique allows the manufacturing of molds for
nanoimprint lithography thus making it practical for industrial biosensing applications.
We demonstrated its use in making gold and silver plasmonic arrays for achieving a
very high quantum dot enhancement and then further implementing these structures for
biosensing. The enhancement factors achieved using silver open-ring nanoarrays are
found to be more than 100 times with an estimated quantum efficiency exceeding 99%.
Further, the broadband enhancement of these nanostructures was utilized for DNA
sensing to enhance the limit-of-detection by four orders of magnitude. This design is
expected to find a major scope in compact DNA sensing and may serve as a platform
for other biosensing technologies.

Further, we introduced aluminum dimple arrays for demonstrating the UV plasmonic
systems which were sidelined as the field enhancements using aluminum was typically
weak. However, through the designed aluminum dimple arrays, we demonstrate
enhancement of multi-colors, in other words, broadband enhancement by using the
different route of enhancement. According to this route, we utilize the incident UV
light for creating surface plasmon resonance in UV regime which in turn acts as a

secondary excitation source for quantum dots leading to enhancement of green and red
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colors. Such a design is expected to improve the efficiency is solar cells, and the
mechanism was implemented in microLED display in chapter 6.

To demonstrate, the enhancement through hyperbolic metamaterials (HMM), we first
studied the effect of unit cell thickness over quantum dot enhancement and found that
the Purcell factors increase at smallest unit cell thickness due to an increase in HMM
modes which provide additional decay pathways for quantum dots and thus reduce the
fluorescence lifetime. In addition, we demonstrate a novel polystyrene microbead
based photonic crystal for outcoupling of high-k waves trapped within the HMM, thus
eventually leading to a maximum enhancement of 40 times. This study is expected to
find several applications in optoelectronic devices and biosensing devices which
specifically require an enhancement in large areas.

Finally, our demonstration of microLED display has many features such as: utilizing
cadmium free emissive materials, minimizing the UV leakage through the device, and
enhancement of emission by 2 times. Such a multi-featured device will be much useful
for creating a CMYK based display devices.

In summary, our work of integrating surface plasmonic materials for broadband
enhancement, DNA sensing, HMMs, and microLED displays, has successfully
extended the scope of plasmonic and photonic technologies. However, some
improvements in the future would be necessary for the design of compact sensing, large
area microLED display devices with additional colors of emissive materials included
and implementing of UV plasmonic devices for solar cells will push the technology

envelope to next level.
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