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ABSTRACT

The work presented in this dissertation demonstrates various methods and
approaches for photonic crystals (PCs) to enhance the output emission and
performance of quantum dots (QDs). We integrate visible wavelength
emitting QDs within a polymer-based photonic crystal and excite them
using an ultraviolet-emitting LED. The PC design incorporates two
interleaved regions, each with distinct periods in orthogonal directions to
enable simultaneous resonant coupling of ultraviolet excitation photons to
the QDs and visible QD emission at two different wavelengths to efficiently
extract photons normal to the PC surface. The combined excitation and
extraction enhancements result in a 5.8X increase in the QD output
intensity. Further, we demonstrate multiple QD-doped PCs combined on a
single surface to optimally couple with distinct populations of QDs, offering
a means for blending color output and directionality of multiple
wavelengths.

Another replica molded PC is fabricated with embedded QDs in which
electrohydrodynamic jet printing is used to control the position of the
quantum dots within the device structure. This results in significantly less
waste of the QD material and the targeted placement of the quantum dots
minimizes any emission outside of the resonant enhancement field, enabling
an 8X output enhancement and highly polarized emission from the PC
structure.

We demonstrate a method for combining sputtered TiO, deposition with
liquid phase dip-coating of a QD layer that enables precise depth placement
of QD emitters within a high-index dielectric film, using a PC slab
resonator to demonstrate enhanced emission from the QDs when they are
located at a specific depth within the film. The depth of the QDs within the
PC is found to modulate the resonant wavelength of the PC as well as the

emission enhancement efficiency, as the semiconducting material embedded

i



within the dielectric changes its spatial overlap with the resonant mode.
The first real-time tuning of PC-enhanced QD emission is successfully
performed by fabricating QD embedded PCs on the surface of an acoustic
MEMs resonator. As the RF modulation deforms the piezoelectric material
of the resonator, the surface PC is also deformed. The coupling wavelength
of the PC is modulated away from the QD emission wavelength, producing
measurable variation in the output intensity of the QD emission. By
tailoring the design and fabrication of QD-embedded PCs, significant
improvements in device efficiency and production costs can be realized for

utilizing QDs in lighting and display applications.
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CHAPTER 1

INTRODUCTION

Lighting is one of the largest consumers of energy in today’s world. The
need to improve the efficiency of our lighting materials has driven
tremendous research efforts, but the available solutions have yet to
overcome the marketplace barriers of cost, ease of use, and consumer
appeal. In the case of display technologies, pure color control, high
saturation and low power are critical drivers, as displays are high cost
elements and major power consumers, especially in mobile applications. By
utilizing the spectral and material advantages of quantum dots, combined
with the enhancement and directional control enabled by photonic crystal
structures, it is possible to create hybrid technologies to help overcome the
cost and efficiency issues that are currently obstructing the performance of

lighting and display applications.

1.1 Motivation

After heating and cooling, lighting consumes more energy than any other
household function. It is also a significant energy drain in business and
industrial settings [1]. This makes the improvement of lighting efficiency for
residential and commercial use a key growth area, and solid state lighting
has attracted interest as a means to improve the efficiency of lighting
technology, thus decreasing energy consumption [2].

A variety of government reports have investigated the options for
replacing existing incandescent and fluorescent lights with solid state
lighting. As of 2011, there were a number of solid state lighting options
available to replace fluorescent workplace lighting with lower power
consuming options, but the newer lights had as much as 25% lower

illuminance and life cycle costs of $100-$700 more per device than the
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Figure 1.1: The spectral components of several common light sources [4].

incumbent technology [3].

In addition, as shown in Figure 1.1, the spectral composition of solid
state lighting tends to be “cooler.” Like fluorescent lights, LED light
contains a significant contribution from blue wavelengths and has a much
lower intensity of yellow and red wavelengths than consumers are
accustomed to in sunlight and incandescent bulbs. This aesthetic factor has
also slowed the acceptance and usage of LED lighting.

Research to address these shortcomings has produced a range of colors in
LEDs and organic light emitting diodes (OLEDs), using a variety of
emitters [5]. The transparency of certain devices also allows them to be
stacked for full color displays [6]. White OLEDs have also been developed
to fill the growing need for backlighting in displays, as well as general
lighting applications [2].

OLEDs are becoming cheaper to produce than LEDs and are polymer
compatible, making flexible device architectures more easily realized [7].
OLEDs began to reach performance metrics viable for lightweight flat panel
displays in the late 1990s [6] and are appearing in some Samsung mobile
devices and other consumer applications [8].

However, despite the significant potential for these devices, there are



severe limitations on their manufacturing and performance. Because of
issues with heating and lattice mismatch, device areas for most LEDs are
limited to 1-2 mm? [7]. Research and development on OLEDs has been
slower than anticipated, making projections for wide-scale commercial
integration difficult [9]. Issues have included serious challenges with emitter
lifetimes, color bleeding from blue to red [6], and even molecular orientation
in the OLED layers, which has been shown to impact the device
performance [10].

A variety of quantum dot integrated LEDs are beginning to approach
performances comparable to industry standards and are expected to
eventually surpass OLEDs; however, blue and green QD-LEDs are
particularly prone to efficiency issues [7], which is a major challenge given
the sensitivity of the human eye to green wavelengths [11]. New QD
chemistries and novel device architectures are being investigated to push
forward the QD-LED performance [12].

By 2030, it is expected that solid state lighting will have grown to 74% of
“lumen-hour” sales, representing a cumulative savings of 2700 terawatt
hours, $250 billion and 1.8 billion metric tons of carbon emissions [9].
Combined with the potential markets in display applications, there has
been interest in bringing improved lighting and display technologies from
major industry players, including Samsung, LG, Sony, Panasonic, and
Amazon [7,13].

1.2 Background

1.2.1 Photonic Crystals

Photonic crystals (PCs) are structures that have a sub-wavelength sized
periodic variation in their refractive index in one, two, or three dimensions,
but are uniform in the non-periodic directions [14]. By modifying the
contrast in the refractive index of materials and the feature sizes of the
structure, it is possible to design a PC to have specific electromagnetic
modes propagate in the structure and to create a photonic bandgap in
which no modes can exist for a certain frequency range.

The periodic structure results in variations in the distribution of light,



Incident E H g

light T— T T—— ™
.e/ ko  polarization k, polarization

air
z A Id Nhigh
|4y.
& nIow

Figure 1.2: The structure of a one-dimensional photonic crystal grating.

depending on its wavelength and incident angle. These variations, first
reported by Wood from an incandescent light viewed on a grating [15],
consist of a rapid change in the intensity of the diffraction spectra over
narrow frequency bands [16]. Because the variation was inconsistent with
existing grating theory, it was termed an anomaly, and has since been
broken down into two types: Rayleigh and resonance [16].

Rayleigh anomalies can be determined from the grating equation:

sin&m—sine—i—mT/\, (1.1)

where 0,, is the diffraction angle, as determined by the angle of incidence 6,
the diffraction order m, the free space wavelength A\, and the grating period
A.

Resonance anomalies occur when the phase matching condition,

described by Equation 1.2, is met.

21 27
1 +m—=— 1.2
kosinf £ m A 3 Neff (1.2)

with the free space wave number ky and the effective refractive index
Nesp [16-21].

The high refractive index layer of the grating structure, shown in Figure
1.2, can support guided modes. These modes couple light into or out of the
PC grating from external illumination sources, leading to guided mode
resonance, while the uncoupled light will transmit through the PC as if it is
transparent [21-23].

The grating structure also diffracts light into higher orders, which can
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Figure 1.3: The modeled transmission and reflection spectra for a 1D PC
grating structure.

interfere with the zeroth order modes. Under phase matching conditions,
the light diffracting backwards is in phase with the zeroth order of reflected
light, while the forward propagating diffraction destructively interferes with
the zeroth order transmitted light [21]. This effectively prevents any light
from transmitting through the structure at the phase matching conditions
of wavelength A and incident coupling angle 6, and provides complete
reflection, as shown in the example transmission spectrum of a modeled PC
in Figure 1.3. This “dip” in the transmitted spectrum through the PC
broadens with the resonance conditions and assumes a Lorentzian

shape [24].

When an initial field profile is “nearly” guided, it becomes possible for a
leaky mode to exist [25]. This occurs as the coupling wavelength at normal
incidence will also couple to the m = +1 diffraction orders. Because these
orders have propagation constants with opposite signs in the PC, they
create a resonant optical standing wave, leading to significantly increased
electric field intensities within the structure as compared to that of the
incident light.

For 3D structures, the existence of a photonic bandgap depends on the



lattice structure of the material. The diamond lattice structure is
particularly conducive to photonic bandgaps [26]. Face-centered-cubic is a
common lattice structure, but does not have a true gap [26,27]. In
addition, light that is emitted or generated within the in-plane photonic
bandgap area can only couple to the radiation modes of the PC, regardless
of the dimensions [28], which is a crucial parameter when designing for
emitters that are embedded within the PC structure.

The PC structure is also sensitive to the polarization of the incident
light. The orthogonal transverse electric (TE) and transverse magnetic
(TM) modes can both be supported in a one-dimensional PC, as shown in
Figure 1.2, but with different resonance conditions. The TE polarization
has an electric field incident along the grating structure of the 1D PC,
while in the orthogonal TM mode, the electric field is perpendicular to the
grating. TE and TM polarized light will only couple to the corresponding
mode types supported within the PC. The TM mode will have a narrower
resonance band and occur at a shorter wavelength than the TE mode of the
same order. The TE mode has larger diffraction loss and a lower quality
factor than the TM mode, and thus the TM modes have a higher field
intensity at the surface of the PC [24,29].

1.2.2  Applications of Photonic Crystals

The simplest photonic crystal consists of a multilayer stack of alternating
high and low dielectric materials [30], but even this basic dielectric grating
structure of PCs is key for the functioning of Bragg film stacks, dielectric
waveguide gratings, and optical reflectance filters. One-dimensional PC
gratings have been used to provide enhanced fluorescence [29] for sensors,
lasers and filters, active waveguiding [31], and improved waveguiding in PC
optical fibers [32].

The first 3D PC was realized by Yablonovitch by drilling a
face-centered-cubic lattice of air holes into cubes of Al;O3 [33]. Since then,
2D and 3D PCs have also been used for a variety of applications. These
range from on-chip control of beam steering of a PC laser in two
dimensions [34] and 3D control of light from a 2D substrate [35], to

increasing the selectivity and absorption of infrared photodetectors [36, 37]



and guidance in optical fibers [38]. Opal structures have demonstrated
strong diffraction [39], and 3D “woodpile” photonic crystals have
demonstrated a large (4.5 pm) stop band in the infrared [40], a valuable
wavelength range for optical communications.

PCs are also appealing for their ability to enhance the emission or
extraction of light from many types of emitters. These range from phosphor
films [41] to novel quantum dot (QD) embedded structures, such as a 2D
circular dielectric grating in which embedded QD emission was enhanced by
a factor of 20X when measured under a flow of liquid helium [42].

The use of PCs to improve the performance of light emitting diodes has
also been heavily researched [43]. There has been a continuous progression
of improved enhancement factors for the LED efficiency from 25% [44] to
50% [45], up to 3X [46] and 6X [47]. These improvements are due to
improved out-coupling of light from the LED device layers by the PC
structure and have been demonstrated across a range of active materials
within the LEDs and a broad spectrum of output wavelengths [48-54]. The
PC also provides directional control of the LED light emission [55];
however, in some cases, random texturing provides a higher extraction
coefficient than a PC solution [56], due to the high directionality induced
by the PC layer.

A similar thrust has emerged to improve the performance of light
extraction from OLED devices by using ordered nanostructures, such as
gratings or pyramidal arrays combined with TiOq [57] and silica [58]
particles, or by incorporating PCs and other nanostructures into the device

layers [59-63].

1.2.3  Quantum Dots

Quantum dots (QDs) are nanocrystals of semiconductor material. As the
nanocrystal size decreases below the 10 nm threshold, many intrinsic
behaviors are altered and become size dependent. This size dependence
makes it possible to tune the bandgap and emission, and thus obtain a
broad range of properties from different sized particles of the same
material [64]. Inside the confined volume of a QD, an electron and hole can

recombine, allowing a photon to be emitted. The photon energy is



equivalent to the gap between the highest occupied and lowest unoccupied
states in the QD [65]. The quantum size effect in such small particles
causes the electronic excitation energy level to increase, and fewer
transitions become possible.

The higher percentage of atoms on the surface of a nanocrystal, as
compared to bulk materials, also impacts the free energy and other
properties of QDs [64]. Surface atoms impact nearly all properties of QDs,
including the surface chemistry and solubility of incorporating QDs into
polymers or other structures, and in less obvious ways, such as the light
emission [64]. The surface also contains many locations and defects where
non-radiative recombination can occur. This reduces the luminescent
emission of the quantum dots, and generally requires some combination of
passivation, larger quantum dots or shell coating to increase the quantum
yield [66,67].

One method to improve the quantum yield is capping the QDs with
various ligands, although this has significant effects on the performance of
the QDs, their incorporation into other solutions, and the performance
within device layers [64]. Another solution is the design and fabrication of
core-shell QD structures. There are many possible variations of this design,
ranging from abrupt to graded core-shell structures, alloyed cores, and
multiple or intermediate shells. Each structure includes trade-offs in terms
of quantum yield, quenching, blinking, confinement of charge carriers, long
term stability, and interface stress between the layers [68]. Creating high
quality QDs that are defect free with both uniform size and shape requires
intensive process development [67].

QDs, particularly with a core-shell structure, enable very precise design
of emission color and a high quality color-rendering index [68], making
them a desirable component of solid-state lighting. These qualities are even
more appealing for display applications, where a narrow spectral width
provides more saturated primary colors and can cover a larger portion of
color gamuts, which are often used to quantify color performance for
TVs [65,68]. A full-width, half-maximum (FWHM) of less than A= 40 nm
is considered desirable to create appropriately tuned outputs [67], and with
QDs, a narrow band luminescence of 15-20 nm bandwidth is possible [64].
Existing phosphors cannot match the high color purity and chromaticity
enabled by QDs of this quality [65].



Devices that utilize LEDs as an excitation source, and QDs as optical
down-converters to create mixed wavelength outputs, have attracted a
significant amount of research and development attention [69], and
prototype QD backlights for LCD systems have been successfully
demonstrated [70]. In display applications, the optimum emission
wavelengths are in the ranges of A=445-455 nm for blue, 525-535 nm for
green, and 620-630 nm for red, in order to achieve the most saturated color
gamut [67]. Cadmium selenide (CdSe) quantum dots are particularly
well-suited for display applications given that their emission wavelengths
are tunable over the visible spectrum [71].

For lighting applications, phosphors and QDs have been mixed as optical
down-converters to successfully produce white light [72], and core/shell
QDs in red, green and yellow have been combined with blue LEDs to make
white light outputs [73]. These types of devices are beginning to approach
the metrics required for commercial and consumer acceptance, such as color
rendering index (an indicator of how “true” the colors of an illuminated
object are) and luminous efficiency [69]. Quantum dot LEDs (QD-LEDs) of
multiple individual colors have also been produced, and there has been a
continuous drive to improve their photoluminescent efficiency [74].

Current driven QD-LEDs have also been investigated, in which layers of
QD materials are incorporated between the functional charge-carrying
layers of the LED structure [67]. These QD-LEDS have low quantum yields
due to charging and field driven quenching [75], which has led to inverted
device structures for improved performance [76]. These displays still have
challenges with color gamut [67] and high temperatures also cause
unreliable performance [77].

Despite challenges, QDs have started to appear in commercial
applications as down-converters for blue backlights, such as in Sony LCD
televisions [71] and devices from Samsung [67], as shown in Figure 1.4.

QD devices have potential to be incorporated onto a variety of
substrates [65], making flexible displays a viable future option, and
increasing the feasibility of large area devices. However, for commercially
viable devices, establishing reliability in processing and optimized device

structures are key challenges that must be overcome [67].



Figure 1.4: A QD display image over a thin film transistor backplane with
320x240 pixels [67].

1.3 Photonic Crystal Enhanced Emission

Dyes, fluorescent molecules and QDs can all experience modified
luminescence within the PC structure. Emission wavelengths near a
photonic stop band will experience inhibited spontaneous emissions, while
the high-energy edge of a stop-band will instead amplify the emission [78].
Enhanced or controlled emission has been shown for numerous methods of
incorporating luminescent material into PCs [79-81].

The PC structure and location of the emitter also impact the output [81]
and short versus long range order will affect the emission patterns and
extracted modes for light emission enhanced by PCs [58]. The PC
enhancement is strongest in close proximity to the surface of the structure,
so emission in the bulk or substrate regions will not interact significantly
with the enhanced electric field [29, 82].

The electric field within the PC structure is capable of enhancing both
the excitation and emission wavelengths of QDs [83], and coupling the
emitted light into the modes of the PC. Enhancements as high as 30X have

10



been shown for InGaAs QDs at low temperatures (78K) inside PCs
fabricated through electron beam lithography and ion-beam etching [28].
Although this approach is not feasible for large scale or commercial
applications, it is a promising indicator of the potential improvements that
can be achieved with photonic crystal enhancements of QDs.

The key considerations for display technology performance are output
intensity, emission direction, polarization, and spectral profile. By
combining the high quality spectral output of QDs with the intensity
enhancement, angular control and polarization capabilities of PCs,
significant performance improvements for lighting and displays, as well as

novel device structures and applications, can be achieved.

1.4 Photonic Crystal Control through the Use of
MEMS Devices

1.4.1 Tunable Photonic Crystals

Photonic crystals have been integrated into microelectromechanical systems
(MEMS) for a variety of applications. These include a MEMS actuated PC
optical switch [84], which demonstrated an optical bandwidth of 65 nm, a
MEMS scanner with transfer-printed PC mirrors [85], micro-displacement
PC waveguides proposed for sensing [86,87], and reconfigurable PCs for
switching, modulation, resonators or delay lines [8§].

Because PCs can be utilized in such a wide range of applications, there
are significant advantages to a device that is tunable and can have its
resonance modified in real time. Many methods accomplish this
modification by adjusting the refractive index of materials within the PC.
This may be through an applied electric field [89,90], magnetic field [91,92],
or temperature changes to the PC material [93-95].

There are also a variety of ways to tune a PC by applying mechanical
stress or strain. For example, compressing colloidal crystals in a hydrogel
matrix to decrease the lattice constant of the PC has produced nearly 200
nm of tuning across the visible spectrum [96]. A similar structure of silicon

rods embedded in low index SU-8 was mechanically stressed by
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electro-thermal actuators to provide variation in the period of the PC, and
thus its photonic bandgap [97]. A variety of mechanical strain designs for
tuning PCs have been extensively studied through simulation [98-102], and
show significant theoretical promise.

Another tuning approach utilizes coupled cavity PCs. Numerous
modeling and simulation efforts have demonstrated that varying either the
distance between two vertically “stacked” PC slabs [103] or the width of a
gap that can be treated as a line defect within a PC slab [104] will
theoretically allow changes in the @) factor as well as the transmission and
reflection coefficients of the PC.

In general, coupled cavity approaches for PC tuning depend on
integrating PCs into microelectromechanical systems (MEMS) to provide
mechanical displacement. A variety of zipper cavities, in which nanobeams
of single ladders of PCs are actuated mechanically, piezoelectrically, or with
electrostatic forces applied directly to the beams, have been used as laser
cavities [105]. PC resonances have been modulated by AX = 9.5 nm of
resonance shift [106], and approaching AX = 19 nm [107]. Another device
architecture of nanocavities on a MEMS comb drive with a varied cavity
gap demonstrated an 8 nm resonance shift [108].

An additional method of PC tuning is to fabricate the device using a
piezoelectric material as one of the periodic layers of the PC. This is a
particularly appealing approach for PCs designed to produce emission
enhancement, as it limits external factors that might impact the behavior
of the QDs or other emitters.

There have been attempts to demonstrate piezoelectric control of PC
devices. Strain tuning applied to quantum dots coupled to a photonic
crystal cavity successfully red-shifted the quantum dots; however, the
maximum shift was only 0.45 nm with an applied voltage of 15
kV/cm [109]. A one-dimensional photonic crystal mounted on a membrane
with piezoelectric actuators demonstrated a resonance shift of 1.54 nm shift
under piezoelectric-induced strain [110].

Bormashenko et al. demonstrated a PC of self-assembled polycarbonate
on a piezoelectric substrate of polyvinylidene fluoride. The structures
demonstrated a photonic bandgap in the infrared, with the potential to be
mechanically or electrically tuned [111], although no further work from that

group successfully demonstrated tuning in the PC.
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A complete phononic bandgap to stop the propagation of acoustic waves
across a bandwidth of approximately 25 MHz in a piezoelectric crystalline
structure has previously been demonstrated [112]. A phononic crystal into
the GHz range on lithium niobate piezoelectrics has also been analyzed for
acoustic bandgaps in the GHz range [113].

In the optical regime, a photonic crystal consisting of a hexagonal array
of holes in an air/silicon matrix over a piezoelectric substrate has been
theoretically proposed for the infrared wavelengths used for optical
communications. The piezoelectric deformation with 3% applied shear
strain has been calculated to red-shift the bandgap and exclude nearly 75%
of the original bandgap [114]. Another structure has been proposed which
uses a surface acoustic wave to adjust the refractive index n of layers within
a 1D Bragg stack to frequency shift the reflection and transmission bands
of the device [115].

1.4.2 Piezoelectric Materials

The defining characteristic of piezoelectric materials is that they experience
an induced polarization when stress is applied. An external bias voltage
causes deformation in the material, and, likewise, applied pressure that
deforms the material causes an induced voltage.

For a piezoelectric effect to be present, there must be an asymmetry in
the lattice structure of the material. This allows applied stress to change
the distance between electric dipoles, which results in a decrease in the
electric field (and thus voltage) as those charges are separated. For the
piezoelectric effect to occur in a bulk material, rather than minute
amorphous regions, a technique called poling is used. During poling, the
material is heated and an external electric field is applied until the material
has cooled.

The piezoelectric coupling of a material is described by an 18-element
“d-matrix” of strain constants which relate the mechanical displacement to
the applied electric field on the material. Each element in the matrix
describes a different directionality of the coupling, as they may not always
occur in the same direction. When charge is collected along a set surface,

the key coefficients are ds3, for which force is applied along the polarization
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Table 1.1: Key properties of common piezoelectrics materials.

AIN LN PZT ZnO PVDF
dai [BE] | -1.9 [117] -1.0 [118] 1711 [119] | -4.7 [119] | -23 [119]
das [BC] | -3.4 [120] 6-16 [118] 80-593' [119] | 12 [119] |-35 [119]
vy [1032] | 10.4 [116] 0.35 [121] 4-6 [116] | 6.35 [116]
Er 9.5 [116] | 28.1-85.2% [118] | 80-400% [116] | 9.2 [116] | 8.4 [122]
k2 (%] | 6.5[116] 8-15 [116] | 7.5 [116]

1 Value is for PZT-5.

2 Value is directionally dependent.

direction on the same surface as charge collection, and ds;, where force is
applied orthogonal to the polarization, but charge collection is unchanged.

The key material properties of piezoelectric materials vary by
application. Large coupling coefficients are often desirable, but not all
elements may be comparably useful in the final device. For the particular
case of piezoelectric resonators (described in Section 1.4.3), the coupling
coefficient k7 indicates the possible exchange between the electrical and
mechanical energy domains.

The longitudinal velocity v, of a material impacts the device size and
piezoelectric layer thickness [116]. The impedance of a resonator is affected
by its size and the thickness of the piezoelectric layer, as well as the
dielectric constant €, of the material, where a larger ¢, allows for a smaller
resonator size and impacts the acoustic performance of a resonator’s
operating frequency [116]. The material properties of some popular
piezoelectrics are summarized in Table 1.1.

Aluminum nitride (AIN) is a popular piezoelectric because of its material
properties and the fact that, unlike zinc oxide (ZnQO) and lead zirconate
titanate (PZT), it is CMOS compatible [123] and it maintains its
piezoelectric properties in temperatures up to 1200°C [124]. Although it
does not have the highest piezoelectric coefficients of available materials,

there is a significant advantage in the ease of processing AIN over a
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polymer or lithium niobate.

1.4.3 Acoustic Wave Resonators

Microelectromechanical systems (MEMS) resonators take a variety of
forms, depending on their application. When used for radio frequency (RF)
filtering and channelization, there are several acoustic wave resonator
device structures that are commonly used [121]. Surface acoustic wave
(SAW) and bulk acoustic wave (BAW) resonators are predominant.

Acoustic wave resonators depend on the relatively slow velocity of sound
through solids, as compared to the velocity of an electromagnetic wave.
The piezoelectric effect is used to couple energy between the acoustic and
electrical domains. The resonator is excited when an electric field is applied
to electrodes (usually planar or interdigitated), causing the device to
vibrate along specific modes [116,124]. Similar to photonic modes
appearing in a PC as the grating dimension approaches optical
wavelengths, acoustic modes appear in an acoustic resonator as the size of
the device approaches acoustic wavelengths [116].

In BAW resonators, also known as film bulk acoustic resonators (FBAR),
the resonance occurs as a vertical standing wave in the layer of piezoelectric
material sandwiched between two electrodes, as shown in Figure 1.5. The
thickness of each of these layers determines the resonance frequency of the
device [116].

Top
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s
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Figure 1.5: Schematic diagram of a BAW resonator, where the piezoelectric
material is sandwiched between two metal electrodes [125].

In SAW resonators, the acoustic wave is induced by interdigitated

electrodes that transduce the driving electrical signal into the acoustic
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mode, which travels along the surface of the resonator. Another set of
electrodes transduce the acoustic wave into an electrical output signal. A

schematic of this type of resonator is shown in Figure 1.6.

Input Transducer Output Transducer

™ Al

Piezoelectric Substrate

Figure 1.6: A diagram of a SAW device with interdigitated transducers for
converting the acoustic surface waves to and from electrical signals [126].

The center frequency fy of a SAW resonator is determined largely by the
dimensions of the excitation electrodes, as shown in Equation 1.3, where v
is the acoustic velocity of the material, and W), is the pitch of the
interdigitated electrodes [121]:

14
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(1.3)

The electromechanical coupling coefficient k2 is determined by the
piezoelectric parameters of the resonator material combined with the design
of the electrodes [121].

The optimal design of any acoustic wave resonator is affected by a variety
of design parameters including the resonator geometry, topology, signal
voltage, and material properties [127]. The size and location of the anchors
that support the resonator are also known to impact energy loss into the
surrounding environment and decrease the quality factor @) of the
resonator [121].

Acoustic wave resonators can be fabricated with standard MEMS
processing. This is advantageous because of the compatibility with existing
cleanroom fabrication processes, enabling bulk MEMS production across a

single wafer [124].
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1.4.4 Piezoelectric Control of a Photonic Crystal

As described in Section 1.4.1, the use of piezoelectric displacement to tune
a photonic crystal has been demonstrated; however, adequate driving
voltage is required to create a useful shift in the resonance condition of the
PC. For the case of the linear PC gratings demonstrated in Chapter 3, at
least 10 nm of grating deformation is required to produce a resonance shift
capable of modifying the emission of the embedded QD layer by A\ ~ 15
nm. For an AIN piezoelectric device, the required driving bias is on the
order of 1 kV for a DC signal.

By using an AC driving signal to induce piezoelectric displacement, the
deformation of the PC can be 1-2 orders of magnitude larger than that of
previously demonstrated devices. By using an electrically controlled RF
resonator to tune PC resonance, real-time control of the extraction modes
of the PC is possible. This capacity will enable pixel level control of QD
emission for display technologies.

In addition to creating control at a pixel level for enhanced QD emission,
electrically tunable PCs have potential applications in communications and
data storage if appropriate switching speeds and bandgap controls can be
demonstrated [114].
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CHAPTER 2

REGION SPECIFIC ENHANCEMENT OF
QUANTUM DOT EMISSION USING
INTERLEAVED TWO-DIMENSIONAL
PHOTONIC CRYSTALS

The power efficiency, spectral characteristics, and output directionality of
light emitting diodes (LEDs) used for lighting and video display may be
tailored by integrating nanostructures that interact with photon emitters.
In this work, we demonstrate an approach in which
visible-wavelength-emitting quantum dots (QDs) are integrated within a
polymer-based photonic crystal (PC) and excited by an ultraviolet-emitting
LED. The PC design incorporates two interleaved regions, each with
distinct periods in orthogonal directions. The structure enables
simultaneous resonant coupling of ultraviolet excitation photons to the QDs
and visible QD emission at two different wavelengths to efficiently extract
photons normal to the PC surface. The combined excitation and extraction
enhancements result in a 5.8X increase in the QD output intensity. Further,
we demonstrate multiple QD-doped PCs combined on a single surface to
optimally couple with distinct populations of QDs, offering a means for
blending color output and directionality of multiple wavelengths. Devices
are fabricated upon flexible plastic surfaces by a manufacturable replica

molding approach.

2.1 Introduction

There are a broad range of application-specific needs for lighting and
display technologies, given their prevalence in our homes, workplaces and
pockets. Precisely engineered control of the output spectrum of lighting

products is desired to match the requirements for color temperature and

Material in this chapter is reprinted with permission from G. See et al., "Region
specific enhancement of quantum dot emission using interleaved two-dimensional photonic
crystals,” Applied Optics, vol. 15, iss 9, pp. 2302-2308, March 13, 2105.
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output directionality, while at the same time optimizing power efficiency
and manufacturing cost. For video display applications, controlling the
blend of primary colors in each pixel is necessary, while the control of pixel
output directionality must be tailored for a range of viewing methods that
may be either tightly confined (for privacy) or widely dispersed (for wide
viewing angle).

As the effects of polarization, wavelength and directionality within
periodic dielectric structures are characterized [14, 16,128, 129], various
applications continue to emerge for optical resonators using photonic
crystal (PC) structures. By varying the duty cycle, period, and refractive
index, the resonant characteristics of a PC can be tuned to interact with
wavelengths extending from the ultraviolet [130] to the infrared [131,132].
These properties have been used for a variety of applications including
polarizers, filters [22], biosensors [82], optical communication
components [133], displays, and lighting [134]. PCs have been incorporated
into light emitting diodes (LEDs) in order to increase extraction
efficiency [56], and to control the directionality of light output, either
normal to the device or into angular sidelobes [54,55].

With an appropriate choice of dielectric materials and dimensions, the
resonant modes of a PC can be engineered to occur at specific combinations
of angle and wavelength. This allows light of the selected wavelength and
incident direction to couple to the PC and excite a highly localized
electromagnetic standing wave with an amplitude that is substantially
greater than the original illumination source. Enhanced excitation will
occur by placing emitters within the region with an increased electric field
magnitude at their excitation wavelength. Because the guided modes will
couple in and out of the PC under phase matching conditions for specific
combinations of wavelength and incident angle, it is possible to collect light
at the outcoupling angle more efficiently, thus providing an enhanced
extraction mechanism.

Quantum dots (QDs), semiconductor nanocrystals that down-convert
light from a broad band of excitation wavelengths to a very specific
emission wavelength [81,135], have been successfully incorporated into PCs
with specific resonances designed to couple to the relevant excitation
and/or emission wavelengths of the QDs [79,81,83,131,136-138]. By

introducing two-dimensional variation into the PC structure, through the
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use of different periods in orthogonal directions, a PC may incorporate
multiple resonances at widely varied wavelengths [129] so as to interact
simultaneously with the excitation and emission spectra of the integrated
QD emitters [83] as a means of enhancing the number of photons generated
by each QD, while increasing the efficiency of emitted photons that reach
the viewer.

In this work, we demonstrate an approach, shown in Figure 2.1(a), which
incorporates one or more types of QDs into a replica-molded flexible
polymer-based PC structure that is excited by a UV backlight LED. The
UV excitation source couples to a resonant mode of the PC, which creates
an enhanced excitation at the coupling wavelength by increasing the
magnitude of the electric field experienced by the QDs in the PC, thus
producing greater photon output than would occur without a PC structure.
The rectangular lattice of the PC is designed to produce a resonance at the
wavelength of QD emission, resulting in photon emission that is efficiently
channeled normal to the PC surface. As shown in Figure 2.1, we designed
and fabricated an interleaved surface in a checkerboard pattern, containing
two PC designs. While both regions are designed to produce resonances for
the same UV excitation wavelength, each region is optimized for a different
QD emission wavelength. This is a novel device structure that allows
multiple types of QDs to experience simultaneous enhancement in a single
device structure. Such a structure can enable a customized output
spectrum through control of the enhancement wavelengths and the relative

surface area of each PC region.

2.2 Device Structure

The device structure interleaves the regions of two distinct 2D PCs in a
checkerboard pattern. Each region consists of rectangular cavities, as shown
in Figure 2.1(b), with resonances created by the periodic variation in the
orthogonal directions on the surface. Each region varies in one direction
with dimensions selected to provide enhancement from the same UV
excitation source (200 nm period with 40% and 70% duty cycles in Regions
1 and 2, respectively), while the orthogonal directions have larger feature

sizes for producing resonances at visible wavelengths. The larger features in
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Figure 2.1: The 2D PC device structure: (a) A cross sectional schematic of
the device structure in which a backlight UV LED source illuminates
multiple regions. Each region contains the same QD mix embedded into the
polymer layer of the PC grating. However, the two regions have distinct PC
structures to enhance and outcouple separate wavelengths of QD emission.
(b) A top-down schematic of the two interleaved regions of the device with
TiO, and their respective feature sizes. (¢) An SEM of the replica molding
master. The inset shows the pillars of the two regions at diagonal corners
within the master structure. (d) SEM images of both Region 1 (left) and
Region 2 (right) from the device after TiO has been deposited to form the
PC.
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Region 1 have a lateral width of 250 nm to produce resonances at A=490
nm, while the features in Region 2 have a lateral width of 340 nm, designed
to produce resonances at A=590 nm. For both regions, the structure is
formed from a QD-doped polymer with a grating depth of 80 nm that is
coated with an 85 nm thin film of TiO5. While the period of the structure
is the main determinant of the resonant wavelength, the resonances can also
be tuned via control of the TiO5 thickness.

The PC structures were designed using rigorous coupled wave analysis
(Rsoft, DiffractMod) to predict the resonant wavelengths and
electromagnetic field distributions at the resonant wavelengths, by
evaluating a unit cell of the PC with periodic boundary conditions in both
the x- and y-directions, as indicated in Figure 2.1. Note that, due to the
large difference between the refractive index of TiOy in the UV
(n=2.87) [139] and the visible (n=2.61 at A=590 nm) [139], separate
simulations were carried out for unpolarized incident light in two
wavelength bands (350 < A < 450 nm, and 450 < A < 800 nm) and plotted
together for each PC region. The simulation results (Figure 2.2) show large
dips in the transmission efficiency at the wavelengths for which guided
mode resonance occurs. Both regions have resonances in the UV near
A=370 nm, and Region 1 has a resonance near A=490 nm, while Region 2
has a resonance near A=600 nm. These visible wavelength resonances are
designed to overlap with the emission spectra of QDs incorporated into the
PC.

2.3  Materials and Methods

A silicon wafer was fabricated to serve as a master template for the replica
molding process, and thus contains a negative surface image of the desired
PC grating structure. The master grating structure was fabricated via
electron beam lithography on a layer of thermally grown SiO, on a Si wafer,
upon which reactive ion etching was used to produce 80 nm tall pillars, as
shown in Figure 2.1(c). The patterned device area was 3 x 3 mm?. To
facilitate the clean removal of the replica from the master, the wafer was
cleaned with a piranha solution (3:1 (v/v) mixture of sulfuric acid and
hydrogen peroxide) for 20 min, rinsed with DI water (MilliQ), and dried
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Figure 2.2: Computer-simulated transmission spectra of target resonances
occurring with an unpolarized source at normal incidence for Region 1 and
2. Because of the variation in the refractive index values of TiO5 at
different wavelengths, the simulations were run with the appropriate values
for each wavelength range.
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with Ny. Next, a vapor-phase deposition of
(tridecafluoro-1,1,2,2-tetrahydrooctyl) trichlorosilane (No-Stick, Alfa Aesar)
was performed by placing the wafer into an enclosed container with two
drops of the No-Stick solution for 1 h.

CdSeS/ZnS alloyed QDs were purchased from Sigma-Aldrich (6 nm, 1
mg/mL in toluene, oleic acid as ligand), or synthesized for this application
by coating with oleic acid ligand, then purified twice using precipitation
and centrifugation with ethanol and methanol. Lauryl methacrylate (LMA)
and ethylene glycol dimethacrylate (EGDMA) (Sigma-Aldrich) were
purified to remove the inhibitor with an inhibitor-removal column
(Sigma-Aldrich) before their use.

The UV curable polymer, consisting of 182 ul. of LMA and 18 ul of
EGDMA, was mixed in a flask, and 4 mL of the QD hexane solution and 8
uLi oleic acid was added and mixed well, then 20 pL. of PLMA
monopolymer solution (Scientific Polymer Products, Inc.) was added to
increase the viscosity. The remaining solvent was removed using a rotavap
at room temperature and 2 pL of initiator (Darocur 1173, Sigma-Aldrich)
was added immediately before spin coating. The solution was spin coated
onto the master wafer at 600 rpm for 30 s, then immediately polymerized
by exposure to a high intensity UV lamp for 30 min in an argon
atmosphere glovebox.

After the film was fully cured, a layer of NOA 61 (Norland Products Inc.)
was drop coated over the composite film. An acetate sheet (Optigrafix
Acetate) substrate, selected for low birefringence, was then placed over the
master wafer and brought into contact with the uncured NOA drops to
form a thin continuous layer between the acetate sheet and the composite
thin film. Next, the NOA was cured for 10 min using a UV lamp under
ambient conditions. The acetate substrate, along with the NOA layer and
composite thin film, was then released from the master wafer with the thin
film of QD-PLMA containing the replicated 2D cavity structure. After
replica molding, TiO, was deposited by sputtering (K. J. Lesker Dual-Gun
Sputter System) to the depth required for resonance at the desired
wavelength. Deposition times were restricted to keep the substrate
temperature from exceeding 40°C, to avoid thermally induced damage to
the polymer materials, which sometimes required multiple layers of TiO,

deposition to reach the correct thickness.
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2.4  Results

The emission properties of the devices were measured using a UV LED
(Thor Labs, Ultra Bright Deep Violet LED) centered at A=375 with a 20
nm full-width half-maximum as the excitation source. A 350< A <390 nm
bandpass filter was used to eliminate any non-UV emission from the LED.
The LED output was collimated before illuminating the PC. The device
was mounted over a cover with a 3 mm diameter aperture, assuring that
only the patterned PC region was excited and measured.

The device under test was mounted to a motorized rotary stage, allowing
the incident excitation angle to be varied. The output passed through a UV
filter to eliminate any light from the excitation source, then was collected
by a collimating lens attached to an optical fiber. The fiber was connected
to a spectrometer (USB2000+, Ocean Optics) from which the emission can
be measured and observed through the LabView OmniDriver software
which also controlled the rotation position of the stage in 0.1° steps.

To measure the impact of the extraction angle, the same equipment was
used, but instead of mounting the PC sample to a rotation stage and
varying the excitation angle, the PC sample position was fixed. The
collimator coupled to the optical fiber was instead mounted on the stage
and rotated around the PC, allowing extracted light to be collected over a
range of angles with respect to the PC surface.

The photonic band diagram of a device was determined using the same
experimental setup as that to measure the excitation output, but the UV
LED and associated bandpass filter were replaced with a tungsten-halogen
lamp coupled to an optical fiber that outputs unpolarized light through a
collimator, then the broadband transmission was measured across a range
of angles.

In a sample with QDs emitting at a peak wavelength of A=505 nm, the
extraction was measured before and after a deposition of 20 nm of TiO, to
compare the output intensity with and without a photonic crystal
structure, as shown in Figure 2.3. A narrow, angle dependent extraction
enhancement is shown, in addition to a broader excitation enhancement.
Another sample was fabricated with a homogeneous mixture of QDs, with
emissions centered at A=490 nm and A=585 nm. This mix demonstrated

the ability of the PC to selectively enhance a sub-population of embedded
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QDs. The emission was measured on a QD-doped grating structure without
PC resonances by measuring the emission of a structure without TiO,
(Figure 2.4(a)) and after the PC is formed by deposition of a 43 nm TiO,
thin film. The maximum QD emission increased by 4 times for the 490 nm
QDs and 5 times for the 585 nm QDs, shown in Figure 2.4(b), but only
within the regions in which their emission matched their corresponding PC
resonance. To adjust the resonance conditions of the PC for enhancing the
emission wavelengths of both types of QDs, an additional 42 nm of TiO,
was deposited, and that resulted in a total increase of 4.2X for the 490 nm
QDs and 5.8X for the 585 nm QDs (Figure 2.4(c)), as the resonance
conditions of the PC were red-shifted by the thicker TiOy layer. After the
final TiOy deposition, the band structure of the PC was measured using the
broadband source, as shown in Figure 2.4(d).

Because the device structure has a different period in each orthogonal
direction, the transmission efficiency can be measured over the range of
angles across ¢ that vary with the shorter, UV resonant features or the ¢
angle with the larger features that couple to visible wavelengths. The
difference in the two photonic bands is shown in Figure 2.5. In Figure
2.5(a), the angle 6 is varied; there is an angle-dependent resonance in the
UV, while the resonance in the visible is constant for all wavelengths,
regardless of angle. This occurs because there is no angle variation
experienced by the features responsible for coupling to those wavelengths.
A similar situation occurs in Figure 2.5(b) with constant wavelength
resonance occurring in the UV wavelengths, while varying the angle ¢
experienced by the PC only changes its coupling to the larger PC features
and shows angle dependent variation at wavelengths greater than A=450nm.

The enhancement of QDs in a region with PC coupling is substantial
enough to be easily visible to the naked eye. Figure 2.6 shows photographs
of two dual-region QD-doped PCs with emissions at A=490 and A=590 nm.
The brighter regions are providing both enhanced excitation and extraction
for the embedded QDs. The alternate regions have a resonance condition of
the PC that is coupling only to the excitation wavelength, and appear

darker due to the lack of an extraction enhancement.
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Figure 2.3: The impact of angle on QD extraction measured with and
without a PC structure present. In the inset, a scan of the output
intensities for A=450-550 nm across a range of angles is shown in a device
with a 20 nm TiO, thin film coating. In the main plot, the angle
dependence of the output at A=505 nm is shown. With no PC present, the
output emission of the quantum dots is lower. In the structure with the PC,
there is a strong angle-dependent enhancement of a factor of 2X centered at
-2° off normal incidence, representing the angle and wavelength combination
at which the QD emission is enhanced through resonance with the PC.
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Figure 2.4: A comparison of the angle dependence of excitation at different
stages of TiO, deposition, as the thickness enables tuning of the resonance
conditions: (a) The measured output intensity with no PC structure, (b)
measured enhancement from a PC with a 43 nm thick TiO, layer, (c)
measured enhancement from a PC with an 85 nm think layer of TiOs, (d)
the transmission spectrum with an 85 nm think layer of TiOs confirms the
locations of the peak resonance as measured by the varied excitation output
intensity in (c).

2.5  Discussion

The QD excitation measurements for structures with and without a PC
structure all showed a slightly asymmetrical output, which corresponded to
asymmetrical output intensity from the UV-LED source. This can be seen
in Figure 2.3, where the peak extraction occurs at -2° from normal
incidence. This narrow peak is angle dependent, and shows a factor of 2
increase in output emission with the photonic crystal present, while the
broader enhancement across all measured angles is due to the enhanced
excitation over the entire PC area. The extraction enhancement occurs
only in the PC region, but both regions have resonances at the UV
excitation wavelength and so contribute to the enhanced excitation. As
shown in Figure 2.5, the UV and visible resonances show angle dependence
in orthogonal directions, so it is expected that the enhanced excitation
shows little angle dependence when varying the extraction angle.

By adjusting the thickness of the TiO, layer, the resonance conditions

can be easily tuned. As shown in the varied depositions in Figure 2.4(a-c),
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Figure 2.5: The resonance conditions for the UV and visible wavelengths
occur in orthogonal directions, so (a) the transmission measured only with
angle variation along € has angle dependence in the coupling to the UV
wavelengths. In (b), the ¢ variation leads to angle dependent coupling with
the visible wavelengths. The features of the photonic band diagram are less
distinct for A <450 nm because the broadband light source emits visible
wavelengths A >450 nm.
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Figure 2.6: Photographs of quantum dot enhancement within the
checkerboard of PC regions: (a) The QD emission at A=490 nm is brighter
in Region 1, where both the excitation and extraction are being enhanced,
compared to Region 2, in which only enhanced excitation occurs. (b)
Sample with a mix of QDs emitting at A=490 nm and A=590 nm. The
yellow QDs in Region 2 dominate the output because the peak extraction
enhancement for A=490 nm in Region 1 is directed away from normal,
resulting in reduced intensity when observed from above the PC.
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a thicker layer red-shifts the resonance wavelength of the structure. Figure
2.4(d) shows the photonic band diagram of the structure with the total 85
nm of TiO,, where the darker bands indicate the wavelength and angle
coupling leading to resonance within the PC. These bands correspond to
the bands of enhancement seen in Figure 2.4(c) within the QD emission.

Devices using the PC structure demonstrated in this work combine
excitation and extraction enhancement for an increase of up to 5.8X as
compared to the QD output produced with no PC structure present. There
is an expected difference between the improvements in excitation and
extraction, given that the QDs are dispersed through both regions of the
PC structure. Therefore, the QDs in every region experience enhancement
of the UV excitation wavelength, but the output wavelengths are enhanced
only in one region, or half the total device area.

There are also several mechanisms by which it will be possible to further
improve the enhancements offered by this approach. By optimizing the
feature sizes for specific colors, the PCs may be designed to better couple to
the emission and excitation wavelengths of the desired QDs, increasing the
local electric field within the PC, and thus the enhancement experienced in
the QD output. This can also be accomplished by coupling QDs to only the
TM mode, with higher Q-factor resonance conditions. In a 1D PC, the TM
mode (which has electric field components in the x- and z-directions) can
be isolated from the TE mode (with only y-directional electric field).
However, in a 2D PC, the two polarizations cannot be separated and
present as TE- and TM-like modes. These modes are similar to their 1D
counterparts, with the TM-like mode occurring at a longer wavelength and
having a narrower resonance than the TE-like mode, as shown in the band
diagram in Figure 2.4.

In addition, the lattice structure in the PC has a dramatic effect on the
possible enhancement, as shown in [82,137], where square and hexagonal
arrangements of circular cavities demonstrated enhancement factors of
100-200X. Specifically placing the QDs only in the PC pixel region where
they would experience both excitation and extraction would decrease the
quantities of QDs required and also extract light more effectively. With
these improvements, it is likely that the PC enhancement would be at least
comparable to the 8X enhancement reported in [83].

Future devices may be designed to utilize a non-UV excitation source
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simply by adjusting the design parameters to couple to a different
wavelength. Pixel patterning can also create regions with no PC structure
at all, allowing only the excitation source light to pass through, thus
increasing the flexibility of color mixing options for lighting.

The use of nanoreplica molding for fabrication makes it possible to scale
up to large area fabrication on flexible substrates. With appropriate
materials, large area, flexible displays and light sources can be constructed
to use pixelated PC enhancement. The use of PCs in lighting and displays
gives the advantage of angle steering possible with PC enhancement to
broaden or narrow the output angles and control the directivity of light
output in both lighting and displays. Polarization control is also possible
with a PC, and could eliminate the 50% loss of backlight power by
providing an initially polarized output in display technology.

The technological opportunities afforded by PCs combined with the
levels of enhancement possible using QD-embedded PC devices may be a
key enabler for the affordable incorporation of QDs into novel lighting and
display applications. The enhancements require lower concentrations of
QDs and could advance the color purity and performance of QD-based light

sources towards consumer applications.

2.6 Conclusions

The devices in this work demonstrate the incorporation of QDs into a
replica molded 2D PC. The PC has distinct periods in orthogonal axes,
allowing one direction of the structure to resonantly couple the UV LED
excitation source to the embedded QDs. The orthogonal direction
resonantly couples to the QD emission in the visible spectrum, enhancing
the extraction of photons normal to the device surface. These structures
have demonstrated combined excitation and extraction enhancements up to
5.8X output intensity, using an approach that interleaves PC regions and
enables design-selectable resonant properties, allowing different types of
QDs to be embedded into the device and experiencing simultaneous
enhancement from the same excitation source, but different extracted
wavelengths. The resulting pixelated surface on a flexible substrate enables

blending of the color and directional output of multiple QD emission
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wavelengths for potential lighting or display applications.

33



CHAPTER 3

POLARIZATION CONTROLLED OUTPUT
OF ELECTROHYDRODYNAMIC JET
PRINTED QUANTUM DOT EMBEDDED
PHOTONIC CRYSTALS

Tailored optical output, such as color purity and efficient optical intensity,
are critical considerations for displays, particularly in mobile applications.
To this end, we demonstrate a replica molded photonic crystal structure
with embedded quantum dots. Electrohydrodynamic jet printing is used to
control the position of the quantum dots within the device structure. This
results in significantly less waste of the quantum dot material than
application through drop-casting or spin coating. In addition, the targeted
placement of the quantum dots minimizes any emission outside of the
resonant enhancement field, which enables an 8X output enhancement and

highly polarized emission from the photonic crystal structure.

3.1 Introduction

Lighting and display applications require color purity and tailored control
of the optical properties of their output. For example, the directivity or
diffusivity of a light source affects user comfort and the viewing angle of
displays, while color purity determines display fidelity. Polarization is
particularly crucial, as it affects contrast and power efficiency in many
display devices, such as liquid crystal displays, which have a backlight that
is immediately passed through a polarizer, and use transmittance filters to
provide spectral control for the output [140].

Quantum dots (QDs) have been investigated as a potential replacement
for phosphors in lighting applications, and as a means to improve color

rendering in light-emitting diode (LED) based lighting and display

Material in this chapter is reprinted, with permission, from G. See et al., “Polar-
ized quantum dot emission in electrohydrodynamic jet printed photonic crystals,” Applied
Physics Letters, vol. 107, pp. 051101, August 3, 2015.

34



applications [65,72]. QDs offer good color saturation and purity, a capacity
for solution-based processing and greater stability than many

phosphors [65,72,141] and these properties make them appealing for
lighting [134,142] and display [71] applications.

Due to high fabrication costs, there is significant interest in improving
the performance and efficiency of QDs within devices. Embedding QDs
within photonic crystals (PCs) offers a promising route towards increasing
optical excitation efficiency, while simultaneously improving the emitted
photon collection efficiency through PC-enhanced extraction [83,138,143].
The resonant conditions of a PC can be tuned to wavelengths ranging from
the infrared [36,144] to the UV [130] through the appropriate design
selection of the grating dimensions and refractive indices of the materials
used. In addition, PCs can be designed to affect the polarization [145] and
output directionality [56,79] of photon emitters embedded within them.

In PC slabs, resonant modes occur when specific phase matching
conditions of the angle and wavelength of incident light are met, allowing
light to couple in and out of leaky guided resonance modes [22,146]. Light
coupling to the PC excites a localized electromagnetic standing wave with
significantly larger amplitude than that of the original source. Emission
that occurs in the same spectral and physical region of this evanescent field
region will couple to the guided modes of the PC, resulting in outcoupling
along the phase matching angle. Because the transverse-electric (TE) and
transverse-magnetic (TM) polarizations occur at different resonance
conditions, it is also possible to use PCs as polarizers [19,22].

In 1D and 2D PC slabs that serve as a quasi-planar device structure
upon which QD-infused thin films can be readily applied, the optical
coupling between PCs and QDs requires that the QDs reside within the
resonant evanescent electric field volume, which decays exponentially away
from the PC surface [82]. The evanescent field of a PC resonator extends
from the PC surface and decreases to 1/e of the peak value at a depth
ranging from 10-50% of the resonant wavelength. Therefore, for QDs
designed to emit in the visible part of the optical spectrum, QDs should be
located within a few hundred nanometers of the PC surface if they are to
experience enhanced excitation and enhanced extraction. Methods used to
apply QD-doped polymer thin films to PCs must therefore be capable of

producing film thicknesses in the 10-500 nm range.
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For QDs embedded within the evanescent electric field region of a PC,
emission is polarized along preferred orientations from the PC [147].
Polarized emission has been observed for QDs embedded within dielectric
optical resonators as well as plasmonic structures [148,149]. As described
previously, many types of display devices require a polarizer over the
backlight that results in a loss of at least 50% of the optical efficiency of the
display [140]. Both liquid crystal [150] and LED-based [151] backlight
displays have sought to polarize the light emission through more efficient
means.

Nanoreplica polymer molding has been used to create PCs that contain
QDs embedded in a UV-curable polymer thin film [83]. In such a structure,
one approach for applying the QD-doped polymer thin film is spin-casting,
which results in substantial waste of QDs, because only a small fraction of
the QD /polymer material is incorporated into the resulting thin film, while
the remaining material is cast into the spinner bowl lining.

Electrohydrodynamic jet (E-jet) printing is a recently developed
approach for highly controlled spatial and volumetric deposition of liquids
onto a variety of planar and non-planar surfaces. E-jet printing uses a
voltage difference between the printing nozzle and the substrate to create
consistent, high resolution printed patterns [152-154]. E-jet printing has
been used for semiconductor fabrication [155], biological sensing [156], and
micro-optical devices [152]. QD-embedded polymer structures have been
fabricated with ink jet printing for display applications [157] but E-jet
printing is also capable of printing with multiple nozzles [152,158] and
achieves finer resolution than ink jet printing, with features as small as 240
nm to 10 pm and linewidths as narrow as 25 nm [153,154,159-161]. In this
work, an uncured polymer containing a QD solution was printed over a
specified region for replica molding, eliminating the wasted and unenhanced
QDs in the polymer layer of a PC.

In this work, we demonstrate QD-embedded PCs fabricated through
E-jet printing of a UV curable polymer onto a replica molding master, and
subsequent transfer to a substrate that supports the finished device
structure. The QDs are placed inside the regions with the greatest the
electric field magnitude within the PC structure, resulting in a higher
photon output than is produced without the PC structure. In addition, the
targeted placement of the QDs to be in close proximity to the PC grating
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minimizes any QD emission outside the resonant evanescent field volume.
This enables highly polarized output emission, due to the significantly
higher enhancement present for photons oriented to interact with the
transverse magnetic (TM) mode of the PC. The approach described and
demonstrated in this work offers the potential to double the energy
efficiency for display devices that utilize a polarized backlight by eliminating
the optical power lost through a polarizing filter, while simultaneously

providing an 8X enhancement in the QD emission output intensity.

3.2  Device Structure

The PC structure, shown in Figure 3.1(a), consists of a linear grating
formed by replica molding a polymer doped with QDs. The polymer
mixture is E-jet printed over a master, shown in the SEM images in Figure
3.1(b) and (c), where the grating has a pitch of A=340 nm with a 67% duty
cycle and a depth d=120 nm. As illustrated in Figure 3.1(d), the printed
structure is transferred to a plastic substrate and a high refractive index
layer of TiOs (t=105 nm) is deposited over the surface of the polymer
grating to create the periodic variation in the refractive index of the device.

The PCs were designed with the aid of electromagnetics simulation
software (Lumerical FDTD) to enhance QD emission at one selected
wavelength in the visible region of the spectrum (A=575 nm). The photonic
band structure was modeled and is shown in Figure 3.1(e) as a function of
the angle and wavelength, with the TE and TM polarizations specifically
identified at normal incidence. The darker bands indicate the locations of
resonance conditions where the wavelength and angle are capable of
coupling to the PC. The electric field intensity for both the TM and TE
polarizations at A=575 nm excitation were modeled and a comparison is
shown in Figure 3.2. The simulations show identical cross sections of the
PC grating, with a 3X greater intensity for the TM polarization than the
TE polarization.

The structure of the device consists of several discrete PC regions
arranged to form a block figure, shown in the SEM of the device in Figure
3.1(b). The PC regions may be as small as 40 pum, but up to 320 pm, on a

side. It is also possible for the device to include regions that contain
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Figure 3.1: (a) A schematic cross section of the device structure, consisting
of a replica molded polymer layer on a flexible plastic substrate with a
TiO, film deposited over the top surface. The resulting photonic crystal has
a transverse-electric (TE) polarization parallel to the linear grating, while
the transverse-magnetic (TM) polarization is perpendicular to the grating.
The QDs in the polymer layer are excited by collimated light from an LED.
SEM images of (b) the replica molding master, from which features as small
as 40 m were replicated with E-jet printing, and (c) the PC grating at
higher magnification. (d) The PC fabrication process described in the
Materials and Methods Section consists of (i) E-jet printing the
QD-embedded polymer over the silicon master, (ii) applying the plastic
substrate and curing the polymer, (iii) peeling off the replica from the
master and (iv) depositing the TiO, film over the cured polymer. (e) The
simulated band structure of the PC grating. The dark bands indicate the
phase matching conditions for the angle and wavelength of light at which
resonances occur within the PC.
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Figure 3.2: Field distributions of two periods of the photonic crystal
simulated using finite-difference time-domain analysis under excitation at
A=575 nm by TM (left) and TE (right) polarizations.

another distinct grating structure in which the PC grating may run either
parallel or perpendicular to the grating of the other regions.

The PCs were designed with the aid of electromagnetics simulation
software (Lumerical FDTD) to determine the PC dimensions necessary for
a structure with TM polarized resonance conditions that overlap with QD
emission at one selected wavelength in the visible region of the spectrum
(A=575 nm) as a demonstration. Simulations were performed using the
refractive index values across the visible spectra, but with particular
interest at the target wavelength A=575 nm, using the RI values of TiOy
(n=2.625) [139] and the UV curable polymer (n=1.524, Woolam VAS
Ellipsometer). Both the TM and TE polarizations at A=575 nm excitation
were modeled and a comparison of the electric field intensity is shown in
Figure 3.2. The simulations show a clear difference in the intensity of the

grating cross sections under the different polarization conditions.

3.3 Materials and Methods

To fabricate the devices, a replica molding master, shown in Figure 3.1(b)
and (c), was patterned using electron beam lithography on a silicon wafer
with a layer of thermally grown SiO,. Reactive ion etching (PlasmaLab

Freon/Oy Reactive lon Etcher System) was then used to etch the 120 nm
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deep trenches for the grating. The master was cleaned with piranha etch
and coated with 1H,1H,2H,2H-Perfluorooctyltrichlorosilane (No-Stick from
Alfa Aesar) before the polymer was E-jet printed onto the surface.

The state of the silicon surface has a large impact on the quality of the
printing process. If the wafer surface is too hydrophobic, the printed
droplets scatter instead of forming continuous lines. If the surface is too
hydrophilic, the cured polymer is difficult to delaminate from the master.
The use of No-Stick provides the appropriate hydrophobicity for repeatable
E-jet printing.

To prepare the QD-doped polymer solution, two monomers, 91 L of
Lauryl methacrylate (LMA, Sigma-Aldrich) and 9 L of ethylene glycol
dimethacrylate (EGDMA, Sigma-Aldrich) were mixed in a flask, followed
by the addition of 4 mL of CdSeS/ZnS alloyed QDs in a toluene solution
(Sigma-Aldrich). The remaining solvent was evaporated using a rotary
evaporator and then 1 v% Darocur 1173 (Sigma-Aldrich) initiator was
added to the mixture. The resulting QD-LMA solution was used for
printing.

The polymer grating is formed by E-jet printing the solution over the
silicon master, followed by curing the polymer layer (Figure 3.1(d)). The
printing used a gold/palladium (Au/Pd) coated nozzle dipped in a
hydrophobic coating of 0.1% (by weight) dimethylformamide with a tip
diameter of 5 ym, which allowed the QD-LMA solution to be printed
continuously without clogging the nozzle. The printing voltage and speed
were optimized to form continuous lines on the PC substrate. By
pre-programming the printing process through the E-jet interface, specific
areas and sizes could be printed automatically.

After printing, the substrate was transferred into an argon atmosphere
glove box and cured under UV illumination for 30 min. AFM measurements
(Digital Instruments Dimension 3000 Atomic Force Microscope) show that
the thickness of this layer is 600 nm, which is a significant decrease in
thickness as compared to the 8 pm thick layer produced by spin-casting the
same material (Dektak 3030 profilometer). Another layer of LMA solution,
this time without any QDs, was drop-cast on the substrate and covered
with a Grafix acetate substrate. After the second LMA layer was fully
cured, the two-layer film was peeled away from the master. Finally, a layer

of high refractive index TiOs was deposited over the patterned polymer-QD
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structure, which converts the structure into a photonic crystal.

The device performance was characterized using the collimated output of
a UV LED (Thor Labs, Ultra Bright Deep Violet LED) with a center
wavelength of A=375 nm and a 20 nm full-width half-maximum as the
excitation source. The UV emission was also passed through a
350< A <390 nm bandpass filter to ensure that only the UV wavelengths
interacted with the QDs in the device. The device output was measured by
mounting the PC device on a motorized rotation stage with control of the
orientation in 0.1° steps, allowing the output emission of the device to be
measured over a viewing angle range of +20°. The output was passed
through a UV filter and collected by a collimating lens on an optical fiber
connected to a USB2000+ Ocean Optics spectrometer. The stage position
and collected emission data were controlled by a custom LabView
OmniDriver software interface.

The same setup was also used to measure the transmission through the
device by replacing the UV LED with a collimated, unpolarized broadband
tungsten-halogen lamp as the source. In this case, the QDs are not excited,
and the photonic band diagram of the PC can be determined instead. The
same angle range was tested to compare the band diagram with the

measured emission.

3.4 Results

The device was initially measured after the grating was fabricated with the
QD doped polymer, but before the TiO5 deposition, to provide a baseline
measurement for the output emission intensity. The measurements were
repeated after the TiO4 deposition. As shown in Figure 3.3, at the center
wavelength of A=575 nm, there is an 8X enhancement in the output
intensity. The inset shows a tight angular dependence of +2.5° for the PC
enhancement at the target wavelength.

The enhanced emission is also polarized. Figure 3.4(a) shows the
modeled and measured transmission spectra of the device. The measured
transmission shows dips in the unpolarized transmission spectra occurring
at wavelengths of A=575 nm and 620 nm, as predicted by the model for the

TM and TE modes, respectively. However, the measured transmission
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Figure 3.3: An 8X enhancement in the output intensity occurs with the
presence of the PC structure over the QD embedded polymer structure.
The inset shows the angle dependence of the QD emission and
enhancement from the PCs.

values are significantly larger than those predicted by the model. This is
because the active device region is only 7.75% of the total substrate area
that was measured, and the large inactive region contributed a significantly
higher transmission to the measurement than occurs for the PC alone. The
measured QD emission is shown for both the TM and TE polarizations in
Figure 3.4(b) and (c), respectively, where a polarizer has been added
between the device and the measurement collection optics. The TM output
intensity is 5X greater than the TE, and the TE output is comparable to

the noise floor of the measurement system.

3.5 Discussion

The E-jet printing process allows for precise placement of QDs on the PC
patterned regions, to fabricate devices that show an 8X enhancement in
output intensity. This capability is important in the context of creating a

surface that contains an array of PCs in the form of red-green-blue emitting
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Figure 3.4: (a) The modeled and measured transmission spectra of the
photonic crystal at normal incidence, and the measured (b) TM and (¢) TE
polarized output from the PC figure. The TM polarized output
demonstrates enhancement, while the output of the TE polarization is
comparable to the measured background. Because the TE polarization of
the PC is offset by A=45 nm, there is no overlap with the TM mode, and
thus no output enhancement of the QDs, creating an on/off mechanism for
the QD output from the PC.
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pixels, where individual PC regions may be optimized for a specific
wavelength of QD emitter that would be selectively printed upon them.
Figure 3.5 shows a fluoresence microscope image of the E-jet printed device.
The top inset shows the clean edges printed by the system over the device
regions. The bottom inset shows a duller edge where the printing was not
perfectly aligned with the PC region. The fainter regions occur where there
is no PC enhancement of the QD emission and show a clearly visible
contrast in brightness between the planar region and the 8X enhancement
provided by the PC structure, thus verifying the enhancement effect of the
PC.

The cost improvements offered by the use of E-jet printing are
substantial. The precise placement of the QDs eliminates the waste of
spin-casting or loading QDs into device regions where there is no need for
emitters. In addition, the 600 nm film thickness, compared to the 8 um
thick layer produced with spin-casting, concentrates the emitters in the
high enhancement regions of the photonic crystal and reduces the required
volume of QD /polymer solution for the film by over 90%. There are
minimal regions in which the QD emitters experience no enhancement and

this drastically increases the total emission efficiency.

3.6 Conclusions

Creating initially polarized backlighting with selected color regions, as
enabled by the targeted placement and polarized output of these structures,
will enable significant improvements in the energy efficiency of display
devices, which is critically important for displays incorporated within
mobile devices. By eliminating the backlight polarizer in a display, the
optical efficiency can be doubled, and eliminating color filters can triple the
efficiency. These improvements are all combined with scalable production
by nanoreplica molding and the use of flexible plastic substrates, which
enable an array of novel device platforms.

Future improvements for the devices include the use of QDs that can be
excited with a non-UV source. In addition, increasing the printing speeds
and printing red-green-blue specific device regions would improve the

viability for scalable display production. If coupled with thin film
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Figure 3.5: A fluoresence microscope image of the E-jet printed device. The
top inset shows the sharpness of the edges printed by the system. The
bottom inset shows a duller edge where the printing was not perfectly
aligned with the replica molding master. The fainter regions are due to QD
emission occurring in a planar region with no PC structure to provide
enhancement.
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transistors for switching, then E-jet printed PC regions would provide
pixelated control of color and polarization for use in screen displays for
computers, televisions and other devices that require the high color purity
of QDs.

The devices in this work demonstrate the precise placement of QDs
within specific regions of replica molded PCs, using a scalable fabrication
method. The devices show both polarized emission and an 8X increase in
output intensity, as compared to output emission without the PC structure.
These improvements have the potential to eliminate polarizers from
backlight display technology and double their optical efficiency. Through
the controlled placement of QDs, the E-jet fabrication methodology
decreases the wasted QD material by more than 90% from spin- and
drop-casting techniques for identical device areas. These cost and
performance improvements are key advances toward overcoming the

barriers to cost-effective QD display technology.
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CHAPTER 4

ENHANCED EMISSION OF QUANTUM
DOTS EMBEDDED WITHIN THE
HIGH-INDEX DIELECTRIC REGIONS OF
PHOTONIC CRYSTAL SLABS

We demonstrate a method for combining sputtered TiO, deposition with
liquid phase dip-coating of a quantum dot (QD) layer that enables precise
depth placement of QD emitters within a high-index dielectric film, using a
photonic crystal (PC) slab resonator to demonstrate enhanced emission
from the QDs when they are located at a specific depth within the film.
The depth of the QDs within the PC is found to modulate the resonant
wavelength of the PC as well as the emission enhancement efficiency, as the
semiconducting material embedded within the dielectric changes its spatial

overlap with the resonant mode.

4.1 Introduction

Since their introduction by Yablonovitch [33], photonic crystals (PCs) have
been adopted for a broad range of applications that include optical

filters [22], biosensors [162], and photodetectors [36]. In addition to passive
optical components, PCs have proven to be useful within light emitting
devices, where their dispersion can be used to increase the efficiency of
photon extraction from light emitting diodes (LEDs) [50,56,58,163] or to
enhance the excitation intensity of embedded photon emitters such as
fluorescent dyes or quantum dots (QDs) [80,81,137,143].

Photon-emitting devices that contain QDs are gaining importance for
applications in lighting and video display due to their high quantum
efficiency, lack of photobleaching, and availability of many emission
wavelengths that can be combined to engineer a specific overall spectral
output. However, due to the high fabrication cost of QDs in comparison to
conventional phosphors, it is highly desirable to utilize them efficiently

through development of device structures that can optimally place them
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within regions where their output is optimally extracted.

The structure of a PC consists of a periodic variation of high and low
refractive index materials. Through appropriate design choices for the
feature sizes and material properties, it is possible to tune the optical and
electromagnetic properties to enable a wide range of applications. In
particular, when a PC is designed to operate as a guided mode resonant
filter, regions of increased energy density within the structure at the
resonant wavelength can be used to amplify the excitation power
experienced by photon emitters that are located within the electromagnetic
field standing wave.

In this work, we demonstrate a fabrication approach that enables QDs to
be incorporated within a narrow cross section of the high-index dielectric
thin film and within the spatial volume of an optical standing wave mode of
the PC resonant slab. The QDs experience greater electric fields for
excitation from their electronic ground state, and are also optimally placed
so that their emission can be extracted most efficiently in the direction
normal to the PC slab surface [82]. We use a novel method to apply a
distinct, monolayer-scale film of QDs, and show that judicious placement of
the QD “slice” within the high-index dielectric film is necessary to optimize
the enhanced extraction factor. In addition, we show an increase of 3-5X
greater QD emission from within a PC, as compared to the intensity
measured from a QD layer that is not embedded within a PC. This
emission enhancement is as high as 8X for off-normal output angles.

There are numerous applications that have benefited from embedding
QDs within dielectric materials. Dielectric microcavities can provide mode
control of QD emission [164] and the spontaneous emission from QDs can
be controlled by embedding them in dielectric spheres of varying
radii [165,166]. The incorporation of QDs into dielectric materials has also
been used for charge storage in metal-oxide-semiconductor capacitors [167]
and electronically erasable programmable read only memory
(EEPROM) [168] for data storage applications.

Devices with distinct 30300 nm thick QD layers have been fabricated by
ion beam sputtering [169], ion implantation [168], or spin coating onto
sputtered thin films, often with a matrix material [134,164,170]. QDs can
modify the dielectric susceptibility of the material they are embedded

in [171], and improve both absorption and photoelectric performance of
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photoelectrodes and solar cells when layered with TiOq [168,169,172,173].
Silicon QDs embedded within a variety of amorphous matrix materials
(silicon oxide, silicon nitride and silicon carbide) have been shown to impact
the effective refractive index of their host material, producing both blue and
red shifts in the optical absorption spectra of the matrix material [169, 174].
For many embedded QD devices that are used in lighting or video display
applications, controlled placement within the structure is crucial to
achieving optimal output intensity performance. For example, in early
devices demonstrating nanocrystals in LEDs, the nanocrystals were layered
with organic spacers to control their position [175]. Within PCs, the QD
positioning is a crucial aspect of the excitation and output emission
efficiency, determining how much of the QD emission is coupled to the PC

resonant modes.

4.2 Device Design and Structure

In PCs excited at their resonant wavelength, the electric field intensity
decays exponentially with increasing distance from the surface [82], making
it desirable to keep emitters close to the structure surface or embedded
within the device itself. To this end, we demonstrate a method that
combines sputter deposition of dielectric material with liquid-phase
dip-coating of QDs to create PCs with an embedded QD layer. The
refractive index of the dielectric TiOs layer is altered by the presence of the
QD layer, while the output efficiency of the QDs is highly dependent upon
the depth of the QDs within the dielectric layer.

The device structure consists of two distinct 2D PC regions that enable
side-by-side comparison of QD emission intensity from regions that either
match or mismatch the PC resonant wavelength with the emission
wavelength of embedded QDs. As shown in Figure 4.1(a), the regions are
interleaved in a checkerboard format, in which alternating regions have
distinct resonance wavelengths. Each region has two orthogonal periods, as
shown in the inset, and the two periods are designed to enhance both the
excitation and emission wavelengths of embedded QDs [176].

For example, the 2D-PC in Region 1 of the checkerboard has a short
period (L=200 nm, 40% duty cycle) in the z-direction and a longer period
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Figure 4.1: (a) A top view of the device structure, consisting of two
interleaved regions with different PC periods in the z and y—directions. (b)
A cross-section schematic of the PC with QDs embedded in the TiO,
dielectric layer. (¢) An SEM image of the PC region designed to enhance
QD emission at A=615 nm. (d) Modeled electric field intensities for the PC
at A=615 nm (left) and A=550 nm (right), illustrating that both the
wavelength and location of the QDs within the electric field will affect the
enhancement conditions. (e) A photograph of QDs embedded in the
checkerboard PC structure, where the orange locations show regions of
enhanced emission (Region 1), while the QD emission in Region 2 and the
surrounding bulk area is not enhanced.

(L=340 nm) in the y-direction. The short period is designed to produce a
guided mode resonance at the UV wavelengths of 350 < A < 390 nm used
for QD excitation, while the longer period is designed to produce a
resonance at the A=615 nm wavelength of QD emission.

Region 2 of the checkerboard has a short period of L=200 nm (70% duty
cycle) in the z-direction and a long period of L=250 nm in the y-direction,
where the short period is also designed to produce a guided mode resonance
at the QD excitation wavelength, but the long period produces a resonance
at a wavelength of A=480 nm. Therefore, when QDs with an emission
wavelength centered at A=615 nm are embedded within the entire

structure, all the QDs (in both parts of the checkerboard) will be excited

50



with a resonant enhancement effect, but only QDs within Region 1 will
participate in the enhanced extraction effect.

Finite difference time domain electromagnetic computer simulation
(Lumerical, FDTD) was used to determine that a 95 nm thickness of TiO,
(n=2.35, Metricon Model 2010/M Prism Coupler) layer would optimize
coupling to unpolarized QD emission at A=615 nm. This was consistent
with values extrapolated from the resonance conditions in previous PC
devices fabricated using the same grating structure but alternate deposition
thicknesses of the TiOq layer [176].

The region with a resonance targeted to enhance the A=615 nm QD
emission has a 340 nm period with a 60% duty cycle and an orthogonal
grating with a period of 140 nm with a 70% duty cycle. The alternate PC
checkerboard region has an optical resonance at a shorter wavelength of
A=490 nm, but it does not overlap with the QD emission, and halves the
effective device area providing QD emission enhancement. The difference in
output intensity is visible to the naked eye and enables a visual confirmation
of QD enhancement, as shown in the photograph of a QD embedded PC in
Figure 4.1(e). To simplify this study, the optical characteristics near the
A=615 nm resonance are the focus of the results presented in this work.

As shown in Figure 4.1(b), the PC has a replica molded polymer grating
structure over which a specific thickness, h, of TiOs is deposited. A layer of
QDs is then applied by dip-coating over the TiO, surface, and the
remainder of the desired TiO, thickness is deposited over the QDs. An
SEM image of the top surface after the final TiOy deposition is shown in
Figure 4.1(c).

The modeled electric field for resonant modes at A=615 nm and A=550
nm are shown in Figure 4.1(d), demonstrating that the location of the peak
electric field intensity changes with the incident wavelength within the same
PC structure. By varying the depth of the QD emitters within the TiO,
layer, we anticipate that enhancement of the QD emission intensity will also
vary. To investigate the impact of the QD placement within the TiO,
region, we fabricated devices with the configurations described in Table 4.1,
with each batch consisting of three PC samples and a flat control sample
that was created with the same procedure, but without the periodic grating

structure.
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Table 4.1: The fabrication parameters for TiOy and QD layers for each
batch of test structures.

Batch Layer 1 Layer 2 Layer 3 Layer 4
1 Replica molded polymer | 30 nm TiO, QD 65 nm TiO,
2 Replica molded polymer | 60 nm TiO, QD 35 nm TiO,
3 Replica molded polymer | 90 nm TiO, QD 5 nm TiO,

4.3 Materials and Methods

Photonic crystal (PC) fabrication utilizes a master silicon wafer containing
a negative image of the desired replica molded structure for the PC grating.
The mold consists of a thermal oxide SiO, layer with electron beam
lithography (JEOL JBX-6000FS) patterning to produce 80 nm pillars with
reactive ion etching (Plasmalab Freon/Oy Reactive lon Etcher). The
etched area was cleaned for 20 min with a solution of piranha etchant (3:1
(v/v) mixture of sulfuric acid and hydrogen peroxide), then rinsed with
de-ionized water, dried with Ny and treated for 1 hr with a vapor phase
deposition of (tridecafluoro-1,1,2,2-tetrahydrooctyl) trichlorosilane
(No-Stick, Alfa Aesar) in a closed container with two drops of No-Stick
solution. The post etch processing enables the consistent removal of the
replica from the master wafer.

The replica molded layer of the PC was formed with a UV curable
polymer that contained 91 pL of Lauryl methacrylate (LMA) and 9 uL of
ethylene glycol dimethacrylate (EGDMA) mixed in a flask, followed by the
addition of 1 pL of initiator (Darocur 1173, Sigma-Aldrich). The solution
was drop-coated onto the master wafer, and covered by a sheet of
Optigrafix Acetate, that had been previously treated with a vapor phase
deposition of 3-(trimethoxysilyl)propyl methacrylate (Sigma Aldrich) to
increase the polymer adhesion. The droplet spread and formed a
continuous thin layer between the silicon substrate and acetate sheet. It
was polymerized under a high intensity UV lamp for 30 min in an argon
atmosphere, and then the film containing the replicated grating structure
attached to the acetate substrate and could be removed from the master.

Sputtering was used to deposit the desired thickness of the high refractive
index TiO, layer (K. J. Lesker Dual-Gun Sputter System) over the replica
molded polymer layer. A cadmium selenide (CdSe) quantum dot (QD) dip
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coating solution was synthesized with an oleic acid ligand coating, purified
twice by precipitation and centrifugation with ethanol and methanol, and
then redispersed in hexane at the original concentration. The PC was
dipped into the solution for 15 sec, removed and allowed to dry for at least
5 min. If the deposition was not uniform, the PC could be soaked in hexane
to remove the quantum dots and the dipping procedure would be repeated.
Finally, hexane was used to remove QDs from the back surface of the
substrate to eliminate any confounding emission outside the PC device
area. Additional sputtering was then performed to complete the TiO, layer.

The test setup used to characterize the output of each test structure is
operated by a LabVIEW OmniDriver interface. The excitation source for
the QDs is a collimated UV light emitting diode (Thor Labs, Ultra Bright
Deep Violet LED) with a center wavelength of A=375 nm. The LED has a
full-width, half-maximum of 20 nm and a 350 < A < 390 nm bandpass filter
was also used to eliminate any non-UV wavelengths from reaching the
structure under test and interfering with the measurement of the QD
emission. For testing, the structure is mounted on a motorized rotation
stage, which allows for 0.1° step increments in the orientation of the
structure’s surface to the optical axis of the test setup. The output
emission at each position was collected after passing through a UV filter
and collimating lens on an optical fiber, and then analyzed by a USB2000+
Ocean Optics spectrometer.

By using a broadband, unpolarized tungsten-halogen lamp as the source
(replacing the LED and bandpass filter), the transmission spectra through
the structures could also be measured. The illumination source was passed
through a bulk sample that had experienced identical processing to the
photonic crystal test structure, providing a control measurement for light
attenuation through the various layers. Identical measurements were then
taken of the test structures, and normalized with the control measurements,
to determine the photonic band structures and the angular dependence of

the output emission.
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4.4  Results and Discussion

The minimum value of the measured transmission efficiency at normal
incidence was used to determine the reported wavelength of the resonance
mode. The modeled transmission efficiency for a continuous TiO, dielectric
layer, shown as the black line in Figure 4.2, was normalized for the 50%
effective area of the checkerboard pattern used for comparison with the

measured transmission spectra.
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Figure 4.2: The normalized transmission efficiency spectra of the PCs at
various stages of fabrication and the modeled transmission spectra
normalized for the 50% effective area of the checkerboard device. The
largest dip is the resonance mode that is intended to couple with the QD
emission, although additional resonances are present in the structure, which
are observed as shallower dips in the transmission spectra. The addition of
a QD layer results in a resonance shift of A=20-25 nm and disrupts the
continuous electric field within the dielectric layer, causing a change in the
measured resonance conditions of the final device structure, as compared to
the modeled results.

As shown in Figure 4.2, each layer of deposited TiO, material caused a
red-shift in the transmission efficiency minimum. There was also a shift of
A = 20 — 25 nm caused by the addition of the QDs observed in every
sample. For those structures with the QDs added at h~=90 nm, with only 5
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nm of TiO, deposited over the QD layer, the transmission efficiency
minimum occurred at A=620 nm. This minimum occurs at a wavelength
only AA=5 nm greater than A=615 nm value predicted by the modeled
results for a continuous dielectric layer with no embedded QDs. However,
for the other device conditions, after the final TiO, layer was deposited over
the QDs the resonance wavelengths for the other depths h are blue shifted
from the modeled wavelength by AA=40 nm for ~=30 nm and by AA=15
nm for h=60 nm.

In these PCs, the continuous refractive index of the TiO, layer is
disrupted and the effective refractive index of the PC is altered by the
higher refractive index material of the QDs (n=2.5-2.64, depending on
size [177,178]). The impact of the QDs on the refractive index varies with
their location within high or low intensity portions of the electric field,
further modifying the effective refractive index of the photonic crystal.
Thus, this finding is consistent with both the blue [174] and red [169] shifts
in refractive index observed for QD embedded dielectrics in previous
studies.

The output intensities of the fabricated devices were also measured
across a range of angles, and the impact of the QD location within the
dielectric layer in relation to the enhancement of the QD emission was
determined. Because the resonance is dependent on both the extraction
angle and wavelength of the light coupling out of the PC, the output
intensity, as shown in Figure 4.3, was measured across a range of angles
from normal incidence 0° to 20° at the peak QD emission of A=615 nm.
The output intensity was averaged for the three PC structures measured in
each experimental condition. The enhancement factor was determined by
dividing the average QD output intensity within the PC by the planar
control structure output intensity for each experimental condition. The
actual enhancement factors for the checkerboard regions with a resonance
matched to the emission wavelength of the QD will actually be 2X higher
than the values we report here, because the QD emission in the alternate
checkerboard regions are not enhanced.

Figure 4.3 clearly shows that the depth of the embedded QDs within the
dielectric layer of photonic crystals impacts the enhancement of the QD
emission. The highest enhancement factor at normal incidence was 5X and

occurred in the structure with a QD layer closest to the TiO, surface,
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Figure 4.3: The PC-enhanced output of QD emission at A=615 nm, as
compared to planar structures with identical fabrication steps. The location
of the QD layer in the structure affects both the intensity and angular
output of the measured emission. The largest enhancement occurred for
QDs embedded at h=60 nm within the TiOy layer; however, the only
enhancement factor at normal incidence occurred at h=90 nm.

placed at a depth h=90 nm. This is expected from the modeled results for
A=615 nm light extracted at normal incidence, shown in Figure 4.1(d),
where the greatest electric field is concentrated along the top surface of the
high refractive index layer. However, other fabricated structures
demonstrated higher enhancement factors (up to 8X) at an extraction angle
of 4° for QDs placed at =60 nm of TiO,, and 7° for QDs at A=30 nm.
The varied angle at which the peak enhancement occurs indicates that
the depth placement of emitters within PCs can be used to control both the
intensity and angular output of emitted photons. This methodology would
be useful to simultaneously enhance multiple QD emission wavelengths
embedded at different locations within the PC structure and create tailored
lighting outputs. Placement of QDs at multiple depths could also be used
to specifically control the angular output of specific wavelengths, creating
wide angle viewing that is desirable for screens and shared displays, or a
targeted, narrowly angled output to provide privacy or depth perception for

the viewer.
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4.5  Conclusions

Using the dip-coating procedure presented in this work, we have
demonstrated that varying the location of QD emitters within the high
refractive index region of a PC structure can be used to tailor the
enhancement and extraction angle of emitted photons. The peak
enhancement values range from 3X-8X, depending on both the depth of the
QD placement and the extraction angle of the photonic crystal coupled
emission. In addition, the depth of the embedded QDs affects the effective
refractive index of the dielectric PC layer and thus the enhancement factors
produced by the device, adding a new design parameter that must be
considered early in the design process in order to produce the desired

output enhancements.
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CHAPTER 5

PHOTONIC CRYSTALS ON ACOUSTIC
MEMS RESONATORS

5.1 Introduction and Background

Display technology is a major power consumer, particularly in mobile
applications. Performance is characterized by its polarization,
directionality, color spectrum and intensity. Quantum dots (QDs) are
semiconductor crystals that downconvert light and produce a very narrow
bandwidth emission which provides for high color fidelity in displays. This
makes them highly desirable emitters, but due to the cost of producing high
quality QDs, there is significant interest in increasing the efficiency of QD
emission in devices and reducing the quantities required.

One method for controlling and enhancing QD emission is through the
use of photonic crystals (PCs). Photonic crystals are structures with
periodic variation in their refractive index. The materials and dimensions of
the PC structure determine the resonance conditions of the grating. In the
case of a linear grating this consists of the period, duty cycle, and thickness
of the layers.

Resonance conditions occur at specific wavelength and angle
combinations, creating a localized electromagnetic standing wave in the
structure. Emitters can be placed within the localized field and experience
a much higher electric field intensity than is present in the source, which
allows emitters to experience enhanced excitation. In addition, there is an
enhanced extraction mechanism. As light couples in and out of the PC at
resonance conditions, light collected at the outcoupling angle for the
appropriate wavelength will be higher intensity than the isotropic emission
occurring from an emitter outside of a resonant PC structure.

PC structures have successfully demonstrated enhanced spectral output

intensity for ultraviolet to infrared wavelengths [79,137,176,179], angular
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control of output [55,180,181] and polarized output [182,183]. Coupled
with the spectral quality of QDs for displays, they are a powerful
combination for improved display technology. However, most PCs are static
structures, providing a constant interaction with the light sources they
couple to. An active PC structure would enable PC enhancement to be
turned on and off, as demonstrated in [183], where the presence of a
photonic crystal increased light emission to a visually detectable threshold.

Numerous methods have been investigated to tune the resonance of a
photonic crystal. An externally applied electric [89,90] or magnetic
field [91,92] can be used to adjust the refractive index of PC materials.
Applied stress or strain to change the period of the PC features has been
successfully demonstrated to shift the photonic bandgap of PC
devices [96,97], while extensive modeling of mechanical strain has shown
theoretical potential [98-102].

A similar approach to tuning is through the use of piezoelectric
materials. In this case, an applied voltage is used to induce a mechanical
displacement in the PC structure. Piezoelectric control of PCs has been
investigated for several device architectures. Strain tuning quantum dot
coupling to a PC cavity red-shifted emission by 0.45 nm; however, an
applied voltage of 15 kV /cm was required [109]. A one-dimensional PC
that was mounted on piezoelectric actuators produced a resonance shift of
1.54 nm [110]. A PC of self-assembled polycarbonate on a piezoelectric
substrate of polyvinylidene fluoride demonstrated an infrared bandgap,
although tuning was not demonstrated [111].

Additional piezoelectric tuning methods for PCs have been proposed.
These include a hexagonal air hole array in a silicon matrix over a
piezoelectric substrate requiring 3% applied shear strain to result in 75%
exclusion of the original bandgap [114]. Another proposed device consists of
a 1D Bragg stack and uses a surface acoustic wave to shift the refractive
index n of the material layers, and thus the reflection and transmission of
the device [115].

For our purpose of PC enhanced emission, piezoelectric tuning is an
appealing methodology as it limits any confounding interaction with the
QDs or other emitters. It allows for external control of switching and the
voltage control provides very specific displacement, making tuning control

more precise. Using DC piezoelectric bias requires a driving voltage on the
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order of kV to produce enough displacement to shift the PC resonance away
from the emission peak of QDs; however, AC resonators have much larger
displacements. If the AC signal is faster than the 60 Hz flicker sensitivity of
the human eye, the modulation will not be detectable to viewers [11].

In particular, bulk acoustic wave (BAW) resonators provide a large
displacement across a significant portion of the surface area of the device,
key parameters for piezoelectrically driven displacement of a photonic

crystal.

5.2 Device Design and Structure

The device, shown in Figure 5.1 is based on a standard bulk acoustic wave
resonator, with a 1 pm thick piezoelectric layer of aluminum nitride (AIN)
sandwiched between 100 nm platinum electrodes. There is an additional 1
pm layer of AIN over the top electrode with the PC grating and a UV
curable polymer containing the QDs. This structure is released from the
substrate during fabrication, leaving it suspended over a cavity and free to

resonate.

Printed QD Layer

Platinum Electrode

Platinum Electrode

Figure 5.1: The structure of the piezoelectric MEMS resonators. A
piezoelectric AIN layer is sandwiched between Pt electrodes, and an
additional AIN layer is added over the electrodes with a PC grating. The
PC is completed with a printed layer of UV curable polymer and embedded
quantum dots.

Resonators were simulated using finite element analysis (Comsol
Multiphysics 5.1, Piezoelectric module) to determine the optimal
dimensions and corresponding resonance frequencies of the devices. A
maximum in the admittance indicates a resonant frequency of the device.
The surface average function was used to determine which devices and

resonant frequencies provide the largest average displacement values at the
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surface of the top AIN layer. An example of displacement and admittance
modeling results is shown in Figure 5.2, where the resonant frequencies
correspond to the frequencies at which the average surface displacement is

at a maximum.
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Figure 5.2: Simulated admittance and surface average displacement for a
500 pm x 500 pum device. The peak average displacement values correspond
to the resonant frequencies indicated by maximum values in the admittance.

A variety of dimensions ranging from 150 pym to 500 um were simulated.
Resonators with two centered tethers or four tethers (one on each corner)
with the same resonator body dimensions were also simulated. These
devices were important because of concerns that the multiple AIN layers
would be too heavy to be supported by the two tether design. The
displacements of two simulated devices, both 400 ym by 300 pum, are shown
at resonance in Figure 5.3, where (a) has two center tethers, and (b) is
simulated with four corner tethers.

A list of the devices that were simulated and fabricated, along with their
modeled resonant frequencies and corresponding maximum average
displacement values, is shown in Table 5.1.

The PC grating is patterned into the top AIN layer on the resonator. By
adjusting the period of a PC grating, the resonant wavelength will be
shifted and the magnitude of the electric field within the PC at that
wavelength will decrease. The electric field for an aluminum nitride (AIN)
grating covered by a layer of UV curable polymer with embedded CdSe
quantum dots was determined using finite difference time domain

simulations (Lumerical FDTD).
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Figure 5.3: The simulated displacement of two resonators at resonance is
shown. Both are 400 ym by 300 pm, where (a) is simulated with two
centered tethers and (b) with four tethers, one at each corner.

The selected QDs have an emission centered at A=540 nm with a
full-width at half maximum of A=30 nm. The optimal design for
enhancement at that wavelength consists of a 175 nm deep grating with a
350 nm period and a 600 nm thick polymer layer. A range of grating
periods were simulated, as shown in Figure 5.4, to confirm that the electric
field for both increasing and decreasing displacements would be much lower
than that of the “static” condition. Depending on the displaced grating
period, the electric field intensity at A=538 nm is decreased by 62-79%.
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Figure 5.4: Simulated electric field intensity at the center wavelength of the
QD emission (A=538 nm) for different grating periods. By increasing or
decreasing the grating period at least 10 nm, the electric field enhancing
the QD emission is reduced by 62-79%.
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5.3 Fabrication

The MEMS-PC devices were fabricated on a high resistivity silicon
substrate. The bottom electrodes were evaporated onto the surface (CHA
SEC-600 Electron Beam/Thermal Evaporator), then the AIN layer was
reactively sputtered (OEM Group). The Pt/AIN layer deposition was
repeated for the second electrode and the AIN PC layer.

Electron beam lithography (JEOL JBX-6000FS) was used to pattern the
PC grating, which was etched using inductively coupled plasma reactive ion
etching (Oxford Instruments Plasmal.ab System 100 ICP RIE) with a gas
mix of BCls, Cly, and Ar in a 1:4:4 ratio. Photolithography was used to
pattern the electrical vias and resonator release windows, which were
separated into 1 pm and 2 pum deep features and etched using the same
RIE process as for the PC grating.

Once the AIN layer was removed from the Si wafer substrate, the
resonators were released with a XeFs etch (XACTIX XeFs Etching
System). A QD-doped polymer solution was prepared using two monomers,
consisting of 91% Lauryl methacrylate (LMA, Sigma-Aldrich) and 9%
ethylene glycol dimethacrylate (EGDMA, Sigma-Aldrich). CdSeS/ZnS
alloyed QDs in a toluene solution (Sigma-Aldrich) were added, with the
amount depending on the desired concentration of QDs. Remaining solvent
was evaporated using a rotary evaporator and 1 v% Darocur 1173
(Sigma-Aldrich) initiator was added.

This solution was printed using a microinjector system that allows for nL
volumes to be dispensed on the resonator surfaces. Finally, the QD/polymer
solution was cured under UV to complete the devices. It is important that
the printing takes place after the resonator release, as the XeF, gas can
permeate the cured polymer. It will etch the QDs and cause significantly
reduced QD emission. The fabrication process is illustrated in Figure 5.5.

Completed devices were tested on an RF probe station. A network
analyzer (Agilent N5230A PNA-L Network Analyzer) was used to sweep
each device and determine the resonant frequencies at which to drive the
devices. After characterization, a UV source (ThorLabs 370E UVLED) was
passed through a 350 nm< A <390 nm filter to eliminate any non-UV
wavelengths, and the output was aligned over the QD printed resonator to

excite QD emission. An optical fiber was mounted over the device under
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Pattern photonic crystal with Ebeam lithography
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Release resonator with XeF,

Print quantum dot/polymer layer

Figure 5.5: The fabrication process used to produce the PC MEMS devices.
The Pt electrodes and AIN layers were deposited on a high resistivity Si
wafer. The PC grating, electrical vias, and release windows were etched
using reactive ion etching. Finally, the resonators were released using a
XeF etch to remove the Si beneath the device and the QD /polymer
solution was printed and cured on the resonator surface.

test, and aligned by adjusting position until the output measured by the
connected photodetector (ThorLabs DET36) was at its peak. The output
of the photodetector was measured by an oscilloscope (Agilent DSO
1614A). A signal generator (Agilent N5181A MXG Analog Signal
Generator) was used to apply a signal at the resonant frequency to the

device. Using a splitter, this signal was also measured by the oscilloscope.

5.4 Results and Discussion

The PNA frequency sweep to determine resonance conditions was compared
to the modeled admittance characteristics. The devices were swept at two
different powers, 1 dBm and 5 dBm, to verify resonant frequencies would be
consistent with higher driving power. Admittance characteristics changed
slightly with power, with resonances at 5 dBm generally having a lower

quality factor and, at frequencies below 20 MHz, often producing spurious
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modes, decreasing the performance of some devices. The plotted
comparison for a 400 pm x 300 pum device is shown in Figure 5.6. The

simulated and measured characteristics for additional devices are listed in
Table 5.1.
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Figure 5.6: A comparison of the modeled and measured impedance
characteristics. The quality factors of the measured impedances are lower
than in the model, and thus not all resonance frequencies appear in the

measured output; however, the frequency location of measured resonances
is within 0.5-1 MHz of the modeled location for the majority of devices.

For devices with lengths less than 500 pm, the measured resonance
frequencies match the simulations very closely; however, the quality factors
are lower on the measured devices. This is due to slight misalignments
during lithography steps, causing non-uniform sidewalls, and to damping if
the QD /polymer layer is printed unevenly. Devices 500 um and longer
showed a greater mismatch between the simulated and measured impedance
values. This is due to residual strain in the AIN film.

The measured QD emission from devices were compared to the driving
RF signal and to control outputs from the device with no modulation.
Output signals had poor signal-to-noise ratios, due to the short detection
time on 10-30 MHz signals and the rise speed (14 ns) of the photodetector.
To improve output quality, signals were averaged over 248-1024
measurements.

The 500 pm x 350 pm device with two tethers showed effective
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modulation of the QD emission at a 23.84 MHz driving signal and the
modulation was not present when the RF driving signal was turned off.
The measurements are shown in Figure 5.7. During modulation, the
outcoupling direction of the PC changes for the QD emission wavelength,
and the amount of emission collected normal to the device surface by the
optical fiber tip varies. Without the driving RF signal, the PC structure is
static and the outcoupling of QD emitted light by the PC is constant.
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Figure 5.7: Measured oscilloscope signals from a 350 pm x 500 pum device
with two tethers. The QD emission output varies with the driving RF
signal. When the driving signal is turned off, the emission is a DC signal.

Because of the noise, a Fourier transform was performed on the measured
signal data to confirm the modulated QD emission from the devices. Figure
5.8 shows the Fourier transform applied to the measurements from the 500
pum x 350 pm device shown in Figure 5.7. Figure 5.8(a) contains a peak at
23.84 MHz for the RF source and the modulated QD output from the
device. As the frequency of the source signal is increased to 25.03 MHz, the
power measured from the QD emission at the modulation frequency drops
sharply, indicating that the PC is deforming less effectively away from the
MEMS resonance and is outcoupling QD emitted light at lower intensity.
The device demonstrated this same behavior at a lower frequency resonance
of 12.18 MHz, again with the power of the QD emission signal decreasing
with a slight change of the modulation frequency, as shown in Figure 5.8(b).
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Figure 5.8: A Fourier transform was applied to the time domain output
signals of the RF source and the modulated PC out-coupled QD emission.
For a 500 pm x 350 pm device, there is a resonance frequency at (a) 23.84
MHz and (b) 12.18 MHz. In both cases, the QD emission from the device
shows a peak at the frequency of the RF driving signal. As the driving
signal increases away from the resonance frequency, the power from the QD
emission decreases, indicating that the modulation of the PC is less
effective away from the device resonance frequency.

5.5  Conclusions and Future Work

Piezoelectrically tuned PC enhancement structures can be produced with
CMOS compatible fabrication methods already used for thin-film
transistors (TFTs) in existing display technology; however, future devices
would benefit from decreased area required to release the resonator for
better integration with existing display device architecture. A possible
method is to use a DC bias, but this requires more exotic piezoelectric
materials at the cost of processing ease and compatibility.

The integration of a photonic crystal onto a piezoelectric MEMS
resonator has successfully demonstrated modulation of light emission from
QDs embedded within the PC structure. The efficacy of the modulation is
highly dependent on the dimensions of the resonator, as this impacts the
directionality and uniformity of the PC displacement over the surface of the
device. The PC-MEMS devices presented leverage the enhancement
mechanisms of PCs for improved QD emission and have the potential to
offer pixel level control of output emission in next generation display

devices.
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Table 5.1: Key simulated and measured values for resonators, where L is
the resonator length, W is the resonator width, D is displacement, and f,
is a resonant frequency.

L [pm] | W [um] | Tethers | f, [MHz]* | D [nm]* | f. [MHz]" | QT
225 150 2 31.613 47.872 28.783 872.02
225 225 2 22.787 86.824 21.487 364.69
400 300 2 15.987 103.71 14.644 518.06
400 300 4 14.65 104.90 14.47 72.85
400 350 2 14.05 103.71 12.65 327.57
400 400 2 12.813 128.37 11.522 148.42
400 450 4 11.138 149.79 11.020 61.887

30.78 12.774 29.254 199.72
500 350 2 13.600 100.77 12.206 369.99
26.293 15.991 23.856 512.49
500 400 2 12.093 139.32 11.256 228.13
500 450 2 15.427 23.847 10.175 516.39

* Simulated value

T Measured value
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

With lighting being one of the top uses of power in today’s homes and
workplaces, improved efficiency and spectral characteristics in lighting and
display technology have the potential to significantly impact global power
consumption, and provide a more consumer friendly method of lower power,
high fidelity lighting for home use. Such improvements can also provide
increased device performance, particularly in mobile applications.

PCs with embedded QDs have successfully shown improvement over a
range of capabilities. Through the use of distinct periods in orthogonal
directions, 2DPCs can be used for simultaneous enhancement of the
excitation and extraction wavelengths of QDs. Adjusting the location of
emitters within the structure allows for variable enhancement factors and
resonance conditions within the PC. Linear gratings also provide enhanced
spectral intensity and control. These different device structures have
produced enhancement factors ranging from 2-12X.

Region specific control, particularly relevant to pixel-level device
integration, has been demonstrated through multiple means. Replica
molding masters can be fabricated with interleaved distinct PC regions,
allowing for simultaneous enhancement of different emitters with their own
extraction wavelengths. Electrohydrodynamic jet printing produces
sub-micron area control when placing QDs within a PC structure, as well as
allowing for extremely thin layers of QD-doped polymer to be produced.

Beyond dramatically reducing the required quantities of QD materials for
fabrication, producing QD-embedded films of specific thickness enables
polarized output emission from the QD-PC structure. If integrated into
existing LCD display structures, the use of a polarized source can more
than double the optical efficiency of displays.

Finally, actively modulating QD emission has been accomplished by

integrating PCs onto BAW resonators. By leveraging the piezoelectric
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displacement occurring in these resonators, the PC will be actively
deformed, changing the angle and wavelength of resonantly outcoupled
light.

By building on these capacities for enhancement and control, it is
possible to develop next generation lighting and display technology. Pixel
scale integration of polarization, enhancement, and modulation are huge
enablers for future display technology. In addition, the use of replica
molding for PC fabrication can broaden the available platforms for both
lighting and displays.

Photonic crystal enhanced QD emission provides an excellent device
architecture for leveraging the high quality spectral characteristics of QDs
for lighting and display technology and decreasing production costs through
increased performance and efficiency. QD-embedded PC devices have
demonstrated improvements to the key metrics of display performance:
polarization, directionality, and output intensity through multiple methods

for enhancing and controlling the output intensity of QD emission.
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