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Abstract

Development of Device Technology for Micro-Light-Emitting Diodes
by
Matthew S. Wong

Due to rapid developments of wearable and portable devices in recent years,
displays with better efficiency and higher resolution performances are greatly
desired. Inorganic micro-light-emitting diodes (WLEDs) have been considered as
one of the promising candidates for next-generation display applications, and
demonstrations of uLED displays have shown outstanding performances as
compared to liquid crystal displays (LCDs) and organic-light-emitting-diode
(OLED) displays. However, it has been shown that the maximum efficiency drops
as the device dimensions shrink. This dissertation describes post-etch fabrication

techniques that suppress or mitigate the size effect in InGaN and AlGalnP pLEDs.

In this dissertation, the concepts of current display technologies, namely
LCDs and OLED displays, and pLEDs will be first introduced. Moreover, the
mechanism of the reduction in efficiency will also be addressed. Followed by the
first chapter, a series of fabrication methods and their improvements to the device
performances will be discussed in the chapters 2-4. In chapter 2, the optoelectrical
improvements in the InGaN pLEDs with dielectric sidewall passivation using
atomic layer deposition (ALD) will be illustrated. This is the first demonstration

that the InGaN pLED efficiency can be partially recovered using post-etch
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technique. Due to the greater surface recombination velocity and minority carrier
diffusion length, the effects of ALD sidewall passivation on AlGalnP pLEDs are
investigated in chapter 3. This chapter also reveals the excellent optical properties
of AlGalnP red emitters, and the potential elimination of the size effect in
AlGalnP devices is also shown. In chapter 4, a detailed report on the performances
of InGaN devices with the combination of chemical treatment and ALD sidewall
passivation is presented, where this is the first demonstration of size-independent
efficiency from 100X100 to 10x10 um?2 devices. Since the size effect is mitigated in
InGaN and AlGalnP devices, chapter 5 shows a possible mass transfer method
that employs fluidic assembly with external forces. Lastly, other critical
challenges in pLED displays, brief uLED device process follower, and outlook are

discussed concisely in chapter 6.
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Introduction

1.1 Overview

Since the development of portable, wearable, and other consumer electronics,
the standard of displays has been improving rapidly and the desire of better
displays has gained dramatic research attention in both academia and industry.
The use of electronic devices becomes significantly important and has been
infiltrated in our daily lives, from smart phones/tablets and laptops to automotive
displays and large TV monitors!2. Due to the huge demand of displays, market-
research companies forecast the display panel market will grow more than 30
billion USD from 2019 to 2024 globally, and the increase is attributed to displays
not only with better quality in color gamut and resolution but also for other
emerging display applications, including near-eye displays for virtual reality (VR)
and augmented reality (AR), head-up displays, and flexible displays3. This
dissertation will first introduce the two widely used display technologies, namely
liquid-crystal displays (LCDs) and organic-light-emitting diode (OLED) displays,
and their basic operating principles. After that, the advantages and the main

challenges of a new display technology: micro-light-emitting-diode (uLED)



displays will be discussed. In later chapters, some pLED problems will be

addressed from the device perspective.

1.2 Current Display Technologies

Display panels have been the most critical component in any electronic devices
since the first demonstration, because they deliver information from the devices
to our eyes. Full-color displays usually contain elements that can produce red,
green, and blue emissions individually. Moreover, a pixel is formed with red, green,
and blue lighting elements, but sometimes more colors, for example white color,
can be found as the fourth color in a pixel. In the history of displays, LCDs are
probably the most mature display technology, because the first patent on liquid
crystal light valve was filed in 19364, Since then, LCD digital displays were
employed in various of applications, including calculators and digital watches.
Before the development of OLED displays in the early 2000s, LCDs were the
dominant display technology in the market because of their low-cost and well-
established manufacturing processes although other technologies, such as
cathode-ray tube and plasma displays, had participated in the market temporarily.
LCDs remain the mainstream display technology in a variety of applications;
however, OLED displays have been penetrating the LCD market aggressively,
especially in the portable and entertainment markets3.5. In the following sections,
the general working principles of LCDs and OLED displays are presented.

Moreover, the benefits and drawbacks of each technology are also highlighted.



1.2.1 Liquid-crystal Displays (LCDs)

As mentioned above, LCDs are the most established display technology and
the first study of liquid crystal with electromagnetic fields can be traced back to
19294, There are two types of LCDs, full-color displays and digital displays, both
having similar functioning concepts. In this dissertation, LCDs are referred to the
full-color displays and not the digital displays. Even though LCD digital displays
are still being utilized in calculators, watches, and other applications, full-color
LCDs provide a practical and comprehensive comparison with OLED and pLED

displays.

An LCD panel can be separated into four parts: backlight unit (BLU),
polarizer, liquid crystal and thin-film-transistor arrays (TFT), and color filters,
where a schematic of an LCDs is shown in Fig 1.1. The BLU consists of a backlight
source, light-guide plate, and brightness enhancement films. For the backlight
sources, InGaN based light-emitting diodes (LEDs) with phosphor conversion are
commonly used to generate white light, and these LEDs are usually mounted at
one edge of the display panel. The light emitted from the LEDs is then transmitted
to a light-guide plate, where it distributes light from one edge to the entire panel
area and the back side of the light-guide plate usually contains reflective mirror
to direct light and minimize light absorption. The light is passed through a series
of brightness enhancement films2. The objectives of the brightness enhancement
films are to define viewing angle of the displays, to recycle refracted light, and to

enhance light extraction efficiency of the BLU. After that, the light is polarized



using polarizer and reaches the liquid crystal and TFT structure. Before entering
the liquid crystal layer, only 55% of the light emitted from the LEDs escapes from
the polarizer, and the light that is trapped within the BLU and polarizer will be
recycled to increase the overall efficiency. Liquid crystal is a class of organic
compounds, usually small molecules with aromatic structure, in which the crystal
orientation can be altered when applying electric field. Additionally, the optical
property, either optically clear or opaque, of the liquid crystal can be modulated
by changing the crystal orientation%. As a result, the TFT controls whether light
1s transmitted or scattered in the liquid crystal layer. However, liquid crystal is
not very efficient for light transmission, thus more than 30% of the light is
absorbed in the liquid crystal. Finally, the light gets to the color filters that
typically consisted of red, green, and blue colors. These color filters can be a
variety of materials from organic to inorganic, and more recently quantum dots
for superior color gamut quality. Ultimately, only 5% of the light emitted from the

backlight LEDs is delivered®.

5%
fitter |l

17%
Liquid crystal and TFT

Backlight

Polarizer 55%
INRRNRRAN ANNNRNNRNR RN RRR A source

100%
Light-guide plate

Figure 1.1. Schematic of an LCD pixel and the net percentage of light escaping in each layer
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After discussing the basics of LCDs, it should be evident that the energy
efficiency of LED backlight plays a crucial role to the success of LCDs, because
majority of the light is lost within the LCD architecture. To date, InGaN based
LEDs are the most energy efficient light source and the efficiency of InGaN blue
LEDs has exceeded more than 80% in the literature’. In fact, one of the
advantages of LCDs is their high brightness, which is a consequence of the highly
efficient LED backlight®8. For indoor and sunlight readable displays, the
minimum luminance or brightness requirement is about 300 and 800 nits (1 nit =
1 cd/m?2), respectivelyb. LCDs can easily achieve luminance greater than 1,000 nits
by inputting more current to the LEDs without any degradation or damage in the
display architecture?8. In addition, LCDs offer long operating lifetime and low
manufacturing cost. On the other hand, there are disadvantages due to the
intrinsic design of LCDs. First, the framework of LCDs is bulky and the light lost
within liquid crystal is significant. Although each layer is less than 100 um, the
layers add up and the overall LCD module thickness ranges from 300 to 700 pm.
Furthermore, many of the layers, such as the TFT, are mechanically brittle and
inflexible, and this makes the realization of flexible displays challenging with
LCDs® Additionally, the contrast ratio is another important aspect for
improvement. The contrast ratio of LCDs depends strongly on the LCD modes,
which the contrast ratio is between 1,000:1 and 5,000:12. The need for higher
contrast ratio is a part of achieving high dynamic range (HDR), and HDR is a

fundamental technology for next-generation display applications and requires the



contrast ratio more than 100,000:1810, There are two ways to enlarge the contrast
ratio, by either increasing the peak brightness or improving the dark state. The
issue for LCDs is the dark state, also known as the off-state brightness. As
discussed previously, the light-guide plate spreads light across the entire panel
area, and off-state brightness is controlled by the liquid crystal and TFT. Since
light scattering is the primary mechanism to turn off a pixel in conventional L.CDs,
light leakage through the liquid crystal is the reason for the low contrast ratios.
Similarly, response time is also an issue from the liquid crystal and TFT structure,
because response time is mainly responsible for the motion blurriness. In LCDs,
the response time is limited by the responsivity of liquid crystal to electric field.
In short, most of the benefits of LCDs come from the LED backlight while the

downsides of LCDs are caused by the fundamental design burdens of liquid crystal.

1.2.2 Organic-light-emitting Diode (OLED) Displays

The potential of organic materials as OLEDs and organic photovoltaics
(OPVs), respectively, for light-emitting and light-harvesting applications was first
discovered in the 1980s!!l. Since then, a lot of attention has been spent on the
development of organic semiconductors, including small molecules and polymeric
materials. For typical organic materials, mostly composed of carbon and hydrogen
atoms with covalent bonding, they are electrically insulative materials owing to
the lack of pi conjugation. A conjugated system offers delocalized electrons within
the organic structure and this can affect the electrical, thermal, or optical

properties of the overall organic compound. By varying the conjugation network
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and the molecular structure of organic semiconductors, OLEDs with different
emission wavelengths and physiochemical characteristics can be synthesized!213,
For a simple OLED configuration, four components: anode, cathode, light-emitting
layer, and encapsulation layer are necessary. Figure 1.2 shows a diagram of an
OLED pixel with red, green, and blue subpixels. Anode is usually optically
transparent and electrically conductive materials for hole injection, such as
indium-tin oxides (ITO) or a conductive polymer PEDOT: PSS, and cathode is
reflective metals, such as aluminum or silver, for electron injection!4. The light-
emitting layer is where electrons and holes recombine radiatively. However, in
modern OLED design, a variety of electron and hole transport layers are added
between the electrodes and the light-emitting layer to boost the injection efficiency,
and this is especially crucial for hole injection!®. Finally, the encapsulation layer
is most critical ingredient among the four elements for reliability and operation
under ambient condition. The intend of the encapsulation layer is to avoid
moisture and oxygen from ambient reacting with the light-emitting layer since
moisture and oxygen have detrimental impacts to the performance of light-
emitting layer. The barrier requirement is extremely rigorous, where the water
vapor transmission rate and oxygen transmission rate must be less than 106
g/m?/day and 1x10-¢ cm3/m2?/day, respectively'é. This means that no more than a
drop of water can diffuse across six football stadium within a day!?, which gives
high manufacturing caution to OLED displays even though the architecture is

much more straightforward than that of LCDs. As seen in Fig. 1.2, color filters,



polarizer, and liquid crystal are absent in OLED design, hence OLED displays are
considered a self-emissive display technology. Nevertheless, organic materials are
not very efficient for light-emitting application even with the assistance of electron
and hole transport layers, and this attributes to low internal quantum efficiency?8.

Therefore, OLED displays only yield 10% in overall efficiency.

1 10%

«Encapsulation layer
Figure 1.2. Schematic of an OLED pixel with the net percentage of light output efficiency

<= Anode
Light-emitting layer
<+ (Cathode

OLED displays are the first pioneer self-emissive display technology that
are employed for commercial products. One of the biggest advantages of self-
emissive OLED displays is the outstanding dark state for getting high contrast
ratio since the pixel is completely turn off to give true black state?. Moreover, the
OLEDs render better color gamut than conventional LCDs. Because of the
uncomplicated framework, it provides high degree of freedom in device design and
can be incorporated easily. Additionally, since organic materials are solution
processable and OLEDs have simple design, the total thickness of OLED displays
is usually less than 1 pm and are considerably thinner than LCDs2. Due to the
solution processable feature of OLEDs, the substrate choice can have many

variations in terms of mechanical flexibility and optical transparency and with
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great capability of scaling for mass production. Although OLEDs have such
improvements than LCDs, there are several disadvantages that need more
research attention before utilizing them for next-generation display applications.
The first issue is the chemical stability of OLEDs. As discussed in the last
paragraph, a meticulous encapsulation layer is needed to ensure the operating
lifetime and the performance of OLEDs. Otherwise, both the lifetime and light
output performance degrade severely!”. Also, because of the stability of LEDs, the
maximum light output of OLEDs drops over time and the decay rate depends on
the driving current; this effect is more pronounced in green and blue light
emitters!?. Not to mention OLEDs usually have low carrier mobility and carrier
concentration resulting in low injection efficiency2?. More importantly, the
substrate choice could have influences on the water and oxygen transmission rates
of the display panel. In traditional OLED design, glass is usually the substrate. If
plastic substrate is used, the differences in water and oxygen transmission rates
must be evaluated, because normal plastic substrates have orders of higher
magnitude transmission rates than glass, and are insufficient to prevent moisture
and oxygen reactions with OLEDs!6. Other than the inherent structural
challenges of OLEDs, there are other display related difficulties with OLED
displays besides the well-known burn-in problem. Typically, the peak brightness
of commercial OLED displays is about 600 nits, which does not satisfy for sunlight
readable displays where minimum of 800 nits is required. Likewise, the low

brightness of OLEDs affects the contrast ratio feature. OLED displays can



theoretically achieve infinite contrast ratio due to the true black off state, yet this
is only correct under true dark condition and invalid under sunlight and indoor
environments2. Secondly, the cost of OLED displays are more expensive compared
to LCDs due to the transfer process to the display panels!7.19-21, More details of
transfer processes will be presented in section 1.3.4. In summary, although OLED
displays serve as the first self-emissive display technology in commercial products,
which introduces new display architectures and novel display devices to both the
industry and market, but the inherent physiochemical properties of OLEDs are

the major constraint for futuristic display applications.

1.3 Micro-light-emitting Diode (nLED) Displays

From above sections, it should be obvious that the main benefit of LCDs
relies on the energy efficient LED backlighting and the success of OLED displays
comes from the simplicity of the display architecture. The basic concept of puLED
displays employs highly efficient inorganic LEDs while maintaining

uncomplicated display panel design, as shown in Fig. 1.3.
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Figure 1.3. Red, green, and blue uLEDs from 100X100 to 20X20 pm2

Before exploring the technical details of pLLEDs, let us review briefly on the
significance of uLLEDs from the industry standpoint. The pLED market is expected
to grow from 254 million USD in 2017 to 20,501 million USD by 2025, which the
growth percentage is much greater than the overall display panel market. pLEDs
are an innovative technology that offers extensive business opportunities for
startups and developed corporations and pLLEDs can be employed for a variety of
influential applications, including displays, short-range visible light
communication (VLC), bioelectronics, sensing, and illumination?2-26 giving them
an important market value. Although pLEDs have versatile potential usages,
there are new challenges that needed to be resolved before the realization of pLED
commercial products. In the remaining sections, a general background of pLEDs

and the difficulties of nLED displays will be introduced.
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1.3.1 What are nLEDs?

uLEDs are inorganic LEDs in micron dimensions, yet the size range of
pLEDs is not well defined in the literature2?.28. In this dissertation, pLEDs refer
to LEDs with device dimensions no more than 100X100 um2. For conventional
LEDs for solid-state lighting applications, the typical top light-emitting area
ranges from 0.1 to 1 mm?2, which indicates at least one edge of the device is larger
than 300 um29-32, Recently, there are some research interests in employing mini-
LEDs, LEDs in the sizes from 100 to 200 um, for the backlight source in LCDs to
boost the contrast ratio, to reduce the complexity of LCD architecture, and to
improve other display parameters, such as viewing angle and aperture ratioss.
Since pLEDs are on the microscopic scale, each pLED represents a pixel in
monochromic displays or three red, green, and blue uLEDs form a pixel in full-
color displays, and the pixels are unnoticeable by human eyes. In fact, pLED
displays with ultrahigh resolution more than 5,000 pixels per inch (PPI) have been
demonstrated!34. Moreover, similar to OLEDs, uLEDs are self-emissive
technology that means pLEDs can attain the same, if not better, dark state in
contrast ratio and simple display panel design33. Other than that, uLEDs are
comprised of mature inorganic semiconductor materials, such as InGaN or
AlGalnP, that provides advantages superior than LCDs, including high peak
brightness, remarkable energy efficiency, chemical robustness, and long operating
lifespan!. As a result, uLEDs combine the benefits of LCDs and OLED displays

and abolish the drawbacks in these two display technologies mostly because of the
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material and device advantages. To complete the uLED story, it is inevitable to

know the basics of the materials for pLEDs — I1I-nitride.

III-nitride material system consists of the chemical formula GaxAlyIn,N
where 0 <x<1,0<y<1,0<z<1,and x +y + z = 1. Because majority of the
research attention focuses on InGaN based pLLEDs, although there are little
research on UV-A AlGaN pLEDs for display applications, this dissertation will
concentrate on InGaN uLEDs and most of the techniques described in this
dissertation should be applicable to AlGaN pLEDs3%:36, One of the most vital
advantages of the InGaN material system is the emission wavelength tunability
by varying the composition percentage of indium and gallium in the active region,
also known as the quantum wells, since the bandgaps of GaN and InN are 3.4 eV
and 0.7 eV, respectively, and the alloy of InGaN system can theoretically cover the
entire visible spectrum 3738, More details about emission wavelength and color
gamut will be discussed in section 1.3.3. Additionally, InGaN materials are grown
on sapphire (Al2Os) or silicon substrates using metalorganic chemical vapor
deposition (MOCVD). Depending on the reactor dimensions, the wafer diameter
can be scaled from 2-inch to 6-inch for sapphire substrates or up to 18-inch for
silicon substrates, and this scalability is ideal for mass production with low
material cost. Besides the scalable flexibility, the use of heterogeneous substrates,
such as sapphire or silicon, offers straightforward and damage-free methods to
remove fabricated devices from the heterogeneous substrates to other substrates

or display panels23.39-41, These damage-free substrate removal methods can be
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very beneficial to transfer uLEDs from their heterogeneous substrates to other
substrates, for example mechanically flexible or optically transparent substrates.
Moreover, the thickness of traditional LEDs grown on heterogenous substrates is
usually less than 5 um, which provides freedom for thin-film displays and the
InGaN device thickness is comparable with OLEDs after encapsulation42. Unlike
OLEDs, InGaN uLEDs are stable under ambient condition without any
degradation in device performances, and the devices do not require any
encapsulation for reliability purposes. As mentioned in section 1.2.1, one of the
key successes of LCDs is due to the high luminous efficiency of the InGaN LED
backlights. Because nLLEDs are InGaN LEDs smaller than 100xX100 um?2, the
advantageous performances of conventional InGaN LEDs are inherited by InGaN
uLEDs. The fact that pLLEDs provides simple display architecture on any
substrates like OLED displays while giving brighter luminous efficiency and
better reliability characteristics than LCDs is very appealing for next-generation

display applications.

Although pLLEDs have great potentials in display and other emerging applications,
there are some challenges needed to be addressed before the realization of
commercial products for mass production. In the following sections, three
essential issues of InGaN puLLEDs: size-dependent efficiency, color gamut (long-
wavelength emission), and mass-transfer techniques are discussed with some

potential solutions of each problem provided in later chapters.
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1.3.2 Size-dependent Efficiency

As indicated in previous sections, one of the main benefits of uLEDs is the
chemical robustness of III-nitride materials. However, chemical robustness also
serves as a drawback in terms of device fabrication. Because the IIl-nitride
material system is inert to almost all chemicals for wet etching to give significant
etch rate, chloride-based plasma dry etching is always employed to define the
light-emitting area of devices*3. The use of plasma etching creates plasma-induced
damage, such as surface states and dangling bonds, at the sidewalls and has
negative impacts to the optoelectrical characteristics, including increased ideality
factor, greater reverse breakdown voltage, and higher reverse leakage current4-
46, For conventional LEDs that are used for solid-state lighting, it has been shown
that plasma damage induces increase in leakage current and lower
photoluminescence (PL) and electroluminescence (EL) intensities4?-48, Therefore,
different approaches have been developed on recovering the electrical and optical
performances of LEDs*9-52, Conventional LEDs usually have large top emitting
area device design to reduce carrier concentration in the active region to avoid the
influences of efficiency droop3?. Due to this large emitting area and low sidewall
perimeter, or low perimeter-to-area ratio, device design, the performance of
conventional LEDs is limited by other dominating factors, such as light extraction
efficiency and device design, other than sidewall damage, and tremendous efforts

have been dedicated to develop LEDs with greater efficiency?.53:54,
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The detailed investigation on the size effect of uLEDs was first published
in 2012, where the report demonstrated pLEDs can achieve higher current density
at the same applied voltage, compared to larger device dimensions, although the
peak EQE value decreases and the corresponding peak current density increases
as the pLED size shrinks55. The reduction of the peak EQE was attributed to the
increase in Shockley-Read-Hall (SRH) non-radiative recombination, also known
as the A coefficient in the ABC model, which has a significant impact at low
current density and is a contribution from surface states, dangling bonds, surface
recombination, and sidewall damage®6-57, The ABC model that describes the

internal quantum efficiency is the following

Equation 1. ABC model for internal quantum efficiency

B-n?
1I0FE =
0 An+B-n*+C-n’

where n 1s the carrier concentration, A is the SRH non-radiative recombination, B
represents the bimolecular radiative recombination, and C is associated with
Auger non-radiative recombination. It has been shown experimentally and
computationally that the B and C coefficients are almost independent with device
dimensions and can be assumed as constant®6.58, Since EQE is the product of
internal quantum efficiency and light extraction efficiency, and light extraction
efficiency is constant for identical device design, the ABC model provides useful

insights to improve the efficiency of uLEDs5S.
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Researchers have suggested that device fabrication is responsible for the
decrease in maximum EQE, increase in ideality factor, and light emission
inhomogeneity®9-61, Moreover, it has shown that the EQE was recovered by
thermal annealing, indicating that the drop in EQE can be recovered partially or,
possibly, mitigated completely by employing different post-etch fabrication
techniques. Other than the peak efficiency aspect, researchers have found out that
smaller pLEDs have less efficiency droop than the larger unLEDs, which is due to
better current and thermal spreading and the results have confirmed with
simulations?9.60.62.63, The influences of size-dependent efficiency are fatal for pLED
displays, because pLEDs are ideal for emerging display applications, like near-eye
displays, with pixel sizes less than 20 pm and these pixel sizes must scale down
below 10 um to be cost-competitive to LCD and OLED display panels3é. Therefore,
it is crucial to maintain the high energy efficiency in conventional LEDs while

shrinking down device dimensions less than 20 um.

1.3.3 Color Gamut

The need of wide color gamut is an essential requirement for any full-color
displays, because wide color gamut enables true color representation and gives
better display quality. There are multiple standards, such as Rec. 2020, that
define the metrics of full-color displays, including color gamut, contrast ratio,
refresh rate, and viewing angleb465, In this thesis, only the wavelength shift and
the bandwidth, or full-width at half maximum (FWHM), of light emission in long-

wavelength devices will be discussed, because these two elements are relevant
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from the material and device standpoints whereas other components, such as
refresh rate and contrast ratio, are more related to the system level. According to
Rec. 2020, the wavelength definitions of three primary colors are 467 nm for blue,
532 nm for green, and 630 nm for red. Although III-nitride based blue and green
LEDs have shown excellent bandwidth results that are less than 30 nm, the
blueshift in wavelength can be problematic in typical green and red c-plane InGaN
LEDs, as our eyes are more sensitive in the green and red wavelength ranges.
Moreover, due to the high indium percentage in the active region and material
challenges, red InGaN LEDs suffer from poor optical properties and low efficiency
66-68, As a result, this section will focus on the issues of InGaN green pLEDs and

other potential red emitters for display applications.

Typical commercial InGaN blue and green LEDs are grown on flat or
patterned sapphire substrates (PSS) on c-plane polar crystal orientation. Because
c-plane has the highest total electric field in the active region, the overlap between
electron and hole wavefunctions are poor, and thus the blueshift in wavelength is
more significant in polar crystal orientation than in crystal orientations with flat-
band active region®®-71, This phenomenon is commonly known as the quantum-
confined Stark effect (QCSE). The effects of QCSE on InGaN blue and green LEDs
are presented in Fig 1.4, where the emission spectra of the InGaN blue and green
and AlGaInP red pLEDs at 1 and 100 A/cm2 are shown, and the shifts in
wavelength are clearly observed for the InGaN devices particularly in the green

devices. Based upon Fig. 1.4, the blueshift worsens as the emission wavelength
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gets longer, where the shift is 5 nm for blue and 13 nm for green. For the AlGalnP
red pLED, where QCSE is absent, the wavelength exhibits a redshift in
wavelength of 2 nm from 1 to 100 A/em? due to the increase in junction
temperature at high current density. To mitigate or eliminate the influences of
QCSE, one option is to fabricate efficient long-wavelength LEDs on semi-polar or
non-polar GaN substrates improving optical benefits which have been
demonstrated”2-74, However, these GalN substrates are difficult to scale up in size
and costly for display applications. Hence, it is desirable to develop methods that

provide the optical advantages as semi-polar devices with high scalability.
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Figure 1.4. Emission spectra of InGaN blue and green and AlGalnP red pLEDs, where the spectra
at 1 A/cm? have the maximum intensity of 0.5 and the spectra at 100 A/cm2 have the maximum
intensity of 1.

On the other hand, the realization of red, green, and blue LEDs utilizing
the IIl-nitride material system has been a great aspiration since the early

development of InGaN LEDs%7. To date, the red c-plane InGaN LED with 3% peak
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EQE demonstrated by Hwang et al. holds the record of red InGaN LEDs®s.
Because the performance of red InGaN LEDs is constrained by the material
barriers, such as the strain between InGaN and GaN, several novel growth

approaches are proposed for better material growth of red InGaN LEDs75.

While the research of red InGaN LEDs are ongoing, there are a variety of
mature red emitters and many of them have employed in commercial applications.
Color conversion using quantum dots is one of the most popular approaches in the
literature®-76.77, In fact, this approach has been considered to convert from blue or
UV-A to green or red emissions36.78, Color conversion using quantum dots offer
several advantages for uLED displays. By employing quantum dots, monolithic
blue uLED arrays can be used to generate red, green, and blue colors without the
need of long-wavelength InGaN pLEDs. Moreover, due to monolithic uLEDs being
used, the mass transfer of pLEDs is unnecessary and solution-based inkjet
printing 1is utilized to transfer quantum dots779, In terms of color gamut,
quantum dots have demonstrated outstanding optical properties with FWHM
about 30 nm, which is comparable with OLEDs535. Additionally, unlike
conventional phosphor materials, quantum dots are in the dimensions less than 1
um that can be uniformly coated and result in homogenous light emission3é. Even
though quantum dots give convenient solutions to yield full-color uLED displays,
there are problems with this technique. Quantum dots that are employed in pLED
demonstrations composed of heavy metals, such as cadmium (Cd), and these

heavy metals are toxic and harmful to the environment3>76, Heavy-metal free
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quantum dots have been reported, but their optical performances are not as good
as the quantum dots with heavy metals, and more improvements are requireds-
82, Other than that, since most quantum dots are perovskite materials, thermal
stability and long-term degradation might bring in potential reliability issues to
commercial products?”. More importantly, the use of quantum dots will increase
the manufacturing cost of uLED displays. The cost consists of two parts: material
cost and integration cost. For material cost, quantum dots might allow lower or
comparable cost than using long wavelength LED wafers. Nevertheless, the
integration cost of quantum dots is questionable. Although inkjet printing can be
employed for deposition of quantum dots, the rate and accuracy of inkjet printing
are key parameters to yield low integration cost. As of now, all the inkjet printing
methods are on an academic lab scale, hence the optimizations on rate, accuracy,

and scalability for commercial applications are ongoingé.

Besides color conversion materials, AlGalInP based materials have been
used as the red emitters for many practical applications, including automotive and
signaling®. Red AlGaInP LEDs are one of the most studied optoelectronic
material systems since its discovery in early 1960s. After years of optimizations
in epitaxy and device structures, AlGalnP LEDs have the optimal optical
characteristics, such as narrow bandwidth and high EQE, for illumination
applications. Furthermore, red AlGalnP LEDs have the highest efficiency (>50%)
and the smallest bandwidth (15-18 nm) than self-emissive OLEDs, quantum dots,

and InGaN LEDs, which makes red AlGalnP LEDs very attractive for nLED
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display applications?53.68.82 Yet, AlGalnP materials have greater minority carrier
diffusion length and surface recombination velocity than III-nitride system, and
these have deleterious effects on the optoelectrical features of AlGalnP pLEDs6!.
Also, if AlGaInP and InGaN pLEDs are used, efficient mass-transfer techniques
are required to transfer AlGalnP red and InGaN green and blue pLEDs from
source wafers to display panels, which the transfer will introduce new challenges

from conventional manufacturing scheme.

1.3.4 Mass-transfer techniques

The mass transfer of pLEDs is a unique problem for display manufacturers,
since the specifications and principles for transferring pLEDs are disparate from
the well-developed LCD and OLED display assembly approaches. For pLED
displays, each red, green, and blue device represent a pixel, and ten or hundred
million pixels are needed for display applications. Despite of the numerous devices
for mass transfer, the ideal mass-transfer methods should have rapid transfer rate
with high yield and selectivity of dead or defective pixels. This is particularly
difficult for display builders, because current transfer techniques cannot satisfy
all mass-transfer requirements for pLED displays. There are ways that can
provide fast transfer rate but resulted in low yield and selectivity, or vice versa. It
1s beneficial to review the transfer methods for LCD and OLED displays to
understand the pros and cons of each approach. Then follow up with the different

potential mass-transfer techniques for uLLED displays.
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Pick-and-place method is the standard approach for transferring LEDs not
only in LCD manufacturing but also in solid-state lighting packaging. Since the
LED backlights occupy only one edge of the displays, the number of LEDs required
to transfer is manageable with robotic arm pick-and-place method, and the
transfer rate is about 15,000 chips per hour. In addition, the size range of the
transferred LEDs is significantly greater than the puLED dimensions, so individual
device handling is possible for large LEDs8485. The typical pick-and-place method
is not suitable for the transfer of pLED displays, because it would take months to
assembly enough uLEDs onto display panels and it cannot give direct positioning

due to the miniature size of uLEDs.

On the other hand, the OLED transfer approaches are fundamentally
different from LCDs because of their solution-processable nature. There are two
common techniques to deposit OLED materials onto display panels: thermal
evaporation and inkjet printing, which the former method has been applied in
industry setting since the preliminary stage of OLED displays and the latter being
a relatively new method from 201717. Thermal evaporation of OLED materials is
very similar to regular thermal evaporation for metal deposition in cleanroom,
where the OLED material is deposited to desired area under vacuum and a
shadow mask is used to covered other areas. This method offers high deposition
precision with the use of shadow mask, yet wastes many OLED materials during
deposition, which attributes to the high cost of OLED displays. Roll-to-roll

manufacturing is one of the most important advantages to yield cost-effective
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OLED displays, because the high throughput rate of roll-to-roll manufacturing
can produce high quantity of OLED displays continuously without losing
noticeable amount of OLED materials in the process. However, roll-to-roll
manufacturing has not been realized until the development of inkjet printing
technique. With the first demonstration of inkjet printing for OLED displays,

other potential applications with the same transfer technique could be revealedss.

One of the well-known illustrations of pLED mass transfer was developed
using plastic elastic stamps by Rogers et al., and the mechanism of this approach
has been studied extensively and different heterogenous integrations have been
reporteds7-90, Also, this method is material independent and has been employed
to transfer different inorganic semiconductors onto flexible and transparent
substrates23.91-93 Although the stamping method has shown great uLED transfer
ability, the drawback is that the yield and selectivity relies on the number of
repeatability with the plastic stamp, which could cause reliability issues for pLED
displays23. Apart from the stamping approach, other pLED mass-transfer
techniques remain in the research and development stage, hence more research
attention on this perspective is ideal. Additionally, besides advancing the pLED
transfer technology for display applications, there are other emerging usages,
including biomedical and optogenetic, for heterogeneous integration of inorganic
semiconductors on flexible and transparent substrates?2:25.949, A mass transfer

fluidic assembly method using acoustic focusing and magnetic field will be
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introduced, where the transfer employs acoustic focusing to control the device

alignment and magnetic field to modulate the device orientation of nLLEDs.

1.4 An Outline of the Dissertation

Chapter 2 discusses the optoelectrical characteristics of blue InGaN uLEDs
using dielectric sidewall passivation by atomic layer deposition (ALD). Chapter 2
emphasizes the significant improvements of ALD sidewall passivation by
comparing the device performances with plasma-enhanced chemical vapor
deposition (PECVD), a common dielectric deposition method in industry. Chapter

2 also serves as the foundation for later chapters.

Chapter 3 covers the use of ALD sidewall passivation on commercial AlGalnP
uLEDs. Because the differences in material properties and minority carrier
diffusion length, the miniature dimensions of pLEDs have greater negative effects
on AlGaInP materials than the III-nitride system. Chapter 3 also touches on the
influences of a plasma-based surface pretreatment before ALD on AlGalnP and
InGaN pLED performances. Finally, chapter 3 provides insights about size-

independent EQE performance in AlGalnP devices.

Chapter 4 reveals the first demonstration of size-independent EQE
performance of etched InGaN mesa dimensions range from 10x10 to 100X100 pm?2.
The size-independent EQE feature is achieved by employing the combination of
potassium hydroxide (KOH) chemical treatment and ALD sidewall passivation.

Chapter 4 reports the details about chemical treatments under various conditions.
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Chapter 5 explores a novel approach to assemble InGaN uLEDs in solution
using non-damaging external forces, namely acoustic focusing and magnetic field.
Chapter 5 discusses the liftoff methods for InGaN pLEDs from sapphire
substrates and the design of the printing devices. This chapter shows the
demonstrations of ordered pLED alignment using acoustic focusing and
controllable device orientation by magnetic field, and preliminary EQE results of
uLEDs on transparent substrate. Chapter 5 hypothesizes a potential assembly

technique to realize full-color pLED displays using mass transfer approach.

Chapter 6, lastly, concludes the work and foresees future expectations on
uLLEDs for display and other emerging applications. For those who are passionate
to understand about the cleanroom fabrication or are interested in trying at their

own risk, the brief process follower is included at the end of the chapter.
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uLEDs with ALD

sidewall passivation

2.1 Motivation

In the beginning stage of pLED development, many reports focused on the
capabilities and the advantages of pLEDs for display, communication, and other
Interesting applications!-5. However, the performance details of device in different
sizes was poorly understood until recentlyb. It has been shown that the peak
efficiency drops significantly as the device dimensions shrink by several research
groups, and this phenomenon is observed in both InGaN and AlGalnP material
systems”™10, Despite uLEDs offer greater light extraction efficiency and better
thermal and electrical current spreading due to their small sizes, size-dependent
efficiency is problematic for pLLEDs!1. Even though uLEDs with outstanding EQE
have been demonstrated, it is critical to understand the reasons of efficiency drop
and find ways to recover it. The decrease in efficiency is caused by the
enhancement in non-radiative recombination coefficient in the ABC model.

According to the ABC model (equation 1), A and C are attributed to non-radiative
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recombination while B corresponds to the radiative recombination coefficient. B
and C are dominated mainly by bulk material properties, such as defects or
impurities at the active region, and do not vary much with device sizel213, On the
other hand, A represents the SRH non-radiative recombination coefficient and it
1s determined by dangling bonds, surface states, and fabrication damage.
Moreover, it has been shown that the A coefficient increases linearly with
perimeter-to-area ratio, suggesting that the reduction in peak EQE is a
consequence of increased sidewall damage or defects, leakage current, and surface
recombination8 1214, In this chapter, the optoelectrical effects from employing ALD

sidewall passivation on InGaN pLEDs are examined.

2.2 pLED Design

Before going into the specific of device performances, the details of uLED
device architecture should be addressed. The devices were designed by Hwang et
al. and the device sizes range from 100X100 to 10X10 um? with squared mesa
structures?®. This uLED design is used throughout this dissertation to investigate
the size effect and the improvements from different post-etch sidewall treatments,
and the device fabrication scheme is modified from Hwang’s process development.
Figures 2.1(a) and (b) show the scanning-electron microscope (SEM) images of the
six uLEDs and a micrograph of a 40X40 um?2 device with metal contact pads
dimensions, respectively. This mask design employs Al/Ni/Au as the common

metal contacts, and 110 nm of indium-tin oxide (ITO) is deposited using electron-
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beam evaporation as a transparent and ohmic p-contact. More details of the device

design can be found elsewhere?15,

10x10 pm? 2020 um? - :40x40.um?

250pum

Figure 2.1. (a) SEM images of six pLEDs described in this dissertation and (b) a micrograph of a
40x40 um?2 pLED with metal contact dimensions

2.3 Device Performances

Dielectric sidewall passivation of silicon dioxide (SiOg), silicon nitride
(SisN4), or aluminum oxide (Al2Os) is a common approach to suppress the
influences of surface recombination and leakage current, and this is typically
performed using PECVD1617 PECVD possesses several advantages, including

cheap precursors, fast deposition rate, and high scalability, that are advantageous
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to mass production of devices. However, as the device dimensions shrink, the
device performances become increasingly sensitive to dielectric material quality,
pre-deposition surface treatments, and the deposition method, compared to
devices with low perimeter-to-area ratio!8. ALD offers superior dielectric material
quality with less impurity incorporations and matching stoichiometric ratio than

PECVD dielectric materials, which could be beneficial to pLED performances?®.

Four InGaN samples with different sidewall passivation methods: without
sidewall passivation (reference), with PECVD Si0Oz sidewall passivation, and two
samples with ALD SiO2 sidewall passivation, were used to determine the pLED
optoelectrical characteristics using ALD and PECVD. In the three samples with
passivation, 50 nm of SiO2 was deposited, yet this thickness was not optimized
and passivation with thinner film was possible. Figure 2.2 illustrates schematics
of a device with the epitaxy information. From Fig. 2.2, it should be clear that the
whole device was covered by the SiO2 layer, including the sidewalls. The optical

properties of different sidewall passivation methods are now discussed.

ODR Si0, —

~—Gold
Nickel
Aluminum

ODR

p-GaN

AlGaN EBL

6x InGaN/GaN MQW.
30x InGaN/GaN SL
AlGaN EBL

30x InGaN/GaN SL
n-GaN
UID GaN

Al/Ni/Au

Patterned sapphire substrate

Figure 2.2. Schematics of a pLED with dielectric sidewall passivation
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2.3.1 Optical Performances

The pLEDs with ALD sidewall passivation gained better optical
characteristics, including uniform light emission and greater light output power
for smaller uLEDs, compared to devices without sidewall passivation and with
PECVD sidewall passivation20. Figures 2.3 (a) and (b) show electroluminescence
(EL) pictures of devices with different sidewall passivation methods at 1 A/cm?2

and the current-light output power characteristics of 20X20 um?2 devices.

(a) Reference ALD SiO, ALD SiO, PE‘S’D (b) 1.
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Figure 2.3. (a) EL images of pLEDs with different sidewall passivation methods at 1 A/lcm2and
(b) current-light output power performances of 20X20um?2 pLEDs

The reference samples exhibited two distinct behaviors from the EL images,
where light emission was crowded at the edges for devices larger than 40x40 pm?2
while homogeneous light emission was observed in smaller uLEDs. The light
inhomogeneity could be accounted for current crowding due to plasma-induced
etch damage, where the p-GaN at edges might be compensated or converted to n-

GaN because of the generation of nitrogen vacancies during mesa etch21-23,
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Typically, current crowding issues are attributed to the highly resistive p-GaN,
with current crowding around the p-contact. The surrounding area of p-contact (or
around the center in this case) would be brighter than normal with current
crowding. Since light emission was crowded at the edges, it indicated that there
are more leakage current or less high-resistance paths at the sidewalls, thus
resulting in the difference in current spreading between the center and the
sidewalls. Moreover, this light emission nonuniformity has been observed by other
researchers and the inhomogeneity behavior disappears at higher applied current
density®?. On the other hand, pLEDs that are 40x40 um2 or smaller yielded
uniform light emission, but the light emission intensity was dimmer than the
bigger devices. The uniform light emission in small uLEDs was attributed to
uniform current spreading due to the miniature dimensions, yet the light intensity

was reduced because of the increase in SRH non-radiative recombination®12.24,

In the case of PECVD sidewall passivation, the light intensity was less than
the reference and the ALD samples. The decrease in light intensity was attributed
to the drop in optical transparency of the ITO film. In the PECVD system, silane
(SiH4) was the silicon precursor, where hydrogen radicals were created during the
deposition. It has been reported the generated hydrogen radicals react with the
ITO surface to form metallic indium and tin oxides that are less transparent than
ITO itself?5. Figure 2.4 shows the transmittance data of ITO film on double-side
polished sapphire substrates between as-deposited and after dielectric depositions.

From Fig. 2.4, the ITO film after PECVD resulted in 48% decrease in
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transmittance, with only a 5% decrease with ALD, compared to the as-deposited
ITO film at 450 nm. Moreover, the ITO sheet resistivity was measured with a four-
point resistivity mapper, and the resistivities were 33.6 Q/sq, 45.2 Q/sq, and 19.0
Q/sq for the as-deposited, after ALD, and after PECVD samples, respectively.
Based upon the transmittance and sheet resistivity results, ITO after PECVD
became less transparent and more electrically conductive, confirming the results
that the reduction of ITO to metallic indium by hydrogen radicals in the
literature?5. Therefore, in Fig. 2.3(b), the light output power of the 20X20 pm?2
device with PECVD sidewall passivation was about 80% lower than that of the

reference device at 20 A/cm?2.
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Figure 2.4. Transmittance data of ITO films on double-side polished sapphire substrates

For devices with ALD sidewall passivation, the two samples revealed
similar behaviors including homogeneous light emission and comparable light

output power. The main difference between “ALD-ICP” and “ALD-HF” was the
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etch technique to remove ALD SiO: before metal deposition. Because ALD
operates at 300°C, photoresist was not an option and blanket deposition was
employed. To access electrical contacts, some area of SiO2 must be removed for
metal deposition, so two etch methods were used: inductively coupled plasma (ICP)
dry etch and buffered hydrofluoric acid (HF) wet etch. In fact, the two SiOg2
removal methods not only had negligible impacts from a light emission perspective
but also shared similar optical characteristics, as shown in Fig. 2.3(a). The ALD
samples yielded uniform light emission among all device sizes and the light
Intensity was maintained in smaller devices. Furthermore, the light output power
with ALD sidewall passivation was enhanced by 50% compared to the reference
sample at 20 A/cm2. The boost in light output power indicated ALD sidewall
passivation 1is effective to suppress SRH non-radiative recombination and to

recover some of the lost due to surface recombination and sidewall damage.

To determine the efficacy of ALD sidewall passivation, the EQE
performances must be considered. Figures 2.5 (a) and (b) present the EQE of
100x100 and 20x20 um? devices with different sidewall passivation methods,
respectively. For the 100X100 um?2 devices, the maximum EQE values for all
samples were close to each other, where the values ranged between 36% and 41%,
with deviation arising from small variations in growth and fabrication. This
suggested dielectric sidewall passivation does not have critical effects on EQE for
bigger pLEDs, because the influences of sidewall damage and passivation

technique were trivial for devices with low perimeter-to-area dimensions.
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Although the peak EQE values were equivalent, the EQE curves with different
sidewall passivation methods were distinguishable. The device with PECVD
passivation yielded greater EQE at high current density, whereas the EQE
decayed dramatically after reaching the maximum for the ALD-HF device. Since
the dissimilar behaviors occurred after the peak efficiency, Auger non-radiative
recombination should be the dominant contributor for the change in EQE curves,
and the cause could be either thermal or charge carrier aspects?6:27. As mentioned
before, the ITO resistivity decreased significantly after PECVD, hence the device
possibly resulted in less heat or better current spreading at high current density,
but the reasons for different EQE features remain unknown. As a result, further
investigations are necessary on the droop behavior and carrier dynamics with

different device dimensions and sidewall treatments.
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Figure 2.5. EQE characteristics of (a) 100x100 and (b) 20%20 um? devices with different sidewall
passivation methods

For the 20%X20 pm? devices, disparate EQE performances were observed. The peak

EQE decreased from 40% to 24% for the reference sample when shrinking the
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dimensions from 100X100 to 20X20 pm?2, which corresponded to 40% reduction in
EQE. Because of the lower ITO transparency in the PECVD sample, the light
emission was too dim to detect by the photodetector of the integrating sphere at
low current density regime. Therefore, the EQE curve of the PECVD sample
provided an abnormal trend compared to the other uLEDs. In contrast, the ALD
samples showed improvements that the peak EQE values are partially recovered,
where the peak EQE dropped from 41% to 34% with a change of 20%, regardless
of the SiO2 removal methods. The EQE enhancement was a consequence of
improved light output power due to the suppression in surface recombination and
sidewall damage, yet ALD sidewall passivation alone did not mitigate the size

effect, since the EQE performances retained some of its size dependence.

2.3.2 Electrical Characteristics

Besides the optical performances, the electrical features of pLLEDs are
addressed to reveal the benefits of ALD sidewall passivation. Figure 2.6 plots the
current density-voltage characteristics of 20x20 pum?2 pLEDs with different
sidewall passivation methods. From the current density-voltage measurements,
the distinctive behavior between SiO2 removal methods was identified, whereas
the optical performances were weakly correlated with the SiO2 removal methods.
Additionally, it realized the effectiveness of different sidewall passivation

approaches based upon forward- and reverse leakage current information.
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Figure 2.6. Current density-voltage characteristics from -4 to +4 V of 20x20 pm?2 devices with
different sidewall passivation techniques

For the reference device, it resulted in significant forward- and reverse leakage,
where the device started to breakdown gradually as the reverse bias increases
beyond -2 V. The ALD-HF sample sustained lower forward- and reverse leakage
compared to the reference device, and did not possess a breakdown feature up to
-4 V. On the other hand, both the PECVD and ALD-ICP samples yielded an order
of magnitude higher leakage current between 0 and -2 V, indicating more leakage
paths were introduced in the devices than the reference device. In the case of ALD-
ICP, SiO2 removal using dry etching resulted in further damage in the ITO layer,
and the ITO damage can be observed. Figure 2.7 shows a cross-sectional SEM
image of the ITO/Si0O2 interface prepared using focus-ion beam (FIB), where the
ITO layer under Al/Ni/Au metal contact was thinner than the region covered by
S103. The thinner ITO layer was caused by the over etch of the ICP etch during
Si02 removal and additional damage was created, hence the ALD-ICP device

performed not only with more leakage but also the most resistive device. This
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highly resistive performance was noticed even with PECVD-ICP device, which
provided consistency on the drawback of ICP dry etch SiO2 removal approach.
However, the PECVD-ICP devices showed dimmer and resistive optoelectrical
characteristics as mentioned previously in the PECVD-HF and ALD-ICP cases,

thus the PECVD-ICP data was not included in the dissertation.
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Figure 2.7. Cross-sectional SEM image of ITO layer after metal deposition. The left side of ITO
layer was exposed by ICP etch to remove SiO2 before metal deposition. The inset shows a
diagram of the SEM image

ALD sidewall passivation was the most effective technique to lessen
leakage current by comparing the leakage current density at -4 V among all six
sizes, shown in Fig. 2.8. It should be straightforward that uLEDs without sidewall
passivation yielded the highest leakage current among all device dimensions since
they suffered from the influences of surface recombination and sidewall damage.
For devices with PECVD sidewall passivation, this technique was sufficient to
suppress leakage current for device dimensions greater than 60x60 pm?2 and

leakage current increased significantly for smaller devices. The increase in
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leakage current with smaller sizes indicated the impact of PECVD sidewall
passivation on leakage is reduced. The leakage current density was close to that
of device without sidewall passivation at 10X10 and 20%X20 pm?2. Additionally, the
ALD-ICP devices resulted in a similar trend as with the PECVD devices, as the
damage in I'TO created more leakage paths in the ALD-ICP devices. Nevertheless,
the ALD-HF sample possessed the least amount of leakage current density among
all device dimensions. The ability of suppressing leakage current could be related
to the dielectric material quality or chemical reaction at the semiconductor
interface, where ALD provided superior materials and created different surface
chemistry for nucleation of dielectric materials!®19.28  Although ALD sidewall
passivation has illustrated excellent reduction in leakage current, leakage current
continues to increase with smaller devices, suggesting ALD sidewall passivation
alone do not resolve the size effect and more rigorous approaches are required for

future development.
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Figure 2.8. Leakage current density at -4 V for uLEDs with different sidewall passivation
methods
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Finally, the wall-plug efficiency (WPE) of uLEDs with different sidewall
passivation methods was analyzed. WPE is defined as the ratio of optical power
to electrical power, where it takes both current and voltage into the calculation.
For commercial portable products, WPE is more important than EQE, because
WPE gives a clearer idea about power consumption that is strongly related to
battery lifetime, whereas EQE merely considers how efficient the device converts
electrons to photons. In this study, the optical power was measured in the
integrated sphere to collect as much light emitted from the devices as possible and
the electrical power was determined from the current-voltage characteristics.
Figures 2.9 (a) and (b) present the WPE of 100xX100 and 2020 um? devices,
respectively. Similar to Fig. 2.5, the enhancements of ALD sidewall passivation
were more effective in smaller pnLEDs. In the 100x100 pm? devices, the maximum
WPE improved from 35% to 39% by employing ALD sidewall passivation and was
attributed to the better current-voltage characteristics. However, the resistive
feature in the ALD-ICP device caused significantly lower WPE than other devices.
For the 20x20 um? devices, the WPE and the EQE performances were alike, where

the ALD-HF device was the most efficient among all devices.
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Figure 2.9. WPE performances of (a) 100X100 and (b) 20X20 pm? uLEDs with different sidewall
passivation methods

2.4 Summary

In summary, the advantages of ALD sidewall passivation in pLEDs were
demonstrated in terms of optical and electrical aspects. In terms of the optical
properties, the light emission homogeneity and the light output power of 20x20
um?2 device were improved. Additionally, devices with ALD sidewall passivation
showed enhancements in current-voltage characteristics and suppression in
leakage current. Compared to PECVD, a conventional sidewall passivation
technique, the hydrogen radicals from PECVD reduced the optical transparency
of ITO and failed to lessen leakage current in small pLEDs. Therefore, ALD
sidewall passivation with proper SiO2 removal method gained greater EQE and
WPE performances than devices without sidewall passivation and with PECVD

sidewall passivation.

This was the first detailed study on recovering the pLED efficiency using

post-etch technique. Based upon this finding, it was confirmed that the efficiency
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lost in uLEDs is attributed from surface recombination and sidewall damage,
where some of the preliminary evidences were determined from the EQE curves,
but more precise studies are needed. Secondly, this work addressed the success of
ALD sidewall passivation and emphasized the enhancements in device
performances, especially for devices smaller than 60xX60 um2. Although ALD
sidewall passivation alone did not resolve the size effect, it provided insightful
direction and potential methods to mitigate the negative impacts of the size effect.
Further understanding and improvements on the ALD sidewall treatments will

be discussed in later chapters.
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Red uLEDs

3.1 Visual Perception on Red Emission

For full-color display applications, it i1s critical to consider human-
orientated factors, such as color science and visual perception, because the main
purpose of displays is to deliver numerous information while preserving all the
color and visual details as much as possible from different devices to our visual
system®2, Therefore, it i1s important to understand the basics of the visual

perception before addressing the need of long-wavelength devices.

Blue
Green
1.0 1 Red
~ 0.8
35
S
> 0.64
=
:‘2;
5 0.4+
)
0.2 -
0.0

400 450 500 550 600 650 700
Wavelength (nm)

Figure 3.1. Sensitivities of the three types of cone cells
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Cone cells in the retina of the eyes are responsible for the color vision under
photopic condition, where the stimulus luminance level is beyond several cd/m2,
and the normalized response curves of the three types of cone cells are shown in
Fig. 3.1. As shown in Fig. 3.1, the maximum sensitivities of the cone cells are about
445, 545, and 575 nm, roughly corresponding to blue, green, and yellow emissions,
respectively. Among all three colors, green has the greatest sensitivity and blue
yields the least response under photopic condition, and the overall sensitivity is
optimal at the green-red region2. Although green is the most sensitive color, it has
been shown that the influences due to QCSE to the optical performances of InGaN
green uLEDs can be lessened from the material and system levels3-5. Thus, red
could result in a bigger problem than the other two colors. Since the cone cells that
are responsible for red emission have the highest sensitivity in the yellow color, it
1s crucial to have a red emitter that can provide proper color accuracy. In the next
section, the differences in optical properties between AlGalnP and InGaN red
pLEDs will be discussed. Because the material and device developments in
AlGalnP red LEDs are much more mature than InGaN red LEDs, the electrical
characteristics and absolute efficiency feature will not be included due to the early
stage of InGaN red pLEDs67. There are other demonstrated methods to generate
red emission, such as the use of quantum dots or nanorod structure, yet they have
a variety of drawbacks and challenges that are beyond the scope of this

dissertations-17.
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3.2 Optical Comparisons Between Red pLEDs

As mentioned above, AlGalnP red LEDs with excellent optical and
electrical performances have been employed extensively for various commercial
applications, including traffic lights and automotive taillight8. On the other hand,
InGaN amber/red LEDs have been demonstrated for more than twenty years, but
the progress in InGaN LEDs towards red emission has been slow and more novel
developments in the active region have been performed in recent years!9-21, The
optical properties of the recent InGaN red LEDs have shown similar results with
the historical reports, and thus the optical properties between the two red uLEDs
are valid to compare?2.23, The peak wavelength and bandwidth are two of the most
1important parameters to consider for full-color display applications, because they

have dramatic influences on the display quality and the color gamut.
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Figure 3.2. (a) The emission spectra of 100X100 pm? devices at 20 and 100 A/cm?2 under room
temperature and (b) the dependence of peak wavelength on current density of 100x100 and
40%40 pm? devices at room temperature

The emission spectra of AlGalnP and InGaN 100x100 um?2 red pLLEDs at 20

and 100 A/cm2 under room temperature are shown in Fig. 3.2(a), to illustrate the
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differences in emission spectra between the two red emitters. For the InGaN
devices, the peak wavelength exhibited a blueshift in wavelength of about 31 nm
from 647 nm at 20 A/cm? to 616 nm at 100 A/ecm2. The large blueshift in peak
wavelength was a consequence of the QCSE caused by the piezoelectric field in
the active region, which is a typical issue for InGaN long-wavelength devices24-26,
Figure 3.2(b) reveals the significance of the blueshift in wavelength of InGaN
devices due to QCSE. Other than the main peak, there was an additional weak
emission at about 460 nm, attributed to the possible decomposition of the InGaN
at the active region’2.23, Whereas in the case of AlGalnP devices, since the
piezoelectric field and thus the QCSE are absent from the AlGalnP material
system, the emission spectra at 20 and 100 A/cm?2 were almost identical, with a
difference of 2 nm in the peak wavelength and bandwidth. The peak wavelength
of the AlGalnP devices was 631 nm at 20 A/em? and increased to 633 nm at 100
A/em?, where the slight shift in peak wavelength could be attributed to the
increase in junction temperature at high current density2’. Moreover, the peak
wavelength experienced a gradual increase in peak wavelength, as shown in Fig.
3.2(b), confirming that the redshift in peak wavelength is attributed to the

Increase in the junction temperature due to high current injection.
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20 and 100 A/cm? with stage temperature and (b) the dependence of peak wavelength of 100x100
um? InGaN devices on stage temperature at different current densities.

Because temperature can have distinguishable optical impacts to the
devices, as shown in Fig. 3.2(b), the redshift in wavelength with temperature
should be considered for displays, where small changes in wavelength can be
easily observed. Figure 3.3(a) shows the temperature-dependent wavelength
characteristics of 40X40 um? devices, where the temperature was defined and
controlled by a heated stage. Both InGaN and AlGalnP devices yielded redshift in
wavelength, yet the degree of redshift was distinctive in the two devices. The
redshift in wavelength is caused by bandgap shrinkage at elevated
temperature?23.26, The AlGalnP device resulted in higher redshift rates of 0.069
and 0.097 nm/°C at 20 and 100 A/cm2, respectively, while the InGaN pLED
exhibited the redshift coefficients of 0.052 and 0.060 nm/°C, and the lower redshift
coefficients in InGaN devices were due to the compensation of blueshift from the
QCSE. To determine the effectiveness of the blueshift compensation of the redshift
behavior, the relationship between the peak wavelength and stage temperature

at different current densities is shown in Fig. 3.3(b). The redshift rates were 0.110,

55



0.110, 0.067, 0.058, and 0.044 nm/°C at 20, 40, 60, 80, and 100 A/cm?2, respectively.
The data shows that the redshift in wavelength was the greatest at low current
densities and the redshift reduced gradually as the current density increases. The
blueshift compensation due to the QCSE enhanced with smaller InGaN device
dimensions. The results suggested that AlGalnP devices should operate at low
current density, as the junction temperature would not increase significantly with
lower redshift rate. In contrast, InGaN devices offers the advantage of
compensation in wavelength shift because of QCSE, where the redshift rate
diminished as the device operating at higher current density range. Besides the
peak wavelength emission, the light output power of devices is also influenced by

temperature.
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Figure 3.4. The dependence of normalized light output power of 40X40 um2 AlGalnP and InGaN
devices at 20 and 100 A/cm? on stage temperature

Similar to other inorganic semiconductor devices, thermal degradation

could be a major problem, especially from the reliability aspect for commercial

56



products. The performances of AlGalnP and InGaN devices behaved disparately
under elevated temperature conditions2?. The light output power of AlGalnP and
InGaN devices with various temperatures is shown in Fig. 3.4. For the InGaN
devices, they yielded great thermal stability with about 10% reduction in light
output power between room temperature and 80°C, and the decrease was
attributed to the thermal droop in efficiency27.28. In the case of AlGalnP uLEDs,
they suffered more from the thermal degradation for two main factors, namely the
direct-indirect (I'-X) bandgap transition and smaller band offset, where both are
related to the intrinsic AlGalnP material properties. The direct-indirect bandgap
transition is caused by the change in carrier population from direct bandgap to
indirect bandgap as temperature increases!829, The transition leads to a reduction
in radiative recombination and enhancement in non-radiative recombination. The
smaller band offset in AlIGaInP LEDs, compared to typical InGaN devices, yields
greater carrier leakage and overflow. The combination of these two factors
resulted in 30% lost in light output power at 80°C. Although the AlGalnP devices
show significant drop in light output power, compared to the InGaN devices,
AlGalnP red LEDs have demonstrated the highest efficiency more than 50%, yet
the best efficiency of InGaN red LEDs 1s 3%21.30, Therefore, AlGalInP LEDs remain
the ideal candidate for the red emitter of uLED displays. Moreover, AlGalnP LEDs
have lower emission bandwidth than that of the InGaN red devices, which is

another critical benefit for AlGalnP LEDs, as shown in Fig. 3.5.
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Figure 3.5. The dependence of bandwidth, or FWHM, on current density of (a) 100x100 and (b)
40%40 pm? devices at room temperature and at 80°C

The AlGalnP devices yielded narrower bandwidth than that of the InGaN
devices. Additionally, the bandwidth in both devices increases with temperature.
The broadening in the bandwidth was attributed to the bandgap normalization or
generation of non-radiative recombination sites due to an increase in junction
temperaturel921.26, For conventional red emitters, including OLED, LCDs, and
self-emissive quantum dot LEDs, the emission bandwidth is about 30 nm?931,
Nevertheless, the bandwidth of AlGaInP uLLEDs is lower than all commercially
available red emitters, indicating the exceptional optical characteristics of
AlGaInP pLEDs. The need for narrow bandwidth can be explained by using Fig.
3.6, where it shows the cone cells that are responsible for red emission and the
emission spectra of InGaN and AlGalnP red nLEDs. Based upon the response
curve of red cone cells, the maximum sensitivity is about 560 nm, corresponding
to yellow emission. Because InGaN uLEDs have wide bandwidth, as shown in Fig.
3.5, the excitation not only covers the red emission but also includes the orange

and yellow regions, and hence the perceived hue appears more towards yellow or
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orange color. By the same token, AlGalnP pLEDs yield narrow bandwidth and
merely excite small part of the cone cells, and thus the narrow bandwidth provides

better color accuracy.
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Figure 3.6. The response curve of red cone cells and emission spectra of InGaN and AlGalnP red
uLEDs

3.3 AlGalnP pLEDs with ALD Sidewall Passivation

From the previous section, AlGalnP pLEDs could be applicable as the red
emitter for pLED displays due to their excellent optical characteristics and the
immature technology in InGaN red devices. However, the AlGalnP material
system has a higher surface recombination velocity and minority diffusion length,
resulting in severe drop in efficiency, which is detrimental for pLED displays32-34,
As demonstrated before, ALD sidewall passivation is effective to suppress leakage
current due to surface recombination and to enhance the light output power and
efficiency. In this section, the improved performances of AlGalnP pLEDs using

ALD sidewall passivation will be discussed. The enhancements in AlGalnP uLEDs
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using sidewall treatments indicate that the size-dependent efficiency
characteristic can be recovered, or even mitigated, by employing proper sidewall

treatments.

The device design of the AlGalnP pLEDs are identical as the InGaN devices,
where ITO is used as the ohmic and transparent p-contact. Although current
spreading in the p-type layer is not a problem for the AlGaIlnP material system,
the use of ITO is a common approach and the fabrication procedure is limited by
the current lithography design. Nevertheless, the device design described here is
sufficient to address the size effect of uLEDs, and further device optimizations can
be performed later. Ge/Au/Ni/Au metal stacks, typically used as the n-contact, are
used for both n- and p- metal pads. The circular transmission line measurement
(CTLM) characteristics of ITO and Ge/Au/Ni/Au metal contact indicate ohmic
contact behavior, as shown in Fig. 3.7(a), and a cross-sectional schematic of the

AlGalnP pLEDs presents in Fig. 3.7(b).

(a) 010 = / (b) Ge/Au/Ni/Au
2000000 ALO ITO ODR
0.05 1 / ‘ p*_GaP
- -GaP
< pa
3= p-AlinP
S 0.00
2 =50 ym
p}
& =il n-AllnP
—30 pm
~0.055 ——20pum| | GelAu/Ni/Au n-AlGalnP
——10um n-GaAs
5 pm
-0.10 4 - - :
-0.30 -0.15 0.00 0.15 0.30 GaAs substrate
Voltage (V)

Figure 3.7. (a) The CTLM characteristics of ITO and Ge/Au/Ni/Au metal contact and (b) a cross-
sectional schematic of the AlGalnP nLEDs with ALD Al20s3 sidewall passivation
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To determine the effectiveness of ALD sidewall passivation, three sets of
devices were fabricated using different fabrication processes, namely reference for
devices without sidewall passivation, ALD refers to devices with ALD Al2O3
sidewall passivation, and ALD+N indicates devices with trimethyl aluminum

(TMA)/nitrogen plasma followed by ALD Al2Os3 sidewall passivation.
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Figure 3.8. Current-voltage characteristics of 100X100 and 20X20 pm?2 AlGalnP pLEDs. The
insets are the identical graphs in semi-log plots for better visualization

Since surface recombination is the main drawback of the AlGalnP uLLEDs,
the electrical performances of AlGalnP devices with different sidewall passivation
are first compared. By employing ALD sidewall passivation, the devices yielded
better forward current-voltage characteristics, as shown in Fig. 3.835. In the case
of the larger devices, the devices resulted in better turn-on performances than the
device without sidewall passivation, and this could be attributed to the greater
parasitic resistance at the device surface, in the form of surface defects, for devices

without

sidewall passivation. The devices with TMA/nitrogen plasma

pretreatment offered sharper turn-on feature, or less resistive behavior, from the
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forward current-voltage characteristics for both 100X100 and 20xX20 pm? devices.
There 1s a possible reason to account for the improved forward current-voltage
characteristic with the pretreatment. The pretreatment could be a more effective
method to eliminate dangling bonds and surface defects, by forming very thin
layer of aluminum nitride at the surface, thus the surface parasitic resistance and
traps are further reduced36-38, For the small devices, the device without sidewall
passivation suffered greatly in leakage current for both forward- and reverse- bias,
confirming the poor AlGalnP device performances as the device dimensions shrink
due to surface recombination39. Nevertheless, leakage current was suppressed
effectively by using ALD sidewall passivation, regardless of the use of
TMA/nitrogen plasma pretreatment, and the forward current-voltage

characteristic was enhanced further with the pretreatment.

To investigate the influences of size effect on the electrical performances,
the dependences of leakage current and the ideality factor on device sizes are
presented in Fig. 3.9(a) and (b), respectively. Similar to InGaN devices, leakage
current increased as device dimensions shrink, yet the increase in leakage current
was more rigorous than that of InGaN devices. The difference in surface
recombination velocity and minority diffusion length can be accounted for the
disparate leakage current characteristics in AlGaInP and InGaN devices, since
AlGalnP materials have greater surface recombination velocity and minority
diffusion length, the AlGaInP devices suffered more severe impacts from sidewall

damage and surface recombination. The abrupt increase in leakage current
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between the 60xX60 and the 40x40 um? devices could be due to the difference in
perimeter-to-area ratio, where the 60X60 um?2 devices have the ratio of 0.067 and
the 4040 pm?2 devices have the ratio of 0.1, and the increase in perimeter-to-area
ratio could introduce more impacts due to the sidewall damage and surface
recombination. Besides leakage current, the ideality factor also provides
insightful information in terms of the effectiveness of ALD sidewall passivation.
The ideality factor gives a sense between ideal diode and the actual device, as
shown in Fig. 3.9(b), where the ideality factor is calculated from the forward
current-voltage characteristics. Greater ideality factor could be attributed to
leakage current generated from defects or epitaxy structure design issue, and
qualitative comparisons can be made by devices fabricated from the same LED
wafer40.41l, For devices without sidewall passivation, the ideality factor increased
moderately from 2 to 3.3 as the device dimensions shrink, indicating the electrical
characteristics were influenced by the sidewall damage and surface
recombination3®4243, In contrast, the devices with ALD sidewall passivation
yielded lower and nearly constant ideality factor among all device sizes,

illustrating the improvements with ALD sidewall passivation.
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Moreover, the benefits of using ALD sidewall passivation not only in the electrical
aspect but also in the optical perspective. Figure 3.9(c) shows the light output
power features of the 100x100 and 20xX20 um?2 devices with different sidewall
passivation techniques. The larger devices provided very similar light output
power, regardless of the sidewall passivation methods, which was attributed to
the trivial perimeter-to-area ratio. While the smaller devices resulted in an
enhancement in light output power across all current density range for devices
with ALD sidewall passivation, and the improvement was more than 150% at 100

A/em2. The improvement in light output power was a consequence of the increase
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in light extraction efficiency and the reduction in surface defects and dangling

bonds35-44,
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Figure 3.10. (a) The dependence of EQE on current density and (b) the size-dependent
normalized EQE at 20 A/cm? with different sidewall passivation techniques

Because ALD sidewall passivation has demonstrated to be effective to boost
the optoelectrical performances of AlGalnP pLEDs, it is also important to show
the effectiveness in EQE, as shown in Fig. 3.10. As in the case of InGaN devices,
larger AlGalnP pLLEDs did not experience huge effect on the EQE characteristic
and they showed similar EQE curves within 10% deviation possibly caused by
fabrication and/or growth variations. However, the advantage of ALD sidewall
passivation can be distinguished from the EQE of the smaller devices, as shown
in Fig. 3.10. The drop in EQE was 80% from decreasing the device size from
100x100 to 20x20 pm? for devices without sidewall passivation, while the devices
with ALD sidewall passivation exhibited partial recovery in EQE to about 50%.
By comparing all sizes from 100x100 to 20x20 pum?2, the reduction in EQE was

significant for devices without sidewall passivation, especially for devices below
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60x60 um?2. The severe drop in EQE was expected based upon the high surface
recombination velocity and minority carrier diffusion length, leading to the high
non-radiative recombination and thus detrimental EQE drop as size decreases.
The use of ALD sidewall passivation suppressed the effects of surface defects and
lessened the decrease in EQE. Hence, the overall drop in EQE was about 50%,
which was not as critical as in the devices without sidewall passivation, as shown
in Fig. 3.10(b). With further optimizations on the sidewall treatment techniques,
the EQE performance can be greatly enhanced and size-independent EQE
characteristic can be achieved in AlGalnP pLLEDs, as presented in Fig. 3.11. The
results shown in Fig. 3.11(a) achieved size-independent EQE performance at 100
A/cm? while the EQE at low current density range was still less than that of the
larger devices. There are two possible reasons for this observation. First, the
normalized EQE was calculated based on light collected by placing a photodetector
vertically on top of the device, where sidewall emission was unable to collect.
Secondly, the sidewall treatment was not optimized, which was very likely,
considering the sidewall treatment for AlGalnP pnLEDs was realized very recently
In a very limited amount of time. Therefore, true size-independent EQE
characteristic in AlGalnP pLEDs can be achieved with additional optimizations

in the sidewall treatment method.
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Figure 3.11. (a) The dependence of EQE on current density and (b) the size-dependent
normalized EQE at 20 A/cm?2 with nearly optimized sidewall treatment techniques

3.4 Summary

In conclusion, due to the mature developments in AlGalnP material and
device aspects, AlGalnP red uLEDs have outstanding optical properties than the
state-of-the-art InGaN red devices and other commercially available red emitters,
such as OLEDs and quantum dots. However, due to the high surface
recombination velocity and minority diffusion length in AlGaInP material system,
AlGalnP devices suffered from detrimental decrease in EQE as device dimensions
shrink, where the EQE drop was more even severe compared to the case of InGaN
devices. Because ALD sidewall passivation has been demonstrated to enhance the
optoelectrical performances of InGaN pLLEDs, the improvements of ALD sidewall
passivation on AlGalnP devices were determined. Both the electrical and optical
performances, in terms of current-voltage and light output power characteristics,
were improved remarkably, suggesting ALD sidewall passivation is beneficial to
the AlIGalnP device performances. Furthermore, the drop in EQE was lessened by

employing ALD sidewall passivation. The results indicated that size-independent
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EQE performance can be realized in AlGalnP pLEDs by using proper sidewall

treatments, and preliminary data is shown as evidence to support this hypothesis.
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uLEDs with chemical

and sidewall treatments

4.1 pLEDs with Improved Performances

In previous chapters, the optoelectrical benefits of ALD sidewall
passivation on AlGalnP and InGaN pLLEDs have been addressed thoroughly, and
it should be clear that uLEDs require more sophisticated sidewall passivation
techniques than conventional LEDs to suppress the size effect!.2. Yet, the findings
suggest that ALD sidewall passivation enhances uLED characteristics by
suppressing sidewall damage and surface recombination, and hence sidewall
damage remains in the devices and the size effect is lessened, not eliminated.
There are multiple alternative methods to attenuate the influences of sidewall
damage, including low-power etch and selective-area growth, and these
approaches have demonstrated decent results3-5. However, these approaches take
advantage of specific parameters, either in etching power or in growth, to achieve
the desired performances. Therefore, the repeatability and accessibility for mass

production are constrained to certain etching tools or growth conditions. In this
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chapter, a method that consists of chemical and ALD sidewall treatments is
introduced. More importantly, the size-independent characteristics are observed
on uLEDs with chemical and sidewall treatments from 100x100 to 10X10 pm?2,
which is the first demonstration of uLEDs with size-independent peak EQE
feature. The 1dea of this technique is to provide a simple and universal method to
mitigate the size effect, while maintaining high degree of tunability and flexibility
for fabrication process design and other perspectives, and thus gives reliable
device results regardless of the individual etching variables. The technique of
chemical and sidewall treatments should be material-versatile, meaning the
principle of this technique works not only in visible InGaN pLEDs but also in red
AlGalnP and deep-UV AlGaN uLEDs. This chapter will emphasize the effects and

disclose the details of chemical and sidewall treatments on InGaN pLEDs.

4.2 LEDs with Chemical Treatments

In the search of damage removal methods in LEDs, the uses of wet chemical
treatments, including KOH, phosphoric acid (HsPO4), and ammonium sulfide
((NH4)2S), have been reported in the literature. Furthermore, the mechanisms of
various wet chemical treatment techniques have been studied extensively, and the
investigations of the effects using chemical treatments on LED performances have
also been reported®-10, There are two types of chemical treatments for passivation.
One terminates surface recombination by forming stronger bonds with Ga atoms
(leading to larger bandgap) at the surfaces, and (NH4)2S and other sulfur-based

containing chemicals are passivating the III-V and III-nitride semiconductor
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surface in this route. On the other hand, the other class of chemical treatment
relies on the oxidation of GaN into its oxide form (Ga203) and the resulting oxide
is dissolved in the solution. Most acidic and basic chemicals follow the oxidation
mechanism, and photoelectrochemical (PEC) etching is one of the examples that
utilizes the oxidation mechanism of GaN. Unlike the sulfur-based chemical
treatment where it is a self-limiting reaction at the surface, the oxidation path
may sound like to continue forever without stopping. Although this is the general
concept of PEC etching for GaN liftoff, there are multiple factors that can be used
to control the selectivity of oxidation, such as crystallographic planes®. In this
chapter, KOH is the main chemical used to show the enhancements of chemical
treatment. The effects of HsPO4 and (NH4)2S are determined preliminarily, but
their overall impacts on device are not explored, because the current pLED
fabrication process is unable to adopt these two chemicals. More information
about monitoring the KOH chemical treatment and the choice of chemicals will be

addressed later.

After understanding the general mechanisms of chemical treatments, it is
critical to identify the improvements using chemical treatments in conventional
LEDs. For devices with chemical treatments, the forward- and reverse leakage
current decrease significantly compared to devices without chemical
treatments?1l, The reduction in leakage current is attributed to the removal of
sidewall damage because of plasma bombardment!2-14, Additionally, due to the

etching nature of KOH, m-plane facet formation at the sidewalls is observed after
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chemical treatment, where the overall sidewall profile can be vertically smooth or
with facet depending on the treatment conditions®. The m-plane facet at the
sidewalls could potentially be used to increase the light extraction efficiency of the
device, although experimental data on the improvement with sidewall faceting

has not been studied extensively.

4.3 Devices with Chemical and Sidewall Treatments

This section will first examine the capability of wet chemicals to integrate
into the current uLED design and the issues with different chemicals, namely
KOH and H3POy, in the current process design. This part of the discussion is
intended to help developing future pLED designs by revealing all the potential
and known problems. After that, the effects of the combination of chemical and
sidewall treatments will be presented. Because strong acidic and basic solutions
are used for chemical treatment, it is ideal to perform the treatment after dry
etching and before any dielectric or metal depositions to avoid degradation under
extreme pH environment. As a result, the chemical treatment presented here was

carried out after ITO and GaN etch and before IBD in the uLED process flow.

4.3.1 Influences of Different Chemicals

Even though GaN is chemically robust to almost all chemicals, ITO has
already deposited on the p-GaN surface before the chemical treatment step, thus
1t is crucial to account for the chemical stability of ITO with different chemicals.

The main reason that HsPO4 and (NH4)2S did not incorporate into device analysis
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1s that both chemicals react with ITO, and the current fabrication process is not
suitable for the use of HsPO4 and (NH4)2S. H3sPO4 etched ITO rapidly and the
lateral etch rate was significant, even if a SiO2 protecting layer was used to cover
the ITO layer. For example, 300 nm of sputter SiO2 was deposited on top of 110
nm of ITO prior treating with HsPO4, and the ITO layer was removed after 10
minutes of treatment time. While (NH4)2S did not etch ITO, it altered the optical
appearance of I'TO from blueish to yellowish color after the treatment depending
on the treatment conditions. Hence, KOH or other basic derivatives was the only
option with the current process. In fact, KOH roughened the ITO layer and could
eventually remove the ITO layer. The reaction between ITO and KOH was slow
and almost negligible at room temperature and the rate increased with
temperature. Increase in series resistance and I'TO surface roughness were the
main drawbacks for over-exposing ITO to KOH, as shown in Fig. 4.1. The squared
features were the device structures after mesa etch, where the ITO was located.
As seen in Fig. 4.1, the ITO was darker, indicating a rougher surface after KOH

treatment.
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Figure 4.1. Optical micrographs before (left) and after (right) KOH treatment performed at 80°C
for 40 minutes. This KOH condition was first used as a testing condition. The ITO should look
identical before and after KOH treatment at room temperature for 40 minutes.

Despite of the disadvantages in process integration with ITO, there are
several benefits by employing chemical treatment. First, facet sidewall profile can
be realized by using KOH chemical treatment. The sidewall profile can be
modified remarkably by using different chemical treatment parameters, including
the choice of chemical, concentration, time, and temperature. Figure 4.2 shows the

sidewall profiles of InGaN uLEDs with four chemical treatment conditions.
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Figure 4.2. SEM images of sidewall profiles with different chemical treatment conditions: no
chemical treatment (a), with H3PO4 for 10 minutes at room temperature (b), and KOH for 60 (c)
and 40 (d) minutes at room temperature.

From Fig. 4.2, the impacts of each chemical treatment to sidewall profile should
be obvious. Figure 4.2(a) presents the sidewall profile after SiCls reactive ion etch
(RIE) and without chemical treatment!5. The resulting sidewall surface was rough
with a sloped angle about 60-70° due to the physical bombardment of the etch, and
all sidewall surfaces were the same before chemical treatments. Figure 4.2(b)
illustrates the sidewall profile with HsPO4 treatment. The sidewall profile with
HsPO4 treatment resulted in smoother surface while maintaining the identical
tilted sidewall profile as in the case without chemical treatment. This means
HsPO4 treatment preserved the geometric shape of the device and could be
advantageous for devices with curved sidewall or other sidewall designs for light
directionality purposel6. On the other hand, KOH treatment yielded sidewalls in

various facet dimensions, ranging from micron- to nanoscale, by modulating the
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treatment time. The facet formation has been observed and identified as m-plane
facet, and more rigorous m-plane facet formation with larger facet feature can be
achieved by increasing the treatment time or using other conditions®17. The m-
plane facet sidewall can be utilized to enhance the overall light extraction
efficiency if desired, since light emitted from the active region is easier to escape
from the device with the randomly textured sidewalls. Figure 4.3 shows the light
output power-current density characteristics of devices with and without KOH

chemical treatment.
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Figure 4.3. On-wafer light output power-current density performance of nLEDs with and without
KOH treatment. The 100x100 um? device reached the photodetector limit at about 60 A/cm?2.
Reference indicates devices without chemical treatment.

As shown in Fig. 4.3, the enhancement in light output power was
substantial in the 100x100 and 20%x20 pm? devices. The better performance could
be attributed to the improvement in light extraction efficiency caused by the m-
plane facet sidewall or better IQE due to the removal of sidewall damage. The
creation of the m-plane facet sidewall can be explained by the oxidation

mechanism of GaN in KOH solution. For KOH chemical treatment, the etch rate
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in nonpolar planes is an order of magnitude slower than that in polar c-plane,
hence m-plane facet is thermodynamically favorable under KOH chemical
treatment. Additionally, the oxidation mechanism is assisted by hole carrier
generation and associated with thermodynamic redox potential, which the
nonradiative recombination sites caused by sidewall damage are expected to have
higher energy than equilibrium and with excess carriers®9. Therefore, KOH
chemical treatment is believed to remove nonradiative recombination sites
created by dry etching while providing the unique m-plane facet sidewall
characteristic. Another note, some reports indicated that the use of chemical
treatment would enlarge pits formation on the GaN surface because of etching in
the semi-polar planes!’. This phenomenon is possible depending on the crystal
quality and the treatment temperature, where the etch rate is more extreme with
high dislocation material at elevated temperatures. Although the enlargement in
pits was not observed at room temperature, surface smoothening after Cls etching
was noticed. Grassing is a common problem after RIE using Clz as the etchant gas,
mstead of using SiCls, and it will result in highly roughened n-GaN surface. The
use of KOH at 80°C would eliminate the grassing issue. This subsection addresses
the treatment mechanism and the reason for choosing KOH, and the device

performances with chemical treatment will be presented in the next subsection.

4.3.2 pLEDs with chemical treatment

The comprehensive investigations on the major effects of chemical

treatment on GaN have been discussed, and this subsection will demonstrate the
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device performances when incorporating chemical treatment. Figure 4.4 shows

the EL images at 1 A/ecm? of uLEDs with different chemical treatments.

No
treatment H,PO, KOH

20 ym

80 ym

Figure 4.4. EL images of uLEDs with different chemical treatments at 1 A/cm?

The devices without chemical treatment yielded similar EL behavior as the
reference devices reported in chapter 2, where light emission was brighter at the
edges for larger devices and homogenously dimmer emission for smaller devices.
For the devices with HsPO4 treatment, current crowding issue was observed for
devices greater than 40X40 pm2. Since the area surrounding the metal contacts
was brighter in larger devices, it suggested that current was not uniformly spread
across the whole device and the current crowding was due to the resistive contact
layer. This was attributed to the ITO etch with HsPO4, where the current
spreading ability was dramatically reduced after the etch. This light emission
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observation also verified current crowding is a problem for larger devices and
current spreading is more uniform in smaller devices!8. In contrast, the EL
profiles with KOH treatment resulted in homogeneous light emission. This

revealed KOH chemical treatment recovers sidewall damage from dry etching.

For the electrical characteristics, devices with chemical treatments showed
lower forward leakage current than devices without chemical treatments, as

1llustrated in Fig. 4.5.
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Figure 4.5. Forward current density-voltage characteristics of 100x100 pm?2 (left) and 20x20 pm?
(right) devices with different chemical treatments.

For the 100x100 and 20%x20 um? devices, the devices without chemical treatment
gained high forward leakage current compared to the devices with KOH or H3PO4
chemical treatments. This demonstrated chemical treatments are effective to
mitigate leakage current generated by sidewall damage?. Nevertheless, the
negative influence of chemical treatment can also be exemplified from Fig. 4.5. As
mentioned previously, the primary concern of employing chemical treatment was
the reaction to ITO that would lead to resistive device characteristic, and the

device performance with HsPO4 chemical treatment was considered as a strong
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evidence. Both KOH and HsPO4 chemical treatments were sufficient to greatly
suppress leakage current, yet the achievable current densities at identical applied
voltage from the two sets of devices provided distinctive feature that devices with
HsPO4 treatment are outstandingly more resistive than the devices with KOH
treatment. The excessive resistance penalty came from the faster ITO etch rate in
HsPO4 than that in KOH. However, if ITO or other current spreading layers are
not used, H3POy4 could serve as an alternative for replacing KOH, especially in the

case of high Al content III-nitride materials for deep UV LEDsS.

4.3.3 nLEDs with chemical treatment and ALD sidewall passivation

As discussed in chapter 2, ALD dielectric sidewall passivation effectively
diminished the size effect by suppressing surface recombination and sidewall
damage, and pLEDs with ALD sidewall passivation yielded exceptional device
performances!219-21, The combination of chemical treatment and ALD sidewall
passivation should minimize the size effect and reduce the size-dependent
efficiency characteristic due to sidewall damage, since chemical treatment
removes sidewall defects and ALD sidewall passivation mitigates the influences
of surface recombination!9.22, This subsection will address the device performances

with chemical and ALD sidewall treatments.

Depending on the facet dimensions, the formation of m-plane facet sidewall
during KOH chemical treatment could offer greater light output power due to
better light extraction efficiency as shown in Fig. 4.3, thus it is important to

determine the sidewall profile to ensure the light extraction efficiency is similar
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for fair comparison. Figures 4.6(a) and (b) present the sidewall profiles of the
devices without and with chemical treatment discussed in this subsection,

respectively.

Figure 4.6. SEM images of sidewall profiles without (a) and with (b) sidewall treatments. These
images are to show the light extraction efficiency is similar in both cases.

The facet sizes ranged from 50 to 200 nm, so the light extraction efficiency
would not be affected significantly by the textured sidewall and the EQE
comparison would be valid between the two cases. Note that the facet feature in
Fig 4.6(b) was distinctive from that in Fig. 4.2(d) and this could be attributed from
different epitaxy wafer were used, because the inherent epitaxial details, such as

doping, would slightly affect the appearance of the m-plane facet formation.

The devices with chemical and sidewall treatments resulted in improved
forward current density-voltage characteristics than devices without treatments,

as shown in Fig. 4.7(a).
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Figure 4.7. Current density-voltage characteristics (a) and ideality factor distribution (b) of
devices with and without sidewall treatments.

The forward current density-voltage characteristics of devices with chemical and
sidewall treatments yielded lower leakage current and sharper turn-on feature
than devices without treatments. Moreover, from Fig. 4.7(b), the ideality factor for
devices with sidewall treatments were closer to the ideal value than that of devices
without sidewall treatments. Besides forward leakage current, the reverse
leakage current was also lessened by utilizing sidewall treatments. Figure 4.8
shows the reverse leakage current density at -4 V with respect to different device

sizes.
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Figure 4.8. The dependence of leakage current density at -4 V on device dimensions using
different sidewall treatments.

Similar to Fig. 2.8, the devices without sidewall treatments yielded the highest
leakage current density at -4 V and devices with ALD sidewall passivation
suppressed leakage current remarkably. However, the leakage current
characteristics of the uLEDs with ALD sidewall passivation increased notably
from 100x%100 to 10%10 um2, showing the influences of sidewall damage. With the
use of the combination of chemical and sidewall treatments, the leakage current
density further reduced and was almost independent with size. The leakage
current density was nearly decoupled with the device dimensions, suggesting the
leakage current due to sidewall damage was greatly suppressed or removed, since
the effects of sidewall damage should be strongly correlated to the perimeter-to-
area ratio. Based upon the optoelectrical results, the device performances were
enhanced with the combination of chemical and sidewall treatments, which was a
consequence of the removal of sidewall damage and surface recombination.

Therefore, the effects of sidewall damage and surface recombination should be
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significantly suppressed or eliminated after utilizing chemical and sidewall

treatments.

Lastly, the effects on the maximum EQE due to the sidewall treatments
will be presented. Figure 4.9 (a) and (b) show the EQE performances of devices

without and with sidewall treatments, respectively.
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Figure 4.9. The dependence of EQE with current density for devices without (a) and with (b)
sidewall treatments.

From Fig. 4.9 (a), the devices without sidewall treatments resulted in 30%
decrease in peak efficiency by shrinking the device dimensions from 100x100 to
10X10 um2, and majority of the efficiency lost was observed from devices smaller
than 40x40 pm2. Because smaller devices have greater perimeter-to-area ratio,
the influences of sidewall damage are more significant in small devices than in
larger devices. Conversely, the decrease in peak EQE was within minimal
variation for pLEDs with sidewall treatments as shown in Fig. 4.9 (b). The
sustained peak EQE could be accounted for the reduction or elimination of
sidewall damage, hence the peak efficiency was not affected by the size effect.

87



Figure 4.10 shows the peak EQE distribution of devices with and without sidewall
treatments. The devices without sidewall treatments yielded a gradually
decreasing trend as the size shrinks, while the devices with sidewall treatments
maintained peak EQE with trivial deviations that could be attributed from

fabrication or wafer uniformity.
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Figure 4.10. The EQE distribution of devices with and without sidewall treatments.

4.4 Summary

In short, this was the first demonstration on achieving size-independent
peak EQE of InGaN pLEDs from 100X100 to 10X10 pm? by employing post-etch
treatments. The idea of this work was to provide a universal and simple approach
to remove the size effect in pLEDs. The method of the sidewall treatments
consisted of the use of chemical treatment to eliminate sidewall defects and ALD
passivation to mitigate surface recombination, which was scalable and offered
high degree of flexibility for various device design. By tuning the chemical

treatment conditions, different sidewall profiles could be obtained, and thus the
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light extraction efficiency could also be enhanced. Based upon the device

performances, devices with sidewall treatments resulted in better electrical

characteristics, including lower forward- and reverse leakage current and reduced

1deality factor. In terms of optical performance, greater light output power was

demonstrated from devices with chemical treatment due to improved light

extraction efficiency or IQE. As devices with chemical treatments yielded better

light extraction efficiency and/or IQE, the EQE could theoretically be improved by

modulating the chemical treatment parameters to give even higher EQE values.

References

1.

Wong, M. S. et al. High Efficiency of II1-Nitride Micro-Light-Emitting
Diodes by Sidewall Passivation Using Atomic Layer Deposition. Opt.
Express 26, 21324-21331 (2018).

Wong, M. S. et al. Improved performance of AlGaInP red micro-light-
emitting diodes with sidewall treatments. Opt. Express 28, 5787 (2020).

Zhu, J. et al. Near-Complete Elimination of Size-Dependent Efficiency
Decrease in GaN Micro-Light-Emitting Diodes. Phys. Status Solidi Appl.
Mater. Sci. 1900380, 1-6 (2019).

Lee, S. et al. A discrete core-shell-like micro- light-emitting diode array
grown on sapphire nano-membranes. Sci. Rep. 10, 7506 (2020).

Nedy, J. et al. Low damage dry etch for III-nitride light emitters.
Semicond. Sci. Technol. 30, 85019 (2015).

Zhuang, D. & Edgar, J. H. Wet etching of GaN, AIN, and SiC: A review.
Mater. Sci. Eng. R Reports 48, 1-46 (2005).

Yang, Y. & Cao, X. A. Removing plasma-induced sidewall damage in GaN-
based light-emitting diodes by annealing and wet chemical treatments. /.
Vac. Sci. Technol. B Microelectron. Nanom. Struct. 27, 2337 (2009).

Martinez, G. L., Curiel, M. R., Skromme, B. J. & Molnar, R. J. Surface
recombination and sulfide passivation of GaN. J. Electron. Mater. 29, 325—
331 (2000).

Yue, Y. et al. Faceted sidewall etching of n-GaN on sapphire by
photoelectrochemical wet processing. J. Vac. Sci. Technol. B, Nanotechnol.

89



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Microelectron. Mater. Process. Meas. Phenom. 32, 061201 (2014).

Zhou, L. et al. Brief review of surface passivation on III-V semiconductor.
Crystals 8, 1-14 (2018).

Lin, C. F., Lin, C. M. & Jiang, R. H. Micro-square-array InGaN-based
light-emitting diode with an insulated Ga203 layer through a
photoelectrochemical process. Jpn. J. Appl. Phys. 51, 01AG03 (2012).

Lee, J.-M., Huh, C., Kim, D.-J. & Park, S.-J. Dry-etch damage and its
recovery in InGaN/GaN multi-quantum-well light-emitting diodes.
Semicond. Sci. Technol. 18, 530-534 (2003).

Lee, S. W. et al. Origin of forward leakage current in GaN-based light-
emitting devices. Appl. Phys. Lett. 89, 132117 (2006).

Cao, X. A. et al. Electrical effects of plasma damage in p-GaN. Appl. Phys.
Lett. 75, 2569-2571 (1999).

Yonkee, B. P., Young, E. C., DenBaars, S. P., Nakamura, S. & Speck, J. S.
Silver free III-nitride flip chip light-emitting-diode with wall plug
efficiency over 70% utilizing a GaN tunnel junction. Appl. Phys. Lett. 109,
191104 (2016).

Zhang, Y. et al. Light extraction efficiency improvement by curved GaN
sidewalls in InGaN-based light-emitting diodes. IEEE Photonics Technol.
Lett. 24, 243-245 (2012).

Stocker, D. A. & Schubert, E. F. Crystallographic wet chemical etching of
GaN. 73, 2654-2656 (1998).

Bulashevich, K., Konoplev, S. & Karpov, S. Effect of Die Shape and Size on
Performance of I1I-Nitride Micro-LEDs: A Modeling Study. Photonics 5, 41
(2018).

Le Maoult, C. et al. Analysis of InGaN surfaces after chemical treatments
and atomic layer deposition of Al1203 for pLED application. Proc. SPIE
(2020). d01:10.1117/12.2544787

Huang Chen, S.-W. et al. Full-color monolithic hybrid quantum dot
nanoring micro light-emitting diodes with improved efficiency using atomic

layer deposition and nonradiative resonant energy transfer. Photonics Res.
7,416 (2019).

Lee, D., Lee, J., Park, J., Seong, T. & Amano, H. Improving the Leakage
Characteristics and Efficiency of GaN-based Micro-Light-Emitting Diode
with Optimized Passivation. ECS <J. Solid State Sci. Technol. 9, 055001
(2020).

Wong, M. S. et al. Size-independent peak efficiency of III-nitride micro-

90



light-emitting-diodes using chemical treatment and sidewall passivation.
Appl. Phys. Express 12, 097004 (2019).

91



Mass transfer of nLEDs

5.1 Liftoff Methods

For most of the display applications, mass transfer of red, green, and blue
uLLEDs with excellent yield and selectivity is highly desired for self-emissive uLED
displays. Because conventional LED wafers are grown on sapphire or on silicon
substrates with single color emission, three types of devices, red, green, and blue
colors, are required to be removed from the substrates and transferred to display
panels!:2, The liftoff principles and results of two developed liftoff methods, namely
PEC liftoff and laser liftoff (LLO), on substrate removal of c-plane GaN devices

from sapphire substrates will be discussed.

PEC etch layer
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Figure 5.1. SEM images of (a) the PEC design and (b) the etch InGaN sacrificial layer
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PEC liftoff relies on the oxidation of InGaN sacrificial layer, where it is
intentionally grown below the LED epitaxy structure, with the assistance of
photoexcitation and electrolyte (KOH or H3sPO4)3.4. Moreover, since PEC is a redox
reaction, metal electrodes are commonly used to reach reasonable liftoff rate.
Figure 5.1(a) shows a SEM image of a liftoff mask design for PEC liftoff, where
the device dimensions is about 20 um in diameter, and Fig. 5.1(b) shows the etched
InGaN layer after the PEC etch. Due to the needs of metal electrodes and InGaN
sacrificial layer for the PEC reaction, more GaN material must be removed from
the wafer and the LED epitaxy design needs to be different from the typical LED
structure. Additionally, the PEC etch rate and the resulting interface, such as
roughness, are highly dependent on the crystal orientation and electrolyte
conditions?6. Figure 5.2 shows the undercut interfaces of c-plane GaN on sapphire
substrates using 0.01 M and 0.1 M KOH. From Fig. 5.2, the roughness increased
with higher KOH concentration due to the higher etch rate in the nitrogen face of
GaN3. However, the undercuts were imperfect where some regions of the device
remain attached to the substrate, as indicated by the arrows. This connection
1issue would introduce undercut non-uniformity when scaling the substrate size
and difficult to confirm whether the lateral etch is completed. Because the
proposed mass transfer method takes advantage of the fluidic assembly feature,
the use of PEC liftoff was not suitable in terms of scalability and c-plane GaN

devices.
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Figure 5.2. SEM images of InGaN sacrificial layer using (a) 0.01 M and (b) 0.1 M KOH after PEC
liftoff. The arrows indicate the imperfect separations between the device and the substrate.

Besides PEC liftoff, LLO is another developed approach for substrate
removal of GaN on sapphire substrate system, and this method has been employed
extensively in a variety of industry processes”8. The mechanism of LLO is based
on the difference in absorption between the sapphire substrate and GaN, where
sapphire is transparent and GaN absorbs at 266 nm. A high-power laser source
can be used to excite the GaN layer at the GaN and sapphire interface, resulting
in the delamination of GalN devices from the sapphire substrate?.910, Unlike PEC,
LLO is a liftoff method that employs physical separation using high-power laser,
so the device spacing on wafer can be significantly reduced compared to the PEC
design, as shown in Fig. 5.3(a). The pitch between the 28%X28 um?2 devices was
about 3.5 pm and the device surface after LLLO and transferring to a silicon
submount showed smooth interface. Moreover, the liftoff is independent of GaN
crystal orientation and offers great versatility in scalability and uniformity under
academic and commercial settings?911, Nevertheless, due to the high-power

nature of LLO, additional damage, even physical cracking, can be induced during
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the liftoff process, as shown in Fig. 5.3(b)7. Since the LLO conditions including the
laser power and the exposure time were not optimized, the liftoff process was
imperfect and there were cracks in various locations across the whole 2-in
sapphire wafer. Although LLO created damage and cracks in devices, it provided
much rapid liftoff rate and outstanding scalability than PEC liftoff, LLO was used

as the liftoff method described in this dissertation.
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Figure 5.3. SEM images of (a) LLO design and (b) GaN devices on silicon submount after LL.O

5.2 Fluidic Assembly with External Forces

Compared to OLEDs and self-emissive quantum dot LEDs, where solution-
based inkjet printing is viable, uLEDs lack practical methods that provide rapid
transfer ratel2-15, Therefore, the transfer of pLEDs becomes a cost- and time-
inefficient manufacturing process and results in expensive pLED displays?.
Although transfer approaches using elastomeric stamps have been initially
developed, the transfer performance relies significantly on precise alignments and
1s limited by the reliability of the plastic stamps!617. On the other hand, fluidic

assembly techniques using surface chemistry, gravity, or heat have been realized,
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and many of them have shown quick transfer rates 1821, Most of the demonstrated
fluidic assembly approaches depend on pre-patterned display panel for device
alignment, where the movement control of devices is minimal and usually
disorganized during the transfer process. This disordered characteristic is non-
ideal for transfer in high volume, particularly in transferring three color devices
for pLED displays, because this random nature can be material-costly and time-

consuming and could introduce reliability issues.

Figure 5.4. Micrographs of InGaN pLEDs (a) without and (b) with acoustic focusing aligning in
isopropanol solution

To examine if acoustic focusing can align GaN pLEDs in isopropanol, 28%x28
um?2 devices were used. As shown in Fig. 5.4(a), the devices did not exhibit any
ordering features without the use of acoustic focusing. However, by employing
acoustic focusing, pLEDs assembled in lines with a distance of 200 um between
lines. The spacing between lines and other assembly parameters can be modulated
by varying the wavelength and the amplitude of the acoustic wave, controlled by

the resonant frequency and voltage supplied to the vibrating piezoelectric
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actuator22-24, Figure 5.5 illustrates a schematic of the acoustic focusing channel
design. When applying acoustic focusing, acoustic standing waves were created
within the microfluidic printing channel, where the channel was 3 mm in width
and 300 pm in height in this work. Depending on the acoustic wave, different
numbers of node and anti-node were generated with their corresponding
sinusoidal pressure forces, and lines of aligned devices were formed by the acoustic
forces. Furthermore, since the acoustic forces rely merely on the contrasts in
density and in the compressibility between the device and the fluid medium, this
process 1s largely material versatile. Regardless of their chemical or
electromagentic properties, semiconductor devices of nearly any solid materials,

including InGaN, AlGaN, or AlGalnP, can be manipulated.

Figure 5.5. Schematic of the acoustic focusing channel design for device alignment in solution
using acoustic focusing with labelled forces and moments from different fields

In Fig. 5.4(b), the alignment was not perfect because of the creation of defective
materials during LLO. From Fig. 5.3(b), LLO provided uniform and rapid sapphire

removal process in most areas, but it could also result in cracked and defective
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devices due to the high-power LLO observed from the silicon wafer. The defective
devices could reduce or disrupt the ability to manipulate the ordering of devices
within the focused lines. Therefore, optimizations on the LLO conditions or
alternative liftoff methods or substrates, including PEC liftoff and epitaxial
lateral overgrowth, could be considered to obtain damage-free substrate removal

techniques3.25,

Figure 5.6. Micrographs of InGaN uLLEDs (a) without and (b) with magnetic field when applying
acoustic focusing in solution

Other than aligning the devices using acoustic focusing, it is important to
control the proper device orientation during the transfer. Figures 5.6(a) and 5.6(b)
present the microscope images of fluidic assembly of the uLEDs without and with
an applied magnetic field while applying acoustic focusing, respectively. For
devices without applying a magnetic field, the devices were ordered with an “edge-
on” configuration, where the metal contacts were perpendicular to the printing
surface. In contrast, the devices were assembled with a “face-on” configuration,
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where the metal contacts were parallel to the printing surface, when applying
magnetic field. This orientation was controlled by the applied acoustic and
magnetic fields. Using the standing pressure wave alone, the devices were
oriented “edge-on”, because the pressure amplitude was high enough that the
torque caused by the pressure differential across the width of the device overcomes
the gravitational torque. Thus, magnetic field is required to rotate the devices into

the “face-on” configuration for proper electrical contact.

5.3 Devices on Transparent Substrate

The current displays are typically built on glass or other transparent
substrates for both LCDs or OLED displays26-28, To date, most pLLEDs are
analyzed either on-wafer or bonded on driving boards, and not many reports on
the performances of pLEDs mounted on glass or transparent substrates, such as
double-sided polished sapphire substrates29-33, Here, this section suggests a novel
way to package pLEDs to have better understanding in the device characteristics
when mounted on glass or sapphire. Traditional uLED packaging involves
mounting the devices on silver headers, where some light will be absorbed by the
headers3436. By employing the filament design for uLED packaging, the device
performances have demonstrated to be greater than conventional packaging, as

shown in Fig. 5.7.
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Figure 5.7. EQE comparison between filament and conventional packaging techniques

5.4 Summary

In short, a fluidic assembly approach of InGaN uLEDs using external
forces was demonstrated. This fluidic assembly approach employed acoustic
focusing and magnetic field to give precise control on device alignment and
orientation, and the orientation of the assembled devices can be easily tuned by
modulating the parameters of the external forces. This time-efficient fluidic
assembly approach could serve as the high-throughput mass-transfer method to
make products such as pLED displays at a reduced manufacturing cost and time.
Besides the transfer method, the liftoff methods and packaging approaches for

InGaN pLEDs have also been explored.
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Conclusion

6.1 Challenges in pnLED Displays

In this dissertation, the focus has been on the size effect, where the EQE
drops significantly as device dimensions shrink. Based upon the results from the
dissertation and related work, pLEDs below 10 pm have shown enhanced
optoelectrical characteristics by employing methods described in previous
chapters, including ALD sidewall passivation and chemical treatmentl—4.
Although the size effect is a major challenge for pLED displays, there are other
crucial issues for realizing unLED displays for mass production. First, the mass
transfer has the greatest impact to the manufacturing cost of uLED displays,
because the ideal mass transfer approach should offer rapid transfer rate with
excellent yield and selectivity>®. Both high transfer rate and selectivity are
extremely important for pLED displays, as the transfer rate governs the
manufacturing time and cost and the selectivity controls the number of defective
pixels in the display panel. Without fulfilling these two objectives, uLED displays
would remain expensive for typical commercial productsl®. Consider other

potential candidates for next-generation display applications, including self-
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emissive quantum-dot LEDs, OLEDs, and laser displays, the transfer aspect is
not a problem!!-14, Hence, the mass transfer issue is unique to pnLED displays, and

should be addressed as soon as possible.

Other than mass transfer, utilizing red, green, and blue colors for mass
production is another challenge. As mentioned in chapter 3, InGaN red LEDs
suffer from poor optical and efficiency characteristics, and conventional AlGalnP
red LEDs tolerate with high drop in efficiency due to surface recombinationl5-18,
Additionally, conventional InGaN devices have c-plane crystal orientation when
grown on silicon or sapphire substrates, where the wavelength shift in c-plane
devices is the most severe due to the QCSE and would affect the display quality
significantly. The QCSE is not the only source that introduces wavelength shift,
since the shift in wavelength can also be caused by growth-related variations0.19,
As a result, other alternatives have been applied to demonstrate full-color nLED
displays. Among all alternative routes, color conversion using quantum dots is one
of the popular approach, because the color quality is modulated by the choice of
quantum dots and monolithic uLEDs, usually blue or UV-A emission, can be used
for excitation10.20.21, Nevertheless, quantum dots also have their own issues for
color conversion materials, such as in the material, transfer, and reliability
perspectives22-24, Other than the use for color conversion, quantum dots can also
be employed for self-emissive LEDs, and self-emissive quantum dot LEDs are
getting more attention in recent years!.25, If self-emissive quantum dot LEDs are

possible, the manufacturing cost for uLED displays with quantum dot color
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conversion might be more expensive. Therefore, because of the uncertainty in all
approaches, different methods that realize full-color uLED displays are still

ongoing.

6.2 Outlook

From the literature, transfer in solution has demonstrated faster transfer
rate than transfer methods using stamps or carrier substrates, possibly because
the transfer rate is limited by the stamp dimensions!0. Thus, mass transfer using
fluidic assembly can deliver much faster transfer rate than the stamping methods.
The main disadvantage of fluidic assembly i1s the random motion during the
transfer, and the uncontrollable transfer mechanism can harm the yield and
selectivity, since the irregular movement has no control in device alignment or
orientation. Because fluidic assembly using external forces is gaining increasing
research attention, the fluidic assembly transfer approach described in chapter 5

provides potential useful insight for future fluidic transfer26.

For full-color displays, this dissertation reveals the possibility of AlGalnP
and InGaN pLEDs with size-independent EQE characteristic, which adds
supportive insights to full-color puLEDs, where AlGalnP devices are used for red
and InGaN devices are used for blue and green emitters. Because InGaN red LEDs
would require more time for better development in terms of the optical and
efficiency performances, AlGalnP red pLEDs serve as an alternative until the

InGaN red LED technology is mature and applicable for mass production.
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Although this dissertation concentrates uLLEDs for display applications,
there are a variety of potential applications for uLEDs, including biomedical and
short-range communication27-29, The issues discussed above remain valid for other
uLLED applications, so any improvements in the uLED color and transfer aspects

would be beneficial for the overall uLED development.
6.3 nLED Process Followers

1. Aqua regia three times, 10 min each (only for InGaN samples with metal

on surface, do not do this with AlGalnP samples)

2. Hydrochloric acid dip for 40 seconds (AlGalnP samples use 1:10 HCl:H20

for 60 seconds)

3. Electron beam evaporation for heated ITO deposition, 110 nm, 680°C

4. Stepper 2 mask 1 (AlGalnP requires sputter SiO2 hard mask for mesa etch)

5. Hard mask SiOsz etch with ICP 2 for AlGalnP samples only, recipe #101

6. ITO etch with RIE 2 using MHA chemistry

7. Mesa etch (RIE 5 for GaN and Unaxis for AlGalnP)

8. Chemical treatment

9. Stepper 2 mask 2

10.IBD for ODR deposition (12_BY_7_layer for InGaN and 12_MW_11_layer)

11.ALD sidewall passivation at 300°C
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12.Stepper 2 mask 3

13.ALD dielectric material removal using BHF

14.Metal deposition (AI/Ni/Au for InGaN and Ge/Au/Ni/Au for AlGalnP)

15.Inspect samples before testing and measurements

6.4 Conclusion

The dissertation provides first demonstrations on recovery of pLED
performances, including the optoelectrical and efficiency performances. Before
this, the drop in EQE has been observed by several reports and the causes have
been identified as surface recombination and sidewall damage. The post-etch
sidewall treatment techniques described here offers a universal and
straightforward method to suppress or mitigate the influences of sidewall damage
and surface recombination resulting in the enhancements in device performances
and size-independent EQE characteristic. Moreover, proper sidewall treatments,
with the same concepts, are material-versatile and can be applied to not only
InGaN visible pLEDs but also AlGalnP red and AlGaN UV LEDs. With the
adaptable nature of the sidewall treatments, the size effect and the need of long-

wavelength devices are resolved.
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