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ABSTRACT 

 

III-nitride microLEDs down to 1-micron diameter 

 

by 

Jordan M. Smith 

 

Micro-light-emitting diode (microLED, micro-LED, μLED) is an emerging display 

technology based upon high-density arrays of micron-sized III-nitride (or III-V) LEDs. 

Small form factor displays, including wearables (smartwatches) and AR (augmented 

reality) glasses will benefit most from microLED. The paradigm shift from LEDs for 

solid-state lighting to microLEDs for displays introduces new research challenges. 

MicroLEDs become difficult to process as dimensions reduce. Mesa diameters as small 

as 1 μm are desirable for maximum resolution and small sizes in AR displays. However, 

layer-to-layer alignment errors during lithography prevented researchers from 

fabricating microLEDs below 5 μm when using standard LED processing approaches. 

This thesis presents a self-aligned processing technique developed to circumvent these 

issues. The result is the smallest microLED ever published at 1 μm diameter. This 

milestone enables new microLED device research at the size ranges most targeted for 

AR displays. Due to the different usage and requirements for microLEDs in displays 



 

 
 xiii 

versus LEDs in lighting, new measurement systems for characterizing device 

performance were constructed. Key considerations when characterizing on-chip 

microLED electroluminescence are discussed. As dimensions are reduced in 

microLEDs, new size-dependent physical effects appear. It is well known that 

microLED efficiency decreases as the diameter shrinks due to increased non-radiative 

surface recombination. However, results comparing red, green, and blue microLEDs 

show increasing the indium fraction in InGaN limits surface recombination through 

enhanced carrier localization. An added effect in small microLEDs is improved 

extraction efficiency from sidewall reflections redirecting photons within the 

extraction window. To separate competing size-dependent contributions from 

sidewall recombination and sidewall reflections, optical models are necessary. A 

combined approach uses FDTD to model interactions with near-wavelength-sized 

patterned sapphire features beneath the mesa. 
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1 
Introduction 
Technologies such as wearable smartwatches and AR (augmented reality) glasses 

demand displays with more resolution, higher brightness, and lower power 

consumption than LCD and OLED provide. microLED (or μLED) is a new technology 

based on micron-sized LED pixels that can supply unprecedented brightness in a small 

form factor.  

1.1 RGB Displays 
Full-color displays mix red, green, and blue (RGB) subpixels to produce color. The 

wavelength of light determines the color an observer perceives. Most displays adhere 

to the Rec. 2020 standard, which defines aspects of the display like resolution (e.g., 

4K), aspect ratios, and the wavelengths of the three RGB primaries. Red, green, and 

blue are 630nm, 532nm, and 467nm, respectively. Figure 1-1 is the 1931 CIE 

chromaticity diagram with the Rec. 2020 primary wavelengths and sRGB color space 

overlaid. Most displays operate within the sRGB color space bounded by the white 

triangle. The outer edge of the colored region (spectral locus) corresponds to 

monochromatic wavelengths. 
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Figure 1-1. CIE 1931 chromaticity diagram overlaid with (white triangle) sRGB color space (black 
triangle) Rec. 2020 primary wavelengths (stars) xy chromaticity coordinates calculated from the 
1 μm microLED spectra inlaid in the top right. 

In practice, light sources in displays emit a finite range of wavelengths. As the 

spread increases, the perceived color moves towards the white center of the 

chromaticity diagram. To illustrate this, the spectra from four 1 μm microLEDs are 

inset in the top right of Figure 1-1. The corresponding xy chromaticity coordinates are 

overlaid as stars on the diagram. Since they are outside the sRGB color space (white 

triangle), most monitors cannot accurately represent them. 
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Spectral spread is commonly quantified as the full-width at half-maximum 

(FWHM). The black lines webbing Figure 1-1 are produced by varying the FWHM or 

the center wavelength of an ideal Gaussian spectrum. The stars in Figure 1-1 indicate 

the FWHM of devices is roughly 40 nm. The devices in Figure 1-1 were all fabricated on 

one sample diced from a single wafer, which is the subject of section 6. 

OLED and InGaN alloys are unique material systems that can actively emit colors 

across the visible spectrum. InGaN is the only (known) capable semiconductor system, 

as illustrated in Figure 1-2. However, efficient blue InGaN LEDs only became available 

in 1993 [1]. The arrival of an efficient blue and white light source also enabled LCD to 

rise to the top of the display industry, effectively ending the long reign of cathode-ray 

tube (CRT) displays.  

 
Figure 1-2. Bandgap of major semiconductors. From [2]. CC-BY 4.0. 

 

 

https://creativecommons.org/licenses/by/4.0/legalcode
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1.2 Comparing display formats 
Figure 1-3 illustrates today's standard display formats (excluding projection-based 

displays such as laser TVs). Figure 1-3a shows direct-view displays, including OLED 

and microLED (without quantum dot converters). Figure 1-3b shows passive color 

conversion technology, where blue light or white is down-converted (usually to red 

and sometimes green). Figure 1-3c illustrates how LCD can filter out other wavelengths 

of light to produce color. 

 

Figure 1-3. (a) Direct-view display representative of OLED and microLED displays. (b) Passive color 
conversion display. (c) Active color conversion (backlit) displays representative of LCD technology. 
From [3]. CC-BY 4.0.  

https://creativecommons.org/licenses/by/4.0/legalcode
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Table 1 compares the relative performance metrics of LCD, OLED, and microLED 

technologies. Based on performance (neglecting cost), microLED can match or 

outperform OLED and LCD in every category listed. However, the usefulness is 

strongly dependent on the application. 

Table 1. Performance comparison of microLEDs with LCD and organic light-emitting OLED. Adapted 
from [4]. CC-BY 4.0. 

For example, consider a TV that remains indoors and connected to a power 

source. There is no concern for battery life, so efficiency is unimportant. The 

brightness output from LCD and OLED are already sufficient for comfortable indoor 

viewing. OLED is also a direct-view display, so the contrast is comparable to microLED. 

In this case, it is difficult to foresee an economically sound reason to develop microLED. 

 LCD OLED microLED 
Luminous mode Backlit Self-luminous Self-luminous 

Luminous efficiency Low Medium High 

Brightness (cd/sqm) Medium Low Very High 

Contrast Low High High 

Life (hours) Medium Low High 

Response time ms μs ns 

Energy consumption High Medium Low 

Cost Low Medium High 

Angular spread Narrow Near-Lambertian Near-Lambertian 

https://creativecommons.org/licenses/by/4.0/legalcode
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microLED production costs continue to decrease, but due to the nature of mass 

transfer, it should not be assumed ever to become cheaper than OLED. 

 In mobile applications where battery life is a factor, the efficiency of microLED 

becomes useful. In outdoor applications, the brightness of microLED can make displays 

viewable in direct sunlight. Smartwatches are an example where brightness and 

battery life are crucial. It is no coincidence that Apple has invested in microLED 

technology, and many expect the Apple Watch to be the first mass-produced microLED 

display to hit the market. 

 

Eric H. Virey from Yole Group (or Yole Intelligence/Developpement) states (2022) [5], 

“Progress in mass transfer over the last 5 years has been spectacular, to 
the point that, as of early 2022, most industry players no longer see it as 
a fundamental roadblock for µLED”,  

but also concedes (2023) [6], 

“…even in the long term, we struggle to model a cost scenario where 
microLED would be significantly cheaper than OLED, let alone LCD. 
Strong performance differentiation against incumbent technologies is 
therefore required for success in most applications.” 

 

 Looking back at Table 1, the brightness (per unit area) is the most drastic 

performance gap when comparing microLED to OLED or LCD. This is the most 

compelling reason microLED will be the light-engine that powers future augmented 

reality displays. Section 2 will look specifically at the brightness requirements for AR 

and prove how microLED may be uniquely capable of fulfilling those requirements. 
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1.3 microLED size requirements 
The lateral width range of microLEDs is often cited as 1–100 μm; however, most 

consumer displays require 1–10 μm. MicroLED widths in contemporary displays are 

primarily dictated by material cost. Industry groups consistently estimate microLED 

widths based on allowable manufacturing costs for smartphones (TVs): 3 μm (5–

10 μm), Yole Group [6]–[9]; 3 μm (9 μm), Veeco and IHS Research [10]; 4 μm, Intel [11]; 

and under 5 μm (10 μm), VueReal [12], [13]. Another study found widths for optimal 

power consumption to be 6, 8, and 16 μm for smartphones, laptops, and TVs [14].  

To my knowledge, no peer-reviewed studies warrant microLED pixels over 

20 μm in displays. Above 20 μm, there may be applications in backlighting, where 

devices are usually differentiated as miniLEDs. This is limited to displays; there may be 

alternative applications for microLED, such as communications and optogenetics, 

which utilize devices above 20 μm. 

Perhaps the most significantly researched area in the microLED field is size-

dependent efficiency droop that results from increased nonradiative surface 

recombination as dimensions shrink [15]–[44]. Considering that small size is part of 

the attraction, there was apparent cause for concern. However, before 2020 [31], there 

was hardly any efficiency data at dimensions below 5 μm and nothing at 1 μm. This was 

especially surprising since most microLED displays will need to fall under this range if 

commercialization is to occur. Figure 1-4 shows a size-dependent peak external 
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quantum efficiency (EQE) curve commonly seen throughout the literature; however, 

before 2020 (and even now), the data tended to stop above 5 μm. 

 
Figure 1-4. Unpublished data comparing blue microLED devices with and without KOH sidewall 
treatment. 
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1.4 Synopsis 
Despite the evidence that almost all displays require 1–10 μm microLED widths, most 

studies analyze widths above 10 μm and select few approach 1 μm [31], [45]–[47]. 

Limiting the discussion to top-down processing (lithography and etching), this 

discrepancy is attributed to fabrication equipment limitations, particularly in 

academic research settings. A self-aligned top-down fabrication technique was 

developed to address the absence of data at microLED widths necessary for display 

commercialization. The process enables fabrication of microLEDs down to 1 μm 

diameter, and can be achieved with basic contact alignment, with only three total 

lithography steps. The process is detailed in Section 4. 

Due to the focus on relatively large microLEDs, at least two additional size-dependent 

effects in InGaN microLEDs remain understudied:  

1. Extraction efficiency increases as microLED width decreases [26], [32], [48], [49]  

2. Surface recombination is reduced as indium content increases [31], [46] 

First investigations of microLEDs down to 1 μm revealed differences in the size-

dependent behavior of blue and green microLEDs; compared to blue, green microLEDs 

showed mitigated size-dependent EQE droop due to carrier localization around 

indium-rich regions [31]. Since it is established that surface recombination velocity 

(SRV) decreases opposite the indium fraction [25], [50]–[53], the findings implied red 

InGaN microLEDs should further resist size-dependent EQE droop (compared to blue 

or green InGaN, or red AlInGaP). These results were first published in [31], which is 
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currently the most cited (non-review) publication containing the term microLED or 

derivatives (i.e., μLED, micro-LED, etc).  The results are detailed in Section 5. 

 Recent results confirm that size-dependent droop from surface recombination is 

further mitigated when moving from green to red. Remarkably, the combination of 

reduced sidewall effects and increased extraction efficiency is shown to reverse the 

EQE trend, resulting in size-dependent efficiency gain in high indium content 

microLEDs. These results are detailed in Section 6. 

 

Before the main research findings in Section 5 and Section 6: 

• Demonstrating why microLED is uniquely suitable for AR in Section 2. 

• Physics required for understanding microLED efficiency trends in Section 3. 

• microLED fabrication process in Section 4. 
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2 
microLEDs for AR 
Due to superior performance (brightness, resolution, efficiency) compared to OLED 

and LCD—described in the previous section—microLED is considered by many to be 

the best light engine for AR (augmented reality) displays. AR displays have stricter 

requirements regarding power, color purity (or wavelength spread), directionality, 

and resolution. All of these subjects are at the core of the research presented in the 

following sections, so a review of the optics of AR displays is appropriate. 

2.1 Brightness requirements in augmented reality 
First, an understanding of the end goal for AR glasses for consumers. If AR glasses are 

to be widely accepted by society, they need to reach the point of being 

indistinguishable from a standard pair of glasses to a passerby. Until this occurs, AR 

will not become a pervasive technology. End-user experience directs the overall design 

[54]. 

Imagine a pair of glasses. The temple region is the largest area you could feasibly 

hide a microdisplay system. Depending on the glasses, this region is half an inch wide, 

or less; however, this means the microLED display must be significantly smaller [55]–

[58].  
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 Figure 2-1 depicts a waveguide-based optical combiner, which most experts 

agree is currently the best solution for achieving the smallest form factor possible,  

while still meeting the other requirements for a high-quality display. 

 

 

Figure 2-1. A basic structure of a holographic planar waveguide of the eyewear display. From [59]. 
CC-BY 4.0.  

The standard observer's angular resolution limit, or visual  acuity, is 60 pixels 

per degree (PPD). The angular field of view (FoV) limit is over 200 degrees, which is 

unrealistic for AR currently. FoV is emphasized more in virtual reality (VR) 

applications. Most AR designs now target under 60 degrees FoV. Eyebox size defines 

the region of space within the glasses that the observer will be able to see the virtual 

image. Typically, a lateral eyebox size of 20+ mm is desirable [54], [60]–[62]. These are 

interdependent on the total number of pixels in the display. If one is increased while 

the pixel count is constant, another must decrease. 

 

https://creativecommons.org/licenses/by/4.0/legalcode
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Figure 2-2. Geometry and ray propagation in the substrate: Din is the diameter of the entrance pupil 
of the substrate, Dout is the diameter of the exit pupil of the substrate, L is the beam stoke length. 
Reproduced from [63]. CC-BY 4.0. 

One of the critical features of waveguides is exit pupil expansion (EPE), shown in 

Figure 2-2. This effect is achieved through diffractive optical elements. When the 

image is guided down the waveguide, it is replicated multiple times and directed 

through the exit pupil by a diffractive output coupler. This process of replicating the 

image is how a large eyebox is achieved. Alternative ways of EPE are available to non-

waveguide solutions, although a critical difference is depicted in Figure 2-3. In most 

other non-waveguide architectures, eyebox expansion requires increasing the 

thickness of the optics. However, in waveguides, eyebox expansion is achieved solely 

by increasing the width of the waveguide. Since the waveguide is located within the 

glasses’ lens and (mostly) invisible to the wearer, the increase in width is not a 

significant concern [59]. 

https://creativecommons.org/licenses/by/4.0/legalcode
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Figure 2-3. The design window addresses both IPD coverage and combiner thickness. Reproduced 
from [64] with permission from SPIE. 

Inevitably, there is a tradeoff. Replicating the image along the waveguide spreads 

the total number of photons over a larger area. The optical efficiency of waveguides is 

orders of magnitude lower than alternative designs. Accounting for all the losses, the 

total efficiency of waveguide systems is 0.1%–1%, while birdbath architectures (in  

Figure 2-3) is around 10% [65], [66]. 

 Knowing the optical efficiency that can be expected, the required brightness 

output from the display can be determined if the maximum brightness that must be 

delivered to the observer is known. In bright outdoor conditions, several thousand nits 

from the sun can be expected. The sun sets the target brightness at roughly 10,000 nits 

at the eye to see an image on a bright day. If the efficiency is 1%, the display must 
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produce 1,000,000 nits (1 Mnit or 1 Mcd/m2) to account for losses. At 0.1% efficiency, 

an astounding 10,000,000 nits. 

Although far from an expert on LCoS/LCD or OLED, I have not found a source 

claiming anything approaching 100,000 nits from LCD, while OLED is about an order 

of magnitude lower than LCD. On the other hand, multiple startup microLED have 

reported microLED displays capable of producing millions of nits [55]–[57]. These 

sources are not verified, so the next sections prove that such a goal is certainly possible 

for microLED. 

2.2 Photometric conversions 
The preceding section showed that AR designers might expect microLED displays to 

produce at least 1,000,000 nits to compensate for lossy waveguides. These sections 

aim prove whether 1 Mnits is a realistic expectation. First, a brief review of converting 

from radiometric to photometric values is necessary. 

The measured radiometric quantities must be converted to photometric 

quantities to calculate nits. Photometric quantities consider how the standard 

observer perceives the brightness of light at different wavelengths (or colors). The 

strongest visual response occurs in the green region of the electromagnetic spectrum 

at a wavelength of 555 nm. The left axis of Figure 2-4 shows the CIE 1924 photopic 

luminosity function, 𝑉𝑉(𝜆𝜆), which quantifies the relative brightness response of the eye 

at different wavelengths across the visible spectrum. The CIE 1931 color matching 
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functions were designed such that  𝑦𝑦(𝜆𝜆) is equivalent to 𝑉𝑉(𝜆𝜆), although the latter is 

much more commonly used in this context. 

Accurately calculating photometric quantities from radiometric quantities 

requires knowing the spectral radiometric quantity. In the case of microLEDs measured 

throughout this work, the measurement system is calibrated to measure the spectral 

flux (or more precisely, spectral radiant flux), 𝛷𝛷e,𝜆𝜆(𝜆𝜆) , in units of watts per unit 

wavelength (W/nm). The notation adopted differentiates radiometric and photometric 

equivalents by the subscript e and v, for energy and visual, respectively. The second 

subscript, 𝜆𝜆, indicates it is a spectral quantity. In other words, 𝛷𝛷e,𝜆𝜆 = 𝜕𝜕𝛷𝛷e
𝜕𝜕𝜕𝜕

. 

In Eq. 1, integrating the spectral flux over wavelength gives the total optical 

power in watts (W). 

 𝛷𝛷𝑒𝑒 = � 𝛷𝛷e,𝜆𝜆(𝜆𝜆)
𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚

𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚

 d𝜆𝜆, Eq. 1 



 

 17 

  
Figure 2-4. (left axis) CIE 1924 photopic luminosity function, denoted 𝑉𝑉(𝜆𝜆), which is equivalent to 
the CIE 1931 color-matching function, denoted 𝑦𝑦(𝜆𝜆). (right axis) Represents the lumens per watt 
perceived at the corresponding wavelength. At peak efficiency, 1 W of 555 nm monochromatic light 
would have a perceived brightness of 683 lm. 𝐾𝐾𝑚𝑚 is a scaling constant defined as 683 lm/W. 

 

Eq. 2 is a ubiquitous formula for converting from a radiometric quantity to its 

photometric counterpart by substituting 𝛷𝛷e,𝜆𝜆(𝜆𝜆). In practice, it is simpler to absorb the 

scaling factor of 683 (lm/W) into the luminosity function 𝑦𝑦(𝜆𝜆), resulting in the right 

axis of Figure 2-4. This is sometimes referred to as the spectral luminous efficacy.  

Prior to integrating, Eq. 2 can be further simplified by taking the product of the 

experimentally measured (radiometric) spectral radiant flux (W/nm) and the spectral 
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luminous efficacy (lm/W) to get the photometric equivalent, the spectral luminous 

flux (lm/W), 𝛷𝛷𝑣𝑣,𝜆𝜆(𝜆𝜆):  

 

2.3 High nit microLED output 
A green and violet 1 μm microLED were chosen for comparison, since the calculation of 

nits high strongly dependent on the wavelength (Figure 2-4). The violet microLED is 

significantly more efficient at the peak EQE, but green light elicits a much stronger 

response. The measured output from the two devices is plotted in the top row of Figure 

2-5. However, the devices have similar efficiencies at the operating current densities 

chosen, shown above each figure.  

 𝛷𝛷v = � 𝛷𝛷v,𝜆𝜆(𝜆𝜆)
𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚

𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚

 d𝜆𝜆. Eq. 3 
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Figure 2-5. Comparison of measured radiometric (top) spectra and the calculated photometric 
(bottom) counterparts for green (left) and violet (right) 1 μm diameter microLEDs. (top row) 
Spectral flux obtained from electroluminescence measurements using a radiometrically calibrated 
integrating sphere in 2π steradian collection angle configuration. (bottom row) Spectral luminous 
flux calculated from the product of the top row spectra and the spectral luminous efficacy function 
(right axis of Figure 2-4). Corresponding numerically integrated values displayed with each 
spectrum. 

The bottom spectra are obtained by multiplying the spectra in the top row with 

the right axis of Figure 2-4 (the spectral luminous efficacy). Since the visual response 

is lower in the violet region, the photometric spectra in the bottom right of Figure 2-5 

is significantly reduced relative to the green device. The integrated spectra in 

nanowatts and lumens are listed in the top and bottom panels, respectively. 
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 In order to calculate the nits from the integrated spectra in the bottom of Figure 

2-5, we must divide by the solid angle and also divide by the area occupied by 1 pixel. 

Unfortunately, bonding high density arrays of microLEDs is beyond our capabilities. 

However, the process used to fabricate the microLEDs is capable of producing high 

density arrays of 1 μm devices with high yield. Figure 2-6 shows 1 μm microLEDs 

arrayed in a hexagonal packing arrangement, where the distance between nearest 

neighbors is 2 μm. 

 Assuming the pixel density in Figure 2-6 and a solid collection angle of 2π sr 

(taken  from the integrating sphere measurement geometry), the nits can be 

calculated. Figure 2-7 plots the resulting luminance and nits as the current density is 

swept. At each current density, spectra like those in Figure 2-5 are acquired. The EQE 

and centroid wavelength are also plotted versus current density, corresponding to the 

left axes. 

 



 

 21 

 
Figure 2-6. 1 μm microLED mesas arrayed in a 2D hexagonal packing arrangement with 2 μm nearest 
neighbor pitch. 2D hexagonal packing is 15.4% more dense than square packing. 
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 The nits on the right axes of Figure 2-7 show both 1 μm microLEDs are indeed 

capable of producing millions of nits. The enlarged dots on the curves in Figure 2-7 

indicate the slice at which the spectra shown in Figure 2-5 were measured. The top 

panels are replotted in the bottom right corner of Figure 2-7 to compare the green and 

violet devices.  

 
Figure 2-7. (a) Green and (b) violet plot the EQE (outer left axis), centroid wavelength (inner left 
axis), and luminous flux/Nits on the inner/outer right axis as a function of current density for the 
same green 1 μm device in Figure 2-5. (d) Replots the EQE and nits axes from (a) and (b) on the same 
scale, and marks the 1 million nits threshold. (c) shows the assumption made for calculating the 
area of a pixel in order to convert from lumens to nits, based off the demonstrated high density 
array shown in Figure 2-6. Collection solid angle for conversion to nits is 2π sr. 
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Although the EQE of the green device is lower than the violet, it outputs higher 

nits than the violet device at any current density. The bottom right of Figure 2-7 shows 

the 1 million nit threshold, which can be seen to intersect the nits curve for the green 

device very near the point where the spectra shown in Figure 2-5 was taken.  

1 μm green device summary: 

• At 1 Mnit threshold: 

o J=17 A/cm2 

o EQE=13.4% 

• At peak EQE:  

o same as 1 Mnit threshold above 

• At peak current density:  

o J=1000 A/cm2 

o EQE=3.5% 

o 10 Mnits 

 

1 μm violet device summary: 

• At 1 Mnit threshold: 

o J=100 A/cm2 

o EQE=17.4% 

• At peak EQE: 

o EQE=22% 

o  J=200 A/cm2 

o 9 Mnits 

• At peak current density 

o J=20000 A/cm2 

o 40 Mnits 
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3 
microLED physics 
3.1 Quantum Efficiency 
The external quantum efficiency (EQE) is the ratio of photons extracted from the 

device to the number of carriers injected into the active region active region. It is also 

the product of the internal quantum efficiency 𝐸𝐸𝐸𝐸𝐸𝐸, the injection efficiency, 𝐼𝐼𝐼𝐼𝐼𝐼, and 

the extraction efficiency, 𝐸𝐸𝐸𝐸𝐸𝐸. 

 𝐸𝐸𝐸𝐸𝐸𝐸 = 𝐸𝐸𝐸𝐸𝐸𝐸 ∙ 𝐼𝐼𝐼𝐼𝐼𝐼 ∙ 𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐸𝐸𝐸𝐸𝐸𝐸 ∙ 𝐼𝐼𝐼𝐼𝐼𝐼 ∙
𝐵𝐵𝑛𝑛2

𝐴𝐴𝐴𝐴 + 𝐵𝐵𝑛𝑛2 + 𝐶𝐶𝑛𝑛3
 Eq. 4 

From the righthand 𝐼𝐼𝐼𝐼𝐼𝐼 is the right term: 

 𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼𝐼 ∙
𝐵𝐵𝑛𝑛2

𝐴𝐴𝐴𝐴 + 𝐵𝐵𝑛𝑛2 + 𝐶𝐶𝑛𝑛3
 Eq. 5 

This form of the 𝐼𝐼𝐼𝐼𝐼𝐼 is called the ABC model, where the 𝐴𝐴𝐴𝐴𝐴𝐴 coefficients are assigned 

to different recombination pathways that can occur in the active region. The 𝐵𝐵 

coefficient describes the radiative recombination desired in LEDs. 𝐶𝐶  is commonly 

attributed to Auger recombination which is now believed to be the main source of 

droop in III-nitrides at high current densities. In microLEDs, the 𝐴𝐴 coefficient is of 

interest as it can be modified slightly to include the effects of surface recombination, 

which is discussed shortly.  
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The 𝐼𝐼𝐼𝐼𝐼𝐼 can also be described without the use of fitting coefficients more simply 

as the ratio of the radiative recombination rate, 𝑅𝑅𝑟𝑟, to the total sum of radiative and 

nonradiative (𝑅𝑅𝑛𝑛𝑛𝑛) recombination rates: 

 𝐼𝐼𝐼𝐼𝐼𝐼 =  
𝑅𝑅𝑟𝑟

𝑅𝑅𝑟𝑟 + 𝑅𝑅𝑛𝑛𝑛𝑛
 = �1 +

𝜏𝜏𝑟𝑟
𝜏𝜏𝑛𝑛𝑛𝑛

�
−1

 Eq. 6 

Unlike the internal quantum efficiency, the 𝐸𝐸𝐸𝐸𝐸𝐸  can be directly measured 

experimentally. For monochromatic light, the 𝐸𝐸𝐸𝐸𝐸𝐸 equation takes the form: 

 (𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) 𝐸𝐸𝐸𝐸𝐸𝐸 =
𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ∙ 𝛷𝛷𝑒𝑒,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝐽𝐽 ∙ 𝒜𝒜 ∙  ℎ𝑐𝑐𝑞𝑞
. Eq. 7 

For convenience, Eq. 7 is modified for microLED measurements by replacing the 

current with the current density multiplied by the area of the device,  𝐼𝐼 = 𝐽𝐽 ∙ 𝒜𝒜. 

However, the distribution of photons emitted from LEDs occurs over a finite range of 

wavelengths; to account for this, the power in Eq. 7 is actually: 

Where the spectral (radiant) flux is 𝛷𝛷e,𝜆𝜆 = 𝜕𝜕𝛷𝛷e
𝜕𝜕𝜕𝜕

.  

Returning to Eq. 7, it must be changed to account for the wavelength dependence: 

 𝐸𝐸𝐸𝐸𝐸𝐸 =
∫ 𝜆𝜆 ∙ 𝛷𝛷e,𝜆𝜆
𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚
𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚

d𝜆𝜆 

𝐽𝐽 ∙ 𝒜𝒜 ∙  ℎ𝑐𝑐𝑞𝑞
 Eq. 9 

 𝛷𝛷𝑒𝑒 = � 𝛷𝛷e,𝜆𝜆

𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚

𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚

 d𝜆𝜆, Eq. 8 
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It is now possible to calculate the 𝐸𝐸𝐸𝐸𝐸𝐸 after acquiring a spectral flux 𝛷𝛷e,𝜆𝜆 over the 

wavelength interval 𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚  to 𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚 . The product 𝜆𝜆 ∙ 𝛷𝛷e,𝜆𝜆  can then be numerically 

integrated over the wavelength range in the numerator of Eq. 9. 

 However, it is of interest to be able to refer to the wavelength of the LED when 

discussing integrated metrics such as the EQE and optical power (or radiant flux). 

Often, the peak wavelength of the spectra is used for this purpose. However, a more 

descriptive definition is the centroid wavelength, ⟨𝜆𝜆⟩, of the spectra 𝛷𝛷e,𝜆𝜆. This is the 

wavelength at which, on either side, the area (the integral) is equal. In other words, 

⟨𝜆𝜆⟩, is the wavelength at which the following statement is true: 

It can be shown that the centroid wavelength is also equal to the numerator of Eq. 9 

divided by the integrated power, Eq. 8, which should appear obvious after inspecting 

the equation: 

By replacing the monochromatic wavelength and power terms in Eq. 7 with the 

polychromatic versions (representing a real LED), the EQE can also be calculated: 

 𝛷𝛷𝑒𝑒
2

= � 𝛷𝛷e,𝜆𝜆

⟨𝜆𝜆⟩

𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚

 d𝜆𝜆 = � 𝛷𝛷e,𝜆𝜆

𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚

⟨𝜆𝜆⟩
 d𝜆𝜆, Eq. 10 

 ⟨𝜆𝜆⟩ =
1
𝛷𝛷𝑒𝑒
� 𝜆𝜆 ∙ 𝛷𝛷e,𝜆𝜆

𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚

𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚

d𝜆𝜆 Eq. 11 

 𝐸𝐸𝐸𝐸𝐸𝐸 =
𝛷𝛷𝑒𝑒 ∙ ⟨𝜆𝜆⟩ 
𝐽𝐽 ∙ 𝒜𝒜 ∙  ℎ𝑐𝑐𝑞𝑞

 Eq. 12 
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3.2 Extraction efficiency 
AR requires smaller pixels approaching 1 μm to simultaneously maximize resolution as 

pixels per degree (PPD), field of view (FoV), and eyebox size while minimizing form 

factor [62], [67], [68]. Diffractive waveguides are the most popular optical combiners 

capable of meeting these design requirements relatively cheaply [54]. However, small 

acceptance angles coupled with broad angular emission from microLEDs (or OLEDs) 

contribute to system optical efficiencies (from display to eye) under 1% [66], [69], [70]. 

Poor coupling efficiency can be partially recovered by collimating microLED emission 

with wafer-level optics, such as microlens arrays [71]–[74].  

As it  turns out, microLED emission can also be collimated simply by reducing the 

lateral width. Models [32], [49], [75]–[79] and experiments [26], [32], [48] show that 

decreasing microLED width induces a self-collimating effect due to light reflecting 

against tapered sidewalls and redirecting toward the extraction window. In Ley et al. 

[32] we demonstrated external quantum efficiency (EQE) of KOH-treated blue 

microLEDs rose from 8.5–13.5 % as diameter decreased from 20–2 μm due to enhanced 

light extraction,  as shown in Figure 3-1. 
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Figure 3-1. Peak EQE versus blue microLED diameter. Reproduced from [32] with the permission of 
AIP Publishing. 

3.3 Sidewall recombination theory 
In order to predict which surface passivation treatments may be most effective, it is 

first necessary to understand the origins of surface recombination. We start by 

defining the surface recombination rate per unit area: 

 𝑅𝑅𝑠𝑠 =
𝑝𝑝𝑝𝑝 −  𝑛𝑛𝑖𝑖2

𝑝𝑝 + 𝑛𝑛 + 2𝑛𝑛𝑖𝑖 𝑐𝑐𝑐𝑐𝑐𝑐ℎ �
𝐸𝐸𝑖𝑖  −  𝐸𝐸𝑠𝑠𝑠𝑠

𝑘𝑘𝑘𝑘 �
𝑁𝑁𝑠𝑠𝑠𝑠𝑣𝑣𝑠𝑠𝑠𝑠𝜎𝜎 Eq. 13 

Where 𝑝𝑝 , 𝑛𝑛 , and 𝑛𝑛𝑖𝑖  are the hole, electron and intrinsic carrier concentrations, 

respectively. 𝐸𝐸𝑖𝑖  is the intrinsic fermi energy and 𝐸𝐸𝑠𝑠𝑠𝑠  is the energy of a surface state 
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located in the band gap. The final three terms together define the surface 

recombination velocity: 

 𝑣𝑣𝑠𝑠 = 𝑁𝑁𝑠𝑠𝑠𝑠𝑣𝑣𝑠𝑠𝑠𝑠𝜎𝜎 Eq. 14 

𝑁𝑁𝑠𝑠𝑠𝑠 is the density of surface states at energy 𝐸𝐸𝑠𝑠𝑠𝑠, 𝑣𝑣𝑠𝑠𝑠𝑠is the thermal velocity of carriers, 

and 𝜎𝜎  is the capture cross section of the surface state. Experimental recombination 

velocities for III-V and III-nitride semiconductors are shown in Figure 3-2 [80]. 

  

 

Figure 3-2. Ranges of experimentally measured surface recombination velocities for III-V and III-N 
alloys compiled from various sources by [80]. Bars show the ranges of the reported values, whereas 
symbols indicate the most frequent/averaged ones. Grey shadow demonstrates a general trend of 
the surface recombination velocity variation with the materials bandgap. Reproduced from [80] 
with permission from Wiley. 
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The  recombination velocity (Eq. 14) can be used to calculate an effective SRH 

coefficient, 𝐴𝐴′, in the ABC recombination model that is dependent on the perimeter and 

area of the active region [81]:  

 
𝐴𝐴′ = 𝐴𝐴0 + 𝑣𝑣𝑠𝑠

𝒫𝒫
𝒜𝒜

 Eq. 15 

Examining the surface recombination rate shows nonradiative recombination 

can be reduced by reducing the density of surface states, 𝑁𝑁𝑠𝑠𝑠𝑠. These surface states have 

several origins, including impurities, surface defects (i.e., nitrogen vacancies in GaN), 

and dangling bonds. Additionally, the 𝐸𝐸𝑖𝑖  −  𝐸𝐸𝑠𝑠𝑠𝑠  term in Eq. 13 reveals that defects 

nearer to mid-gap are more effective nonradiative recombination centers. By reducing 

the number of surface states, 𝑁𝑁𝑠𝑠𝑠𝑠, in the gap, the effective 𝐴𝐴′coefficient will be reduced 

[82]. 

3.3.1 Surface states on III-nitride microLED sidewalls 
Understanding how the bonding on InGaN surfaces gives rise to defect states in the 

bandgap is crucial. Unfortunately, various growth and experimental limitations 

prevent direct study of the surface of InGaN active regions on the sidewall formed by 

dry etching. We are forced to examine models and experimental results conducted on 

planar III-nitride surfaces with the expectations they translate (at least partially) to 

InGaN microLED sidewalls. 
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3.3.1.1 Intrinsic surface states 
Beginning with an ideal semiconductor surface, intrinsic surface states resulting from 

dangling bonds can be understood from the viewpoint of the tight binding 

approximation [83]. The reduced bonding of atoms near the surface shifts the energy 

closer to their unbonded atomic states which exist nearer the bandgap. In 

semiconductors with ionic nature such as GaN, the cation dangling bonds (Ga), give 

rise to higher energy acceptor states while the anion (N) gives rise to donor states 

nearer the valence band. In fact, in GaN it is believed that the energy level of nitrogen-

derived dangling bond states are outside the bandgap below the valence band due to 

the large electronegativity of nitrogen [84], [85]. 

3.3.1.2 Extrinsic surface states 
In addition to intrinsic surface states at the surface of a perfectly terminated crystal, 

extrinsic surface states originating from crystallographic defects and foreign 

impurities may also exist and should be avoided. In etched GaN, the crystallographic 

defects are typically nitrogen vacancies (which explains Ga-rich surfaces after 

etching). Impurities on GaN surfaces are typically native oxides and carbon [86]. 

 



 

 32 

4 
Self-aligned microLED fabrication process 

4.1 Opening the p-via 
Layer-to-layer misalignments during lithography steps is the limiting factor when 

fabricating small microLEDs, particularly in academic settings which lack the proper 

stepper systems necessary. At UCSB, the best repeatable alignment error that can be 

achieved is 250nm. When considering fabricating a 1 μm device, this alignment error 

is unacceptably high. For example, etching a 500 nm p-via over a 1 μm wide mesa 

allows no more than 250 nm alignment error. To address the absence of data at 

microLED widths necessary for display commercialization, [31] introduced a self-

aligned top-down process to fabricate 1 μm microLEDs.  

4.1.1 Dry etching 
Although dry etching the dielectric aperture (or p-via) offers the best control and 

repeatability, it also introduces size-dependent damage to the p-contact. Since the 

main objective of many microLED papers is to investigate size-dependent sidewall 

recombination, this is a significant problem as it becomes difficult to decouple the two 

phenomena.  

Damage from dry-etching occurs because it is challenging, if not impossible, to 

etch holes of varying diameter at the same rate due to various loading effects. The 
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result is that microLEDs of varied sizes receive varying degrees of exposure to plasma 

damage at the p-contact. This effect was observed and corrected by Olivier and Daami 

[30], [87], and shown in Figure 4-1. A more recent study [88] specifically addresses and 

confirms this. 

 
Figure 4-1. (left) EQE comparison of devices fabricated under different plasma etching conditions 
for the opening of the p-via. (a) Unoptimized and (b) optimized. Specifics of the etch optimization 
are not provided.  (top right) Same devices from unoptimized old etch process in top left. Devices 
show clear signs of large differences in series resistance versus size. (left) From [30] with 
permission from Wiley. (right) From [89] with permission from Elsevier. 

 The deviation between sizes in the IV curves at high current densities shown in 

Figure 4-1 shows a difference in the series resistance between device sizes. However, 

leakage current due to sidewall recombination should manifest as a parallel resistance 
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which dominates at low current densities (seen clearly in Figure 5-3). This represents 

one of the largest errors commonly seen microLED fabrication in the literature (I 

estimate over half of the IV curves I see clearly show size-dependent series resistance).  

4.1.2 Wet etching and other alternatives 
Fortunately, at UCSB, all microLED processes avoid directly etching the dielectric 

aperture (admittedly, without contact damage in mind). The process often employed 

by D. Hwang, M. Wong, and most others, uses a buffered HF (BHF) etch to open the p-

via in SiO2. Figure 4-2 compares plasma-etched p-vias on microLEDs fabricated by 

Olivier et. al. (the same devices in Figure 4-1) with BHF-etched devices fabricated by 

D. Hwang [90]. R. Ley used a plasma etch to open the p-via in [32], but also used an 

Al2O3 etch-stop to protect the contact.  

A final non-damaging alternative is a liftoff process to form the p-via. However, 

both liftoff and wet etching become intractable when microLED dimensions approach 

1 μm, due to mentioned alignment errors. Unless, of course, the alignment error is 

removed completely through a self-aligned approach. 
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Figure 4-2. Electroluminescence images of microLEDs with (left) plasma dry etched p-vias 
(corresponding to the same devices in the top row  of Figure 4-1). From  [89] with permission from 
Elsevier. (right) BHF wet etched p-vias with uniform light distribution. From [90] with permission 
from IOP publishing. 
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4.2 Other design goals and considerations 
• Enable fabrication of devices down to (at least) 1 μm, but also allow for 

fabrication of larger devices (to study a wide range of sizes) 

• Allow for a wide range of wet chemicals for sidewall treatment studies, 

including both bases and acids (e.g., KOH and Piranha) 

• Make the process as quick, simple, and commercially-viable as possible [91] 

o No electron-beam lithography 

o Increase the speed of learning cycles 

• Allow for high-temperature processing 

o Tunnel junction activation 

o Atomic layer deposition (ALD) 

• Allow for high-density arrays to be fabricated, as opposed to single devices 

o In the event we could integrate the devices in a full display 

• Self-aligned ITO p-contact was chosen for several reasons: 

o Silver-based p-contacts are notoriously challenging 

o Self-aligned ITO contact cuts a lithography step by allowing for identical 

p- and n-pads (Al/Ni/Au), which are nearly as reflective as Ni/Ag 

o If the contact does not cover the entire mesa, and only contacts the part 

exposed by the p-via, then another size-dependent feature is introduced 

§ The degree of effect would presumably change depending on the 

amount of misalignment of the p-via relative to the mesa 
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4.3 The process 
The process is illustrated in Figure 4-3. In only 3 lithography steps (which can be 

performed with a basic contact aligner) microLEDs with diameters down to 1 μm (or 

smaller) can be fabricated.  

 

Figure 4-3. Self-aligned fabrication process. Layers are scaled proportionally assuming 1 μm 
diameter mesa and 1 μm etch depth. (a) E-beam 30 nm ITO, sputter 330 nm SiOx, then sputter 
170 nm SiNx. (b) Dry etch layers from (a) and approximately 1 μm into epitaxy. (c) BHF selectively 
etches SiOx, followed by piranha and KOH (d) Sputter 280 nm AlOx. (e) Selective vapor HF etch SiOx 
to liftoff. (f) Dry etch n-via through AlOx. Liftoff 600/100/600 nm Al/Ni/Au n- and p-pads. 
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Figure 4-4 shows SEM images throughout the fabrication of a 1 μm microLED. The SEM 

images align with the illustrations in Figure 4-3. 

 
Figure 4-4. SEM micrographs of self-aligned fabrication process of 1 μm diameter microLED. Panels 
(a–f) match Figure 4-3. (a) Pattern photoresist. (b) SiNx/SiOx layers shown etched prior to etching 
ITO and LED epitaxy. (c) MicroLED mesa  (left) before and (right) after KOH treatment. (d) Deposit 
AlOx dielectric. (e) Liftoff using vapor HF etching of SiOx. (f) Deposit pads consisting of 
600/100/600 nm Al/Ni/Au. 

The process uses standard methods for both deposition and etching of the layers. 

The most unique tooling needed is vapor HF (step d), although this is standard in 

micro-electromechanical systems (MEMS) processing. ITO, SiNx, SiOx, (in a), AlOx (in 

d) and metal contact layers (in f) are deposited with standard sputter or electron-beam 

(e-beam) processes. The epitaxy, ITO, SiNx, SiOx (in b) and AlOx (in f)  are all etched 

with standard reactive-ion and/or inductively-coupled plasma (ICP) processes. 
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4.3.1 Chemical selectivity 
This process is enabled by leveraging the chemical selectivity of the various layers. 

The first use of chemical selectivity is (c), where the undercut is formed to later 

facilitate liftoff. In this case, buffered-HF (BHF) solution is used to selectively etch only 

the SiO2 layer. Care must be taken that the SiNx and ITO layers are of high quality, or 

they may also be etched during this step. The Si/N and Si/O ratios also have a strong 

effect on the etch rates of the SiNx and SiOx layers. 

Once the structure in (c) is formed, chemical sidewall treatments, high-

temperature activation (for tunnel junctions), or ALD can take place. Since the 

structure on top is made of dielectrics as opposed to photoresist, it can withstand many 

harsh chemical treatments. The structure on top is remarkably robust, and remains 

attached through sonicating, and harsh chemical treatments, such as heated KOH-

based etches shown in the next figures. 

In (d), vapor HF is used to selectivity etch the SiOx layer and release the structure 

in order to open the p-via in (e). Aside from the small area of SiOx exposed due to the 

undercut, everything is masked by AlOx, which is inert to vapor HF etching. Tests 

showed that vapor HF had no effect on the conductivity of the underlying ITO layer. 



 

 40 

 
Figure 4-5. 1 μm mesa after 20 mins heated (50°C) KOH etching. 

 
Figure 4-6. 1 μm mesa after 40 mins heated (80°C) AZ400k etching. 
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4.3.2 High-density arrays 
Unfortunately, we lacked the ability to integrate high-density arrays onto a backplane 

and create a full display. Still, the process proved to be quite capable in this regard. 

 

Figure 4-7. 1 μm microLED array with 2 μm pitch hexagonal packing. Image taken after the liftoff 
step in Figure 4-3e. 
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5 
Comparison of size-dependent characteristics 
of blue and green InGaN microLEDs down to 
1 micron diameter 
 

The following paper is adapted from 
Jordan M. Smith, Ryan Ley, Matthew S. Wong, Yong Hyun Baek, Ji Hun Kang, Chae Hon 
Kim, Michael J. Gordon, Shuji Nakamura, James S. Speck, Steven P. DenBaars;  
Comparison of size-dependent characteristics of blue and green InGaN microLEDs down 
to 1 μm in diameter. Appl. Phys. Lett. 18 February 2020; 116 (7): 
071102. https://doi.org/10.1063/1.5144819 with the permission of AIP Publishing. 
 
Small formatting changes to the equations and references were made to align better with 
the rest of this dissertation. 
 

There is growing interest in microLED devices with lateral dimensions 
between 1 and 10 μm. However, reductions in external quantum efficiency 
(EQE) due to increased nonradiative recombination at the surface become 
an issue at these sizes. Previous attempts to study size-dependent EQE 
trends have been limited to dimensions above 5 μm, partly due to 
fabrication challenges. Here, we present size-dependent EQE data for 
InGaN microLEDs down to 1 μm in diameter fabricated using a process that 
only utilizes standard semiconductor processing techniques (i.e., 
lithography and etching). Furthermore, differences in EQE trends for blue 
and green InGaN microLEDs are compared. Green wavelength devices 
prove to be less susceptible to reductions in efficiency with the decreasing 
size; consequently, green devices attain higher EQEs than blue devices 
below 10 μm despite lower internal quantum efficiencies in the bulk 
material. This is explained by smaller surface recombination velocities 
with the increasing indium content due to enhanced carrier localization. 

 

https://doi.org/10.1063/1.5144819
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MicroLEDs (also known as micro-LEDs, μLEDs) have the potential to replace 

organic light-emitting diode (OLED) and liquid-crystal display (LCD) technologies in a 

variety of applications. Compared to LCDs and OLEDs, microLEDs offer many benefits 

including increased brightness and reliability, reduced power consumption, longer 

lifetimes, and smaller form factors [92]. Here, we limit the term microLEDs to nitride-

based or phosphide-based (i.e., InGaN or AlGaInP) devices with dimensions below 

100 μm and fabricated via conventional, top-down processing methods; in contrast, 

terms such as nanorods, nanowires, and nanoLEDs describe devices with dimensions of 

several micrometers or less and are often fabricated using bottom-up growth 

techniques. 

For most display applications, microLEDs with lateral dimensions below 10 μm 

will be required to reduce material cost. For example, IHS Research and Veeco predict 

mesa sizes of 9 μm and 3 μm for 55 in. 4K TVs and smartphones, respectively, which 

are required to meet cost targets necessary for commercialization [10]. Microdisplays 

(like those for augmented reality glasses) will also require sizes under 5 μm although 

the primary driving factors for these displays are high pixel densities and small form 

factors [7]. 

Unfortunately, the external quantum efficiency (EQE) of microLEDs decreases as 

lateral dimensions are reduced [29], [33], [40]. This originates from an increased 

surface-area-to-volume ratio, which increases nonradiative Shockley–Read–Hall 

(SRH) recombination at the edge of the mesa. The etched surface contains 
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crystallographic defects, impurities, and dangling bonds that introduce trap states 

within the bandgap, which act as nonradiative recombination centers [25], [93]. 

Size-dependent efficiency in microLEDs can be incorporated into the ABC-model 

by defining an effective SRH coefficient, which depends on the active region 

perimeter, 𝒫𝒫 , area, 𝒜𝒜 , surface recombination velocity (SRV), 𝑣𝑣𝑠𝑠 , and bulk SRH 

coefficient, 𝐴𝐴0, 

  𝐴𝐴′ = 𝐴𝐴0 + 𝑣𝑣𝑠𝑠
𝒫𝒫
𝒜𝒜

 Eq. 16 

The internal quantum efficiency (𝐼𝐼𝐼𝐼𝐼𝐼) becomes 

  𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼𝐼 ∙
𝐵𝐵𝑛𝑛2

𝐴𝐴𝐴𝐴 + 𝐵𝐵𝑛𝑛2 + 𝐶𝐶𝑛𝑛3
 Eq. 17 

In Eq. 17, 𝑛𝑛 is the carrier concentration, 𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖  is the injection efficiency, and 𝐵𝐵 and 𝐶𝐶 are 

coefficients related to radiative and Auger recombination, respectively. Finally, the 

𝐸𝐸𝐸𝐸𝐸𝐸 is defined as the product of the 𝐼𝐼𝐼𝐼𝐼𝐼 and light extraction efficiency, 𝐿𝐿𝐿𝐿𝐿𝐿,  

 𝐸𝐸𝐸𝐸𝐸𝐸 = 𝐼𝐼𝐼𝐼𝐼𝐼 ∙ 𝐿𝐿𝐿𝐿𝐿𝐿 =
∫ 𝜆𝜆 ∙ 𝛷𝛷e,𝜆𝜆
𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚
𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚

d𝜆𝜆 

𝐽𝐽 ∙ 𝒜𝒜 ∙  ℎ𝑐𝑐𝑞𝑞
=

𝛷𝛷𝑒𝑒 ∙ ⟨𝜆𝜆⟩ 
𝐽𝐽 ∙ 𝒜𝒜 ∙  ℎ𝑐𝑐𝑞𝑞

 Eq. 18 

The right side of Eq. 18 is used to calculate the 𝐸𝐸𝐸𝐸𝐸𝐸  from known or measurable 

quantities: optical power, 𝛷𝛷e,𝜆𝜆, centroid wavelength of the electroluminescence (EL) 

spectrum, ⟨𝜆𝜆⟩ , and current density, 𝐽𝐽  (where 𝑐𝑐 , 𝑞𝑞 , and ℎ  are physical constants). 

Substituting Eq. 16 and Eq. 17 into Eq. 18 reveals that the 𝐸𝐸𝐸𝐸𝐸𝐸  is reduced as lateral 

dimensions decrease in agreement with experimentally observed trends [29], [33], 

[40]. 
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  𝐽𝐽𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑛𝑛𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = �𝐴𝐴
′

𝐶𝐶
 Eq. 19 

There are no previous reports of microLED EQE trends for mesa dimensions 

below 5 μm, despite commercial demands [92]. This counterintuitive result is partly 

due to fabrication difficulties that arise at these size ranges; for instance, layer-to-layer 

alignment for a 1 μm microLED becomes intractable using lithography systems 

available to a typical academic researcher (e.g., aligning a 500 nm dielectric aperture 

on top of a 1 μm mesa). Furthermore, sidewall recombination studies are often 

convoluted with processing effects, which makes interpreting any observed trends 

challenging; for example, Olivier et al. showed that dry etching the dielectric aperture 

on top of microLED mesas introduced size-dependent damage to the p-contact, which 

caused deviations from the EQE trends expected solely from sidewall recombination 

[30]. 

A processing scheme (illustrated in Figure 5-1) was developed, which eliminates 

precise alignments and removes the need to dry etch the dielectric aperture. The core 

concept is to form a self-aligned undercut structure on top of the mesa (Figure 5-1(c)), 

which facilitates lift-off of the deposited dielectric to form the aperture and expose 

indium tin oxide (ITO) for the subsequent electrical contact. 
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Figure 5-1. Blanket deposition of 30 nm ITO, 300 nm SiO2, and 200 nm SiN on top of the LED epitaxial 
structure. (b) Dry etch through various layers to define the mesa structure. (c) Selectively undercut 
SiO2 layer using buffered HF solution. (d) Sputter deposition 250 nm Al2O3 passivation material. (e) 
Lift-off by removing the SiO2 layer using vapor HF. (f) Dry etch Al2O3 to expose n-GaN and deposit 
reflective 600/100/600 nm Al/Ni/Au common contact/probe-pads via e-beam evaporation and lift-
off. 

Figure 5-2 shows a scanning electron microscope (SEM) micrograph of a 1 μm diameter 

microLED mesa after the lift-off step corresponding to Figure 5-1(e). 

 
Figure 5-2. SEM micrograph of a 1 μm diameter InGaN microLED mesa with Al2O3 dielectric 
passivation and aperture showing exposed ITO. 
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The remainder of this paper analyzes the electro-optical characteristics of 

microLEDs with operating wavelengths of approximately 467 nm (blue) and 532 nm 

(green). Devices were fabricated from commercial c-plane epitaxial material grown on 

sapphire with diameters ranging from 1 to 30 μm using the aforementioned process. 

All devices were processed in parallel to limit any processing variations. For each 

device size, several devices were tested and their results were averaged, while the 

error bars indicate the minimum and maximum values measured. 

Figure 5-3 compares continuous operation current–voltage characteristics for 

blue and green devices for device sizes of 1 μm and 10 μm. When comparing device sizes 

(for both blue and green) at below-threshold voltages, the 1 μm devices exhibit higher 

current densities as a result of increased surface leakage current [93]. At higher 

current densities where high injection effects and series resistance dominate, the 1 μm 

and 10 μm curves approach similar values, indicating comparable carrier transport 

across device sizes. This suggests that trends observed in the EQE across device sizes 

are due to sidewall recombination effects and not related to other processing-related 

effects such as contact resistance [93]. 
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Figure 5-3. Comparison of current-voltage characteristics of 1 μm and 10 μm diameter devices for 
blue and green wavelengths. 

Optical measurements were conducted on-chip prior to flip-chip bonding or 

substrate removal. Only light transmitted through the sapphire substrate (downward 

direction in Figure 5-1) was collected within approximately a 60° half-angle cone 

normal to the substrate. This geometry was chosen over an integrating sphere as it 

more accurately imitates how microLEDs are used in displays. However, the limited 

collection angle caused lower measured EQE values than that would be obtained if the 

devices were packaged and the total light extracted was collected in an integrating 

sphere (such as in  [33]–[35]). The collection surface was an optical diffuser (Ocean 

Optics CC-3-DA) coupled to a fiber optic cable. The diffuser's purpose was to make the 

measured power independent of the incident angle of photon flux, which may vary 

greatly with the device diameter [49]. The fiber output was collimated and passed 

through an optional neutral density (ND) filter and focused into a monochromator 

(Horiba Jovin Yvon iHR320) using a thermoelectrically cooled Synapse CCD detector 
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to record the electroluminescence (EL) spectra. A fiber-coupled blackbody source 

(Ocean Optics LS-1-CAL) was used for radiometric calibrations. For each device, EL 

spectra were measured at various current densities and integrated across all relevant 

wavelengths to calculate 𝛷𝛷𝑒𝑒 and EQE using Eq. 18. 

Figure 5-4 shows measured EQE curves vs current density for devices ranging 

from 1 to 30 μm in diameter for (a) blue and (b) green wavelengths. The blue 

wavelength devices show a decrease in efficiency as the size is reduced down to 1 μm 

as well as a shift in Jpeak to higher current densities. This result agrees with previously 

observed EQE trends in blue microLEDs down to 5 μm in size [29], [33], [40] and 

confirms that there are no deviations in the trend between 1 and 5 μm. The green 

devices, however, do not follow the same trend, the reason for which is discussed 

below. 

 
Figure 5-4. EQE vs logarithmic current density for devices 1–30 μm in size for (a) blue and (b) green 
wavelengths. The results for devices with the highest measured peak EQE are shown 
(corresponding to the upper ranges in Figure 5-5). EQE values are an underestimate of what would 
be obtained if devices were packaged and measured in an integrating sphere. 
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Figure 5-5 plots the peak EQE vs diameter for both blue and green devices, where 

the upper ranges correspond to the peaks of the EQE curves in Figure 5-4. The EQE 

remains approximately constant for the larger 10 μm, 20 μm, and 30 μm device sizes for 

both colors. The EQE clearly begins to reduce at sizes below 10 μm and 3 μm for blue 

and green, respectively. It is clear that the reduction in EQE with the decreasing 

diameter is less severe for green devices compared to blue. In fact, green devices 

exhibit higher EQEs than blue devices at diameters below 10 μm. This crossover is 

remarkable since it is well-known that the IQE of bulk green InGaN material is lower 

than that of blue. Many factors contribute to lower IQE in green, including increased 

defect densities (from increased strain and lower growth temperatures), increased 

quantum-confined Stark effect (QCSE), and increased Auger recombination due to 

carrier localization. 

 
Figure 5-5. Peak EQE is a function of mesa diameter for blue and green devices. Upper ranges 
correspond to the peaks in Figure 5-4. 
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The reduced size-dependence of green microLEDs is explained by a smaller SRV, 

which has been experimentally observed in other InGaN systems [50], [53]. This effect 

has previously been attributed to increased carrier localization from natural alloy 

disorder as the indium content is increased [51]–[53], [94]. Eq. 16 reveals that 

smaller SRV reduces the 𝒫𝒫 𝒜𝒜⁄  term contribution, resulting in a smaller effective SRH 

coefficient, A'⁠. This results in a specific diameter where the device set with higher IQE 

and EQE will crossover from blue to green. 

In these particular microLED devices, the EQE crossover between blue and green 

occurs at 10 μm; however, the exact crossover diameter will change depending on the 

device geometry and relative material quality between blue and green. For example, a 

crossover will exist in bottom-up fabricated axial nanowire LEDs since surface 

recombination still occurs due to dangling bonds on the nanowire surface. However, 

the relative values of SRV, LEE, and ABC-model coefficients between blue and green 

nanowires would be different from those of the microLEDs discussed here, resulting 

in the crossover occurring at a different diameter. 

Further evidence of reduced surface recombination in green devices is the shift 

of Jpeak to significantly lower current densities (note the difference in y-axis scales) 

in Figure 5-6. This is explainable by a lower A' in Eq. 19 due to a smaller SRV. 
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Figure 5-6. Current density at the peak EQE as a function of mesa diameter for blue and green 
devices. 

There is currently some debate as to whether AlGaInP or InGaN should be used 

as the red light source in microLEDs. The present finding of an EQE crossover in blue 

and green InGaN microLEDs may have implications in this debate, as an analogous (but 

more extreme) SRV relationship exists between red AlGaInP and red InGaN 

microLEDs, respectively. Large-area red AlGaInP emitters typically have much higher 

IQE values than red InGaN emitters, which suffer from the same issues as green InGaN 

devices (mentioned previously), but to a greater extent due to the higher indium 

content. However, the SRV in red AlGaInP is even higher than that in blue InGaN, 

while the SRV of red InGaN is lower than that of green InGaN [25], [95]. Thus, it is 

likely that a similar crossover in EQE like the one in Figure 5-5 exists between red 

AlGaInP and red InGaN microLEDs, where InGaN devices would win out at smaller 

sizes. 
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In conclusion, we have achieved electrically injected InGaN microLED devices 

with diameters down to 1 μm fabricated using conventional, top-down semiconductor 

processing methods. We also analyzed differences in the size-dependent EQE trends 

between blue and green wavelength InGaN microLEDs. We have found that the EQE in 

green wavelength devices exhibits a lessened size-dependence, which is attributed to 

a reduced SRV due to carrier localization. This results in green devices showing higher 

EQE values than their blue counterparts for diameters under 10 μm despite lower bulk 

efficiencies. 

This material is based upon the work supported by the National Science Foundation 
Graduate Research Fellowship under Grant No. 1650114 and funded by the Solid-State 
Lighting and Energy Electronics Center (SSLEEC) at the University of California, Santa 
Barbara (UCSB). A portion of this work was performed in the UCSB nanofabrication 
facility, part of the NSF NNIN network (No. ECS-0335765) and UCSB MRL, which is 
funded by the NSF MRSEC program (No. DMR-1720256). The authors would like to 
thank Seoul Viosys for growth of the LED material used in this work. 
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6 
Wavelength- and size-dependent microLED 
efficiency gain due to reduced surface 
recombination and enhanced light extraction 

6.1 Introduction 
This study combines the results comparing blue and green microLEDs in [31] (covered 

previously in Section 5) and light extraction results of [32], and extends them to longer 

wavelengths. Key figures from those studies are replotted below. 

  

Figure 5-5. Peak EQE is a function of mesa 
diameter for blue and green devices. Upper 
ranges correspond to the peaks in Figure 5-4. 

Figure 3-1. Peak EQE versus blue microLED 
diameter. Reproduced from [32] with the 
permission of AIP Publishing.  

While green devices showed some resistance to size-dependent droop due to 

surface losses, red devices with higher indium content are expected to exhibit even 

more resistance due to the higher indium content. If surface recombination is nearly 
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eliminated (as was achieved in [32] through chemical treatments), then size-

dependent EQE gain due to enhanced light extraction at small sizes can be observed. 

6.1.1 Red InGaN performance 
Red InGaN epitaxy suffers from poor bulk internal quantum efficiency (IQE), high 

voltages, and large spectral dispersion compared to blue and green [96], [97]. Figure 

6-1 shows some EQEs for long-wavelength InGaN LEDs compiled by [97]. 

 
Figure 6-1. EQE of InGaN-based LEDs with peak wavelength ranges from 580 to 710 nm. Solid and 
open symbols are given by high and low current densities for planar InGaN LEDs and GaN:Eu LEDs. 
The shaded area indicates the general trend between efficiencies and peak wavelength at standard 
current density. From [97]. CC-BY 4.0. 

6.1.2 AR applications 
Spectral dispersion causes analagous issues to angular dispersion in AR applications, 

as both are directly linked to the in-coupler (and out-coupler) grating angle [98]. 

Emerging metasurfaces could provide an elegant solution to both angular and spectral 
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dispersion in the form of broadband achromatic optics with large numerical apertures 

(NA) [99]–[101].  

Spectral spread in waveguides for AR can also be partly compensated by using 

symmetric input and output gratings in opposing directions, as shown in Figure 6-2. 

Regarding this, Bernard Kress (a leader in AR who worked on Google Glass and 

Microsoft HoloLens) states [102], 

“This symmetric technique might not be used to compensate for spectral 
spread across different colors (RGB LEDs) but rather for the spread 
around a single LED color. The spread across colors might stretch the 
RGB exit pupils too far apart and reduce the FOV over which all RGB 
colors can propagate by TIR.” 

 

 
Figure 6-2. Spectral spread compensation in a symmetric in-coupler/out-coupler waveguide 
combiner. From [102]. CC-BY 4.0. 

6.1.3 Red alternatives 
Due to ongoing challenges in red InGaN, researchers are considering alternative red 

sources such as AlInGaP (or AlGaInP) [103]–[105] or quantum dot (QD) color 

conversion layers [106]–[108]. Both red alternatives also have drawbacks. AlInGaP 



 

 57 

surface recombination velocity is higher than InGaN, exacerbating size-dependent 

EQE droop [25], [109]. QDs have degradation issues, add undesirable thickness, and 

patterning is increasingly challenging as pixel widths drop below 10 μm [110], [111]. In 

either case, incorporating QDs or AlInGaP adds manufacturing steps that increase 

complexity and cost compared to an exclusively InGaN RGB microLED display. 

6.1.4 Growth 
LED epitaxial layers are grown via metal-organic chemical vapor deposition (MOCVD) 

on 2-inch patterned sapphire substrate (PSS). Higher indium concentrations cause 

longer wavelengths; faster growth rates cause higher indium concentrations [112]. 

Growth rate and indium concentration decreases from center to edge of the wafer in 

our reactor [113]. The effects of growth rate and growth temperature are shown in data 

from [112] in Figure 6-3. 

 
Figure 6-3. Indium content dependence on growth rate at various growth temperatures. 
Reproduced from [112] with permission from Wiley. 
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6.2 Experimental design and wavelength variation 
The operating wavelength at 5 A/cm2 varies between 500–600 nm from edge to center 

of the wafer. Wavelength nonuniformity is ordinarily undesirable, but here it is 

intentionally leveraged to study the effects of indium concentration across a single 

sample; consequently, variations that would occur by processing separate red, green, 

and blue samples are eliminated. 

 microLED devices were fabricated using the self-aligned fabrication process 

introduced in [31]. In contrast to that study, the devices here were also subject to 

chemical sidewall treatments. The treatment consisted of 2 minutes of Piranha 

solution (3:1), followed by 15 minutes of KOH (45% w/w, room temperature). This 

treatment was repeated twice. 

 The location of the sample diced from a 2 inch wafer is shown in Figure 6-4. 

Figure 6-4 also shows the location of columns of microLED devices fabricated down the 

sample and lists the average wavelength of each column at an operating current 

density of 5 Α/cm2 for all device sizes. 
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Figure 6-4. Illustration of the (rainbow colored) sample region diced from a 2 inch InGaN epitaxy 
wafer, grown via MOCVD. Locations of columns of microLEDs of different diameter, as well as the 
average wavelength of the microLEDs, are shown. 

By fabricating the sample in this orientation, microLED size trends (down the 

vertical-direction of Figure 6-4) can be tested along a gradient of wavelengths 

(horizontal-direction of Figure 6-4). Instead of the position of each column of 

microLEDs of varying size, microLED columns/devices will instead be labelled by the 

average centroid wavelength of each column when devices were tested at 5 Α/cm2. 

Throughout the study, the colors in all the figures attempt to represent the colors 

emitted by the microLED devices, within the confines of sRGB color space. 

Figure 6-5 plots the mean (and standard deviation) centroid wavelength at 

5 Α/cm2 for each column across the sample. Figure 6-6 plots the data from which the 
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averages in Figure 6-5 were calculated for each device tested, where the lines connect 

devices within the same column from Figure 6-4.  

 
Figure 6-5. Mean centroid wavelength of all devices of differing diameter tested at 5 Α/cm2 at 
different radial positions (in reference to the wafer) along the sample. 

Device yield was lower near the central (green) region of the sample, which is 

presumed to be due to the elongated shape of the sample, which lead to poor 

photoresist uniformity. Total device yield and available size range was highest in the 

columns corresponding to 598 nm and 500 nm in Figure 6-5 and Figure 6-6. Since these 

two sets also represent the extrema of wavelength and indium concentration, they are 

used throughout the remaining figures. 
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Figure 6-6. Centroid wavelength of microLEDs with diameters ranging from 1–50 μm at an injection 
current of 5 A/cm2. Lines connect columns of microLEDs occupying the same radial position on a 2 
inch InGaN LED epitaxy grown via MOCVD. Each line corresponds to a labeled point in Figure 6-5, 
which in turn corresponds to a column of microLEDs at similar radial positions on the wafer. 

 Figure 6-6 shows mostly constant wavelength across device sizes. However, a 

subtle blueshift at longer wavelengths and smaller device sizes may be present, which 

could be attributed to strain relaxation [114]–[116]. 

6.3 Results 
6.3.1 Electrical characteristics 
Figure 6-7 plots the current-density versus voltage (JV) of select device sizes from the 

500 nm and 598 nm ends of the sample. At the early turn-on stages, the deviation 

among sizes in current density of the higher wavelength, 598 nm, devices appears 

lower than that of the 500 nm devices. This would be the expected result if the 598 nm 

devices had lower surface recombination, and thus lower leakage current. 
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At higher voltages, the longer wavelength devices exhibit higher series 

resistance. Higher voltages are commonly observed with increasing indium content, 

which has been attributed to reduced carrier mobility, resulting from an increased 

number of alloy scattering centers [117]. However, this issue was also present in the 

early development of green InGaN LEDs and has been largely overcome in more recent 

years. 

 

Figure 6-7. (a) Semi-log and (b) linear current-voltage characteristics of 1, 5, 10, and 50 μm 
microLEDs from sample locations with mean wavelengths of 500 and 598 nm. Voltage-driven. 

 For either wavelength, JV curves in  Figure 6-7 approach similar values at higher 

bias, independent of device size. This indicates similar series resistance for a given 

wavelength (or indium concentration), indicating there are no differences in the 

contact quality across devices sizes; size-dependent series resistance can be a concern 

if the p-vias of the devices are improperly dry-etched [30], [87], [88]. 
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6.3.2 Efficiency 
Figure 6-8 shows the peak EQE of all measured devices, with lines connecting devices 

with mean wavelengths shown in the legend. Beginning with the most-blue, 500 nm, 

devices, a standard drop in efficiency with decreasing microLED size is observed. On 

the other extreme, longer-wavelength groupings of device sizes show an opposite 

increase in EQE as device size decreases. Although yield was low for intermediate 

wavelengths, the 577 nm grouping of devices appears to have a relatively constant EQE 

across device sizes. 

 
Figure 6-8. Peak external quantum efficiency for all measured devices. 
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These results, although remarkable, are expected when considering the 

combination of reduced surface recombination at long wavelengths [31], and increased 

extraction efficiency at small sizes [32] (see Figure 5-5 and Figure 3-1). In the 500 nm 

devices, surface recombination is strongest, while in the devices near 600 nm, the 

surface recombination is lower to due to the lower SRV caused by carrier localization. 

In other words, there are two opposing size-dependent effects: surface recombination 

and light extraction enhancement. 

Figure 6-9 plots the full EQE versus current density curves for the 500 nm and 

598 nm clusters of devices. The peaks of the curves in Figure 6-9 match those plotted 

in Figure 6-8. The inversion of the peak EQE trend shown in Figure 6-8 is clearly seen 

here as well. 

Since the devices underwent surface treatments, the shift in the peak EQE to 

higher current densities (Eq. 19) may be reduced even for the bluer devices; however, 

a small shift of the peak EQE towards higher current densities for smaller devices 

appears to be present for the 500 nm devices. 

Regarding the relative position of the peaks in Figure 6-9 for the 500 nm and 

598 nm devices, the longer-wavelength devices peak at a higher current density. This 

could be attributed to the larger bulk SRH coefficient, 𝐴𝐴0, (Eq. 15) due to the increased 

number of crystallographic defects present in longer wavelength epitaxy. This also 

explains why the longer wavelength devices, in general, show lower overall lower EQE 

despite the inversion of the size-dependent EQE trend. 
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Figure 6-9. Current density versus external quantum efficiency of two sets of devices from 
opposing ends of the sample, corresponding to different wavelengths and indium concentrations. 

6.3.3 FDTD simulations 
The effects of wavelength (or indium concentration) on size-dependent surface 

recombination were expected. However, there was concern that the patterned 

sapphire interface below the devices may also have a wavelength dependence. To rule 

out that any of the previously observed trends across different wavelengths were the 

result of the PSS interface, FDTD simulations were carried out. 
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 Figure 6-10 shows a microscope image of the PSS interface beneath a 1 μm device, 

as well as the corresponding FDTD region. The reflectivity of the interface was 

calculated by injected a plane-wave source into the periodic simulation region, and 

collecting the fields at the monitor below the patterned interface. The source was 

swept at angles between 0 to 90 degrees (0 being normal to the interface). For every 

injection angle, the results were averaged for 2 orientations of the source, 

corresponding to the principal lattice vectors of a 2D hexagonal lattice. In other words, 

when the source was pointing directly towards the nearest-neighbor patterned 

feature, or between the nearest-neighbor towards the next-nearest-neighbor (the 

latter corresponds to what is seen in the bottom left of Figure 6-10).  

The dimensions of the simulation were dictated by the actual shape of the PSS the 

devices were grown on. Atomic force microscope (AFM) scans provided by the 

substrate supplier gave this information. The patterning had the shape of a truncated 

cone. The base diameter and height of the cones were both approximately 420 nm. The 

pitch was 1 μm. The sidewall slope was approximately 38 degrees (0 being vertical). 
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Figure 6-10. Microscope image of 1 μm device with PSS pattern below, along with corresponding 
FDTD region to simulate the reflectivity of the PSS interface. 

Figure 6-11 shows the results of the FDTD simulation. Little difference in terms of 

reflected or transmitted power is seen between wavelengths of 500, 550, or 600 nm. 

As a reference, the planar interface without patterning was also simulated, which 

produced a curve with the expected jump in reflectivity beyond the total internal 

reflection condition (TIR) between GaN/Sapphire. The results show that the patterned 

interface did not introduce an extraneous wavelength-dependent source of error into 

the results. 
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Figure 6-11. FDTD results of the reflectivity of the patterned sapphire interface located below the 
microLED devices. Results for a planar interface, and the expected total internal reflection features, 
are also shown. 

 However, the results do show that the pattern sapphire interface reflects some of 

the incident power back, even at close-to-normal angles, compared to the planar case. 

From this, it is reasonable to conclude that the effects of increased directionality are 

diminished by the presence of PSS. This would reduce the observed increase in 

efficiency of longer wavelength device (near 600 nm) shown in Figure 6-8. In other 

words, an even stronger size-dependent increase in efficiency could be expected for 

the long-wavelength microLEDs if the devices were grown on a planar sapphire 

substrate. In the case of PSS, some of the light redirected from sidewall reflections 
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towards the extraction window by small devices was reflected back (roughly 16% or 

17% between 0 to 20 degrees). 
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7 
Conclusions 
Due to the focus on relatively large devices, at least two additional size-dependent 

effects in InGaN microLEDs remain understudied: extraction efficiency increases as 

microLED width decreases, and surface recombination is reduced as indium content 

increases.  

 By developing a process to fabricate 1 μm microLEDs and fairly compare them to 

larger devices, the results presented in this dissertation clearly show that size-

dependent droop in microLEDs can be counteracted, or even reversed. 

 The results suggest the detrimental effects of size-dependent droop in microLEDs 

may be overstated. Future research should explore how to harness the beneficial 

effects of increased light extraction and resistance to surface recombination in long-

wavelength InGaN microLEDs, as opposed to focusing on negating the effects of 

surface recombination through complex passivation schemes. 

 The results have also shown that the gap in efficiency between red and blue 

InGaN is already much smaller than previously believed, once dimensions approach 

1 μm. Moving towards an entirely InGaN-based microLED display has obvious benefits 

in terms of cost and simplifies the overall display design. High voltages in red InGaN 

will need to be addressed to lower the overall wall-plug efficiency. Spectral dispersion 
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is also a concern, especially for AR, but several approaches to address this issue were 

discussed in the beginning of Section 6. 
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