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ABSTRACT OF THE THESIS

Ray-Tracing Methodology For Optical Crosstalk
Calculation In MicroLED Displays

by

Harshal Dalpat Sonagara

Master of Science in Materials Science and Engineering
University of California, Los Angeles, 2023

Professor Subramanian Srikantes lyer, Chair

In the past few years, there has been a growing requirement for the development and
innovation of MicroLED displays that can outperform Liquid Crystal Displays (LCDs) or
Organic Light-Emitting Diodes (OLEDS) in terms of dynamic color range, contrast ratios, and
brightness. This increased demand is mainly driven by the emergence of new application areas,
such as wearable Virtual Reality (VR), Augmented Reality (AR) devices, Head-Up Displays
(HUDs), and advancement in Optogenetics®. Various companies have presented prototype
MicroLED displays primarily in the form of large displays and smartwatches. However, there
are still several challenges that need to be overcome before these displays can be commercially

available?.

One of the technical challenges faced by the MicroLED displays is optical crosstalk. In
this study, a method has been developed to quantify the optical crosstalk in the Quantum Dot-
based flexible MicroLED display. The effect of features such as the gap between the MicroLED

and the Q.D. layers, dimensions of the pixel, pitch length, and misalignment distance on the
i



overall optical crosstalk of the display has been analyzed. Experimental analysis of optical
crosstalk of MicroLED display with different features has been done to validate the ray-tracing
model developed. Comprehensive analytical and experimental studies of the optical crosstalk

have been done in this work.
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CHAPTER 1: INTRODUCTION

In recent years, there has been a significant surge in the demand for MicroLEDs (u-
light emitting diodes). These miniature light-emitting devices have captured the attention of

the technology industry due to their remarkable features and potential applications.

One of the primary drivers of the increasing demand for MicroLEDs is their exceptional
display quality. MicroLEDs offer significantly improved brightness, contrast ratio, and color
accuracy compared to traditional display technologies such as LCDs (liquid crystal displays)
and OLEDs (organic light-emitting diodes). The individual pixel-sized MicroLEDs produce
vibrant colors and deep blacks, resulting in stunning visual experiences. The superior display
quality of MicroLEDs makes them ideal for various applications, including consumer

electronics, automotive displays, signage, and virtual reality (VR) headsets?.

MicroLEDs also offer significant energy efficiency benefits. Due to their small size,
MicroLEDs consume less power compared to other display technologies, making them more
energy-efficient and environmentally friendly. Additionally, MicroLEDs have a longer
lifespan, outperforming traditional display technologies®. Their inherent durability and
resistance to burn-in or image retention issues contribute to their extended lifespan, resulting

in reduced replacement costs and increased reliability for end users.

1.1 Quantum Dot based Displays

MicroLED technology holds tremendous potential for display applications due to its
superior performance characteristics. However, the fabrication of MicroLEDs on a commercial

scale faces several challenges that need to be addressed for widespread adoption®. The



development of mini/u-LED displays based on RGB LED chips has encountered obstacles such
as low transfer efficiency, yield, and luminous efficiency mismatches. To overcome these
challenges, researchers are exploring Quantum Dot Color Conversion (QDCC) technology?*,

which involves utilizing a patterned QDCC layer and CF array.

Quantum dot-based MicroLED displays combine the advantages of quantum dots and
MicroLEDs. MicroLEDs are tiny light-emitting diodes that are individually controlled and can
provide high brightness, contrast, and energy efficiency. Quantum dots, on the other hand, are

semiconductor nanocrystals that can emit light of different colors depending on their size®.

In a quantum dot-based MicroLED display, quantum dots are used as color converters.
The MicroLEDs act as the backlight source, providing high-intensity light, and the quantum
dots are applied on top of them to convert this light into specific colors. The size of the quantum

dots determines the color they emit, allowing for accurate color reproduction.

One of the key advantages of quantum dot-based MicroLED displays is their ability to
produce a wide color gamut. Quantum dots can emit highly saturated colors, covering a larger
portion of the color space compared to traditional display technologies. This results in more

vibrant and lifelike images.

Another advantage is the high brightness achievable with MicroLEDs. Since each pixel
is an individual light source, MicroLED displays can achieve high peak brightness levels,
leading to enhanced HDR (High Dynamic Range) performance and better visibility in bright

environments.

Quantum dot-based MicroLED displays also offer improved energy efficiency. Quantum
dots can convert the backlight into specific colors with high efficiency, reducing power

consumption compared to traditional color filter-based LCDs. Additionally, MicroLEDs offer



fast response times, which is beneficial for applications such as gaming and virtual reality,

where quick image transitions are important®.

However, it's worth noting that quantum dot-based MicroLED displays are still in the
early stages of development, and there are challenges to overcome, such as the integration of
millions of individual MicroLEDs and the precise placement of quantum dots. Manufacturing
processes need to be optimized for mass production, and cost considerations are also important

factors to address.

1.2 FlexTrate Substrate

FlexTrate™ is a novel fan-out wafer-level packaging (FOWLP) technology for high-
performance and scalable flexible and biocompatible substrates’. It is developed by the Center
for Heterogeneous Integration and Performance Scaling (CHIPS) at the University of

California, Los Angeles (UCLA).

High-performance heterogeneous
devices/components

Figure 1: Concept of FlexTrateTM, a high-performance and scalable flexible device
heterointegration based on wafer-level processing®

Due to its lower glass transition temperature and higher Young's modulus values than

traditional epoxy-based molding compounds (EMC), FlexTrate uses biocompatible

3



polydimethylsiloxane (PDMS) as the packaging mold compound. This makes Flextrate more
flexible and biocompatible than conventional FOWLP substrates, which makes it the perfect
choice for uses like wearable electronics and implanted medical devices where high

performance and flexibility are essential.

FlexTrate, as seen in Figure 1, is a promising new technology for the packaging of high-
performance and flexible electronics. It offers several advantages over traditional FOWLP
substrates, including its flexibility, biocompatibility, and scalability. Flextrate is expected to
find widespread use in a variety of applications, including wearable electronics, implantable

medical devices, and other flexible electronics. Here are some of the key benefits of Flextrate:

Flexibility: Flextrate is a flexible substrate that can be bent to a radius of 5 mm without damage.
This makes it ideal for applications where high performance and flexibility are required, such

as wearable electronics and implantable medical devices.

Biocompatibility: Flextrate is biocompatible, making it suitable for use in implantable medical

devices.
Scalability: Flextrate is scalable, making it suitable for use in a variety of applications.

Performance: Flextrate offers high performance, making it suitable for use in demanding

applications.

1.3 Integrating MicroLED over a Flextrate Substrate

Two approaches? for the production of a MicroLED display over Flextrate substrate are:

1.3.1 Mass Transfer Approach



The mass transfer approach method® consists of several key steps as shown in

Figure 2:
Temporary carrier
Aamm\(‘ o —!‘ = mg:
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Figure 2: Fabrication of a flexible MicroLED display on FlexTrate using the Mass Transfer
approach?®

Growth substrate with uLEDs

a) Releasing pre-made MicroLEDs from the growth substrate onto a temporary carrier
wafer.

b) Selectively bonding a glass stamp to the released MicroLEDs on the temporary carrier.

c) Transferring the bonded MicroLEDs from the temporary carrier to the stamp.

d) Final transfer of the MicroLEDs from the stamp to a target substrate using
programmable laser de-bonding.

e) Performing the FlexTrate™ flexible FOWLP process® to integrate the MicroLEDs with

display driver ICs for complete display fabrication.

1.3.2 Dielet Approach

This alternative method for creating a flexible MicroLED display is simpler and involves

the following steps® (also shown in Figure 3):



Thinning the growth substrate (sapphire) with the MicroLEDs to a thickness of less
than 200um. The sapphire is also polished after thinning to achieve a surface roughness
of less than 10nm RMS, ensuring scattering-free light emission.

Dicing the thinned substrate into smaller dielets with an area of less than 1mm2 for
assembly.

Directly placing and bonding the 1mm?2 dielets with the MicroLEDs onto a target
substrate using a standard die-to-wafer bonding process.

. Performing the FlexTrateTM flexible FOWLP process for the heterogeneous

integration of MicroLEDs with display driver ICs to complete the display fabrication.



1. Fabricated, singulated uLEDs on growth substrate

2. Sapphire grinding and polishing to < 200um; dicing into < 1Imm? dielets

3. Dielets of size < 1mm? ready for pick & place

FlexTrate™
Process

FlexTrate™ carrier 2

_ THERMAL RELEASE TAPE (110°C)

FlexTrate™ carrier 1

= THERMAL RELEASE TAPE (11

(110°C)

4. Flip chip placement of uLED Sapphire dielet - o
FlexTrate™ carrier 1

5. Flip chip pl of other IC
8.Th | debonding of ™ carrier 1
PDMS '
9. After metallization using standard BEOL processing
o ont an
= -::. ! FAPE (110°C) Flexible pLED display
on FlexTrate™

FlexTrate™ carrier 1

6. Dispensing of PDMS on assembled components

Figure 3: Fabrication of a flexible MicroLED display on FlexTrate using Dielet approach®



1.4 Optical Crosstalk in MicroLEDs

1.4.1 Definition

Optical crosstalk in MicroLEDs refers to the phenomenon where light emitted by one
MicroLED can unintentionally affect neighboring MicroLEDs, leading to unwanted cross-

interference and reduced image quality.

No Optical
Crosstalk
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No Optical
Crosstalk

!

; ;
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-a@8- =
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807] |
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Figure 4: Simulation results of LED display with (a) and without (b) optical crosstalk. Experimental
results of LED display with (c) and without (d) optical crosstalk 10

1.4.2 Mechanism

Optical crosstalk can be observed in the MicroLED display due to several reasons:



e Optical Overlap: MicroLEDs are typically densely packed together in a display. When
neighboring MicroLEDs are emitting light simultaneously, their emitted light can overlap
and spill over into adjacent pixels, causing crosstalk. This can result in color bleeding or

reduced contrast'°.

e Light Scattering: Light scattering within the display structure or the surrounding
materials can also contribute to crosstalk. Scattering can cause light to deviate from its
intended path and reach neighboring MicroLEDs, leading to unwanted optical

interference.!

e Optical Waveguiding: In some cases, light emitted by a MicroLED can propagate through
waveguiding structures within the display, such as waveguide layers or substrates. This

guided light can unintentionally reach neighboring MicroLEDs, causing crosstalk.*2

e Substrate Effects: The choice of substrate material can impact crosstalk. Some substrates
may have properties that allow light to propagate within the substrate, leading to unwanted

crosstalk between adjacent pixels.t®

1.4.3 Mitigation

Several methods can be employed to reduce the optical crosstalk in the display:

Design optimization: The layout of the MicroLEDs can be optimized to reduce crosstalk. For

instance, increasing the spacing between MicroLEDs can significantly reduce crosstalk.®



Use of micro-optics: M-lenses can be added to individual MicroLEDs to direct the light

towards the desired direction and minimize crosstalk.

Patterned substrates: By using patterned substrates, it is possible to precisely control the

distance between the MicroLEDs, which can help reduce crosstalk.'®

Light-blocking layers: By using light-blocking layers, it is possible to reduce the amount of

light that spills over from one MicroLED to another, thus reducing crosstalk.®

Anti-reflection/grading index layer coatings: Anti-reflection coatings can be applied to the
surface of MicroLEDs to reduce the amount of light that reflects off their surface and causes

crosstalk.t’

10



CHAPTER 2: RAY-TRACING METHODOLOGY

2.1 MicroLED display model setup

The cross-section and the top view of our MicroLED display model can be seen in Figure
5. It consists of three layers, the MicroLED array second the PDMS substrate, and the Quantum
Dot layer. The MicroLED of dimensions a and b are arranged with the spacing gapx and gapy

in an array as shown in Figure 5 (left).

ULED ULED WLED

gapy

‘gapx.

Cross section Top View

»
Quantum
Dot Layer

Figure 5: Cross section(left) showing light interference from neighboring MicroLEDs. Top View
(Right) of the MicroLED display

Figure 6 shows the top view of the 13 x 13 array of MicroLED. It states the nearest neighbors
of MicroLED labeled as O numbered according to the rank determined by the distance between
the center and the corresponding MicroLED. The ranking will be similar in the case of the other

quadrants.

11
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Figure 6: 13x13 pixel array with the nearest neighbor numbered in the first quadrant

To determine the optical crosstalk, it is necessary to compute the amount of light originating
from the MicroLEDs, that reaches the quantum dot pixel located at the central point O. To

calculate this, MicroLEDs can be classified into three parts (Figure 6) as stated below:

1. Type 1: All the MicroLEDs lying on the quadrants (Yellow color)
2. Type 2: All the MicroLEDs whose center lies on the x-axis or y-axis (Light red colored)

3. Type 3: Corresponding MicroLED at centered at point O (Dark red colored)

Optical Crosstalk% =
Sum of Light Incident from MicroLEDs of (Type 2 + Type 3) < 100
Light from MicroLED of Type 1

(D

12



2.2 Ray-tracing method for crosstalk calculation

A
v

b Q.D. Pixel 4

I
d o o x
LED
b / "

d

<

Figure 7: lllustration of light rays from a MicroLED Pixel towards a Q.D. Pixel

Light emitted by pLED per unitarea = .7

Light emitted by dx x dy element = Ixdx xdy

Ixdxxdyx
211

Fraction of Light incident on the Q.D. due to the element =

ab
VA
Fraction of Light Incident on the Q.D. due to 1 pLED = il ff Q(a, b,d) dxdy
00

Light incident on Q.D. due to neighbouring uLEDs

Optical Crosstalk % = (
ptical Crosstalk % Light incident on Q.D. due to the corresponding uLED

d --» Perpendicular distance between two layers
(a,b) -» (Length, Width) of a pixel

Q-->Solid angle subtended by the quantum dot at the light source
13

)x 100 ...(2)



2.2.1 Angle Subtended by a Q.D. on a point source

For the calculation of optical crosstalk, it is necessary to determine the portion of light
emitted from the MicroLED that reaches the Quantum Dot (Q.D.). To better understand, let us

begin with the linear Q.D. screen depicted in Figure 8.

2.2.1.1 One-dimensional Q.D. Screen

Figure 8: Fraction of light incident into the screen AB from point source O

In this scenario, a linear Quantum Dot (Q.D.) screen is considered. A point light
source uniformly emits light in all directions on one side of the screen. To determine the
fraction of light incident on the screen, it is necessary to evaluate the angle subtended by the

screen on the point source.

Fraction of Light Incident on the screen = (%) ..(3)

Here ‘©’ is the angle subtended by the screen AB on the point O and ‘Z” is the intensity of the light

from the point source.

14



Let’s assume the light source of point O is at a perpendicular distance d from screen

AB. There are two cases for this particular example as shown in Figure 9.

o} [0}

.~._ ..

al B _
S

4o

I N ] M

A — B N A > < 2}
X a-x )

Figure 9: Case 1 (Left) and Case 2 (Right) for the point source of light

For Case 1, let’s calculate the angle ©, which is the angle subtended by the screen AB at point

0.
O=a + 13
6 = tan™! (g) + tan™?! (ad;x)

For Case 2, let us assume that the point source O is at the horizontal distance S from the

midpoint M of the screen AB.

0=R—«a

S+ a/Z) + tan-t (S — a/2>

_ -1
6 =tan ( P 7

After calculating angle ©, the fraction of light of the incident on a linear 2D screen can be

calculated by using equation (3).
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2.2.1.2 Two-dimensional Q.D. Screen

Now, consider a 2D QD screen and a point source O placed at the perpendicular
distance d from the center of the rectangle. The calculation involves determining the solid angle

that the rectangle PQRS subtends at point O.

Figure 10: Solid Angle subtended by a point source O on a rectangular screen PQRS.

A rectangular plate with dimensions a x b is positioned at a distance d from an observer.
The plate's surface is perpendicular to the line of sight from the observer, meaning the normal

vector of the plate surface points directly toward the observer.

The coordinates of the rectangular screen can be described using the following ranges:

For the x-coordinate: —a/2 <x <a/2

For the y-coordinate: —b/2 <y <b/2

For the z-coordinate: z=10
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These bounds indicate that the x and y coordinates of any point on the screen’s surface will fall
within the range of —a/2 to a/2 and —b/2 to b/2, respectively. The z-coordinate is fixed at a

constant value of d, representing the distance between the observer and the plate.

In a spherical coordinate system centered at the observer, the solid angle of the object can be
described using polar angle 6 (ranging from 0 to ) and azimuth angle ¢ (ranging from 0 to 2x).

The solid angle is obtained through a double integral given by:

Y
Q =ff sin 0 d6 d¢ .. (4)

where the two angular coordinates, ¢ and ¢, scan the surface. The solid angle subtended by a
rectangle can be calculated by transforming the Cartesian coordinates to spherical coordinates

using the following equations:
x=rsinfcosd
y=rsin@sind

z=rcosH

The Cartesian coordinates (X, Y, z) can be expressed by performing these transformations in
terms of the spherical coordinates (7, 6, ¢). Subsequently, the double integral can be evaluated

to obtain the solid angle Q.

The analysis can be focused on a single octant of the double hemisphere region that is visible
to the observer due to the symmetry of the problem. This simplification further reduces to
considering only a quadrant of the plate. The solid angle, Q, can be calculated after

transforming equation (4) into the cartesian coordinates with the limits, 0 <x <a/2; 0 <y <b/2.
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Q=4 ﬂ. sin 6 d6 d¢ ..(5)
0sxsy

0<y<b/2

As shown in Figure 10, the quadrant ab/4 can be split into two triangular regions with the

following limits:
For triangular region I,
0<¢<tan~'b/a

d

’az a? 5 2
T‘I’T tan? ¢p+d

0<0<cos™!

For triangular region Il,

b2 b2

Ll 2
4  4tan? ¢+d

Now using these limits and evaluating the integrals in equation (5), the solid angle®® obtained

is:

Q(a,b,d) == 4cos™?!

.. (6)

Equation (6) is the solid angle subtended by a rectangle at the point which lies exactly above
the center of the rectangular screen. In this case, a 2D light source is considered instead of a

point source. For taking into account all the points in the rectangular light source, it is necessary
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to know the angle subtended by the screen at different points on the plane parallel to the screen
and at distance d from it. These points, which are not on the perpendicular line passing through

the center of the screen, can be categorized into three types for the solid angle calculation.

2.2.1.3 Solid Angle: Type 1 Calculation

In this section, the solid angle is calculated for the points with the following

coordinates:

x-coordinates: —oo < x < —% or % <x<

. b b
y-coordinates: —oo < y < -5 or S<y<o

Z-axis

©®

s st s

Q.D. Pixel b
A z=d

t
i
i
i

@]

Figure 11: Q.D. Screen w.r.t. the point source O

The angle subtended by the rectangular plate in this case can be determined by the symmetric
decomposition of the area ab into four parts as shown in Figure 12 that individually satisfy

equation (6). Below is the description of the four parts:
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1. A virtual plate with dimensions 2(A + a) x 2(B + b) that encompasses all the
quadrangles.

2. A horizontal middle strip with dimensions 2(A + a) x 2B.

3. A vertical middle strip with dimensions 2A x 2(B + b).

4. The center quadrangle with dimensions 2A x 2B.

By superimposing the solid angles of these components and making appropriate
adjustments for areas that are counted multiple as shown in Figure 12, the solid angle subtended
by a x b rectangle at point O which is located at vertical distance d and lateral distance A and

B in x and y direction respectively:

Ql(4,B,a,b,d) =
QA+ a),2(B+b),d) —Q(A,2(B+b),d) —Q2(A + a),2B,d) + Q(24,2B,d)
4

o (7)
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Figure 12 Decomposition of the rectangle into four parts for solid angle type - 1 calculation
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2.2.1.4 Solid Angle - Type 2 Calculation
The solid angle for the points with the following coordinates is calculated:

x-coordinates: —oo < x < —% or % <x< o

. b b
y-coordinates: — S<y<;

Z-axis

@]
b
o7

e C—
v

t
i
I
|
i
i

........... e

Q.D. Pixel b
B z=d

Figure 13: Q.D. Screen w.r.t. the point source O

The angle subtended by the rectangular plate in this case can be determined by the
decomposition of the area ab into two parts as shown in Figure 14 that individually satisfy

equation (6). Below is the description of the parts:

1. a x (b - B) rectangle located above the horizontal axis

2. a x B rectangle situated below the horizontal axis
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Figure 14: Two parts of the rectangle for solid angle — type 2 calculation

Both the components can be added and using equation (6) the following equation is obtained:

Q'(A,B,a,b,d) =

Q2A+a),2(b—-B),d) —Q2A,2(b—B),d) + Q(2(A+ a),2B,d) — Q(24,2B,d) )
2

2.2.1.5 Solid Angle - Type 3 Calculation

In this variant, the line-of-sight hits off-center at the points with the following

coordinates (Figure 15):

x-coordinates: —% <x< %

. b b
y-coordinates: — S<y<;3
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Figure 15: Q.D. Screen w.r.t. the point source O

The formula for a solid angle for these points is obtained by considering the sum of the

solid angles covered by four sub-rectangles in the four quadrants:

1. The sub-rectangle with dimensions (a - A) x (b - B) in the quadrant where both x and y
are greater than or equal to 0.

2. The sub-rectangle with dimensions A x (b - B) in the quadrant where X is less than or
equal to 0 and y is greater than 0.

3. The sub-rectangle with dimensions A x B in the quadrant where both x and y are less
than or equal to 0.

4. The sub-rectangle with dimensions (a - A) x B in the quadrant where X is greater than

or equal to 0 and y is less than 0.
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a-A

A
e

Figure 16: Decomposition of the rectangle into four parts for solid angle type - 3 calculation

All the components are added and using equation (6), the following equation is obtained:

Q" (A,B,a,b,d) =
Q2(a—A4),2(b — B),d) + Q(24,2(b — B),d) + Q(2(a — A), 2B, d) + Q(24,2B, d)
7 .

25

9)



CHAPTER 3: CROSSTALK CALCULATION OF MICROLED

DISPLAY

For calculating the total optical crosstalk of the display, it is required to analyze the
light interference due to the neighboring MicroLEDs. Figure 17 displays a 13 x 13 array of
MicroLEDs. The objective is to compute the light incident on the Quantum Dot (Q.D.) pixel
located at position O (highlighted in dark red). This calculation takes into account the light
interference from neighboring MicroLEDs (colored orange and yellow) and normalizes it with
the light extracted from the respective MicroLED. Let us classify MicroLEDs into three parts

as seen in Figure 17:
Type 1: uLED on the quadrants (Yellow)
Type 2: uLEDs on the x-axis and y-axis (Orange)

Type 3: Corresponding pLED “O” (Dark Red)
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Type 3 Type 2 Type 1

ULED ULEDs uLAEDs
— \
| T e o] (200 23] [24] [23] ¢
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|\ B 7] (e (e 2] 2] 23]

|\ B (] 5] (8] [22] 2] 0]

| LN (2] [ (7] (2] [24] [39]

ENER R ERIESE

Figure 17: MicroLED Pixel Array with numbers representing the nearest neighbor rank

Here, the effect of the nearest 168 MicroLEDs in the array is considered, as the other

MicroLEDs will be far and their influence can be safely ignored in the crosstalk calculation.

3.1 Crosstalk calculation for Type 1 MicroLED

These MicroLEDs are numbered 2, 4, 5, 7, 8, etc in Figure 17. The periodic array has
a pitch of A + gapx in the x-direction and B + gapy in the y-direction. For our 13 x 13 array, it

is necessary to define the matrix nm[] to state the distance from the center.

nm=1[00;10;01;11;20;02;21;,12;30;03;22;31;,13;32;,23;40;04;41;14;,

33;42;24]
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Figure 18: Type 1 MicroLED position with respect to the Q.D. pixel

These values of nm(x,y) determine the distance of the nearest neighbor in terms of the
pitch length in the x-axis and y-axis respectively as shown in Figure 17. Using this data, the
position of MicroLEDs in terms of horizontal distance and the vertical distance from the center

of MicroLED O can be defined.
Limiton A = La1 to La2 =gapx + (gapx + @) x nm(i,1) to gapx + (gapx + a) x nm(i,1) + a
Limit on B = Lg1 to Le2 =gapy + (gapy + b) x nm(i,2) to gapy + (gapy + b) x nm(i,2) + b

To calculate the light incident by the MicroLED of dimensions a x b on the quantum dot
window, a small component of dimensions dA x dB can be taken and calculate the angle
subtended on it by the quantum dot. Here as the component is small, the angle subtended can
be assumed to be same for all the points in that small component. The fraction of the light

incident on the quantum dot can be calculated by equation (1). After this, limits on A and B can
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be applied and the fraction of light incident by the one MicroLED on the quantum dot can be

obtained. Here it is assumed that the light from one MicroLED is one unit.

1 Lpz Lz
Fraction of Light Incident = o ﬂ. Q'(A,B,a,b,d) dA dB
Lpy Lay

dA dB

L)]z_fAZ Q(2(A+a),2(B+b),d) —Q(2(A +a),2(B +b),d) — Q(2(A + a), 2B, d) + Q(24, 2B, d)
= 811

Lp1 Lax

Applying the solid angle formula provided in equation (6), the resulting calculation is as

follows:
e CAE) %)
21 Lp1 Lax \/1 + (Z(Azji- a)) (Z(Bz;li- b)) \]1 + (%2) N (2(32;_ b))z
— tan~! (Z(Azji_ a)) (%) + tan-t (_d) E—d) b
J1+<2<A2; oy @y G+ Gh)

The above value is for a single MicroLED of Type 1, now to get the combined effect of all the
Type 1 MicroLEDs, all the crosstalk values of each MicroLED needs to be added using the

nm() matrix, in all four quadrants.
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3.2 Crosstalk calculation for Type-2 MicroLED

y
_ 1)
Z-axis I
® !
i gapx d
| Rl ’
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< _b___LEI)_.‘= .......... — i z:d e = X
ey 10 BI Q.D. Pixel
\ 4 |
< | 3 >
i
i
|
v

Figure 19: Type 2 MicroLED position with respect to the Q.D. pixel

These MicroLEDs are numbered 1, 6, 9, 13, and 18 in Figure 17 and can be divided into two

parts:

a. MicroLEDs on the x-axis

b. MicroLEDs on the y-axis

For the 13 x 13 MicroLED array, there will be 6 MicroLEDs on each of the four sides of the

MICROLED O on the x-axis and the y-axis
For nt" MicroLED on the x-axis:
Limiton A = Lai to La2=gapx + (gapx + a)x(n — 1) to gapx + (gapx + a)x(n—1) + a

LimitonB= 0tob
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1 Lpz Laz
Fraction of Light Incident = oYt ff Q"(A,B,a,b,d) dA dB

Lpy Las

L

dB

ffL “0@@A+2),20-B),d) - 0@ +2),20 - B),d) + 0@(A +),28,d) - 0@A 2B,d)
811

Lp1 Lai

Applying the solid angle formula provided in equation (6), the resulting calculation is as

follows:

Lot Lax (Z(A + a)) (Z(b - B))

2d 2d T (%) (2(b2; B))

i W TN EE T W N

2(A+a)\ (2B
+ tan™! ( 2d } )(ﬁ) — tan™! (%) E%) = | dAdB
2A 2B
ey gy GG

For m™" MicroLED on the y-axis:
Limiton A = Laito La2 =gapy + (gapy + b) x (m—1) togapy + (gapy + b) x (n—1) + b
LimitonB=Lgi1toLs, =0toa

1 Lz Laz
Fraction of Light Incident = 57 U Q"(4A,B,b,a,d) dA dB
Lp1 Las

Lpz Laz

_ ﬂ Q(2(A +b),2(a—B),d) — Q(2(A +b),2(a — B),d) + 2(2(A + b), 2B, d) — Q(24, 2B, d)
B 811

dA dB

Lp1 Lax

Applying the solid angle formula provided in equation (6), the resulting calculation is as

follows:
31



1 CEEET) GO
Tt | ) ) G (e
+ tan~! (Z(AZZ b)) (%) — tan~! (é_A) (%) dA dB

2 2

ey G G

So, for our MicroLED array, n and m in the above cases range from 1 to 6 as shown in Figure

17.

3.3 Crosstalk calculation for Type-3 MicroLED

Figure 20 Type-3 MicroLED position with respect to the Q.D. pixel

a/2 b/2

1
Fraction of Light Incident = 4 (ﬁ) ﬂ QM(A,B,a,b,d) dA dB
00
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a/2 b/2

_ ﬂ Q(2(a—A),2(b—B),d) + 2(24,2(b — B),d) + 2(2(a — A), 2B,d) + Q(24, 2B, d) A dB
00

211

Applying the solid angle formula provided in equation (6) and putting the values of a and b,

the resulting calculation is as follows:

) Ea/jfb/Z - (2(a2; A)) (2(b2; B)) o (%) (Z(bzz B))
B e e e N R T
+ tan~! (Z(azg A)) (%) + tan~! (%) (%) dA dB
2 2
ey GG

3.4 Total Crosstalk Calculation
The net optical crosstalk due to all the neighboring MicroLEDs can be stated by the
following formula:

All Type 1 microLEDs + All Type 2 microLEDs
Type 3 MicroLED

Optical Crosstalk % = Optical crosstalk due to( ) x 100 ..(10)

3.5 Misalignment of layers

Now let’s consider the case of the misaligned layer of MicroLEDs and Quantum Dots.
Assume that each Quantum Dot in the array is displaced by the x and y distance in the x and y

direction respectively.
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Figure 21: Misaligned array of MicroLED and Q.D Pixels

Similar to the previous case MicroLEDs are classified into three types:

1. Corresponding MicroLED at position O (Red color MicroLED in Figure 17)
2. MicroLED s whose center lies on the x-axis or y-axis (Orange color MicroLED in
Figure 17)

3. MicroLEDs lying on the quadrants (Yellow color MicroLED in Figure 17)

3.5.1 Crosstalk calculation for Type 1 misaligned MicroLED

Similar to the previous section, MicroLEDs can be defined in terms of horizontal distance and

the vertical distance from the center of the MicroLED O.
For our 13 x 13 array, matrix nm[] can be defined to define the distance from the center.

nm=1[00;10;01;11;20;02;21;12;30;03;22;31;13;32;23;40;,04;41;14,33;42;

24]
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Figure 22: Type 1 MicroLED position with respect to the Q.D. pixel

These values of nm(x,y) determine the distance of the nearest neighbor in terms of the pitch

length in the x-axis and y-axis respectively as shown in Figure.
Lpz Laz

1
Fraction of Light Incident = o7 ff 0/(A,B,a,b,d) dA dB

Lp1 Las

Due to the misalignment between the two arrays, symmetry will be lost and the optical crosstalk
of each quadrant needs to be calculated individually. The limits will have the extra term of

misalignment distance x and y. Below are the modified limits corresponding to each quadrant:
For Quadrant I:
Limiton A = La: to Laz = gapx + (p+gapx).*nm(i,1) + X to gapx + (p+gapx).*nm(i,1) + x + p

Limiton B = Lg: to Ls> = gapy + (q+gapy).*nm(i,2) +y to gapy + (g+gapy).*nm(i,2) +y +q
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For Quadrant II:

Limit on A = Lai to Laz = gapx + (p+gapx).*nm(i,1) - X to gapx + (p+gapx).*nm(i,1) - x + p
Limit on B = Lg1 to Lsz = gapy + (g+gapy).*nm(i,2) + y to gapy + (g+gapy).*nm(i,2) +y + q
For Quadrant I11:

Limit on A = Lai to Laz = gapx + (p+gapx).*nm(i,1) - X to gapx + (p+gapx).*nm(i,1) - x + p
Limit on B = Lg1 to Lsz = gapy + (g+gapy).*nm(i,2) - y to gapy + (g+gapy).*nm(i,2) -y + q
For Quadrant IV:

Limit on A = Lai to Laz = gapx + (p+gapx).*nm(i,1) + x to gapx + (p+gapx).*nm(i,1) + x + p

Limiton B = Lg: to Ls> = gapy + (gq+gapy).*nm(i,2) - y to gapy + (q+gapy).*nm(i,2) -y +q

3.5.2 Crosstalk calculation for Type 2 misaligned MicroLED

As shown in Figure 23, the arrays of MicroLED and Q.D. pixels are misaligned. So,
for the calculation of optical crosstalk, it is necessary to determine solid angle type 2 (Q'"') for
the top part of the MicroLED and solid angle type 1 (Q') for the bottom part as seen in Figure
24. And both the parts will have different limits for each quadrant. As there is a consideration
of a 13 x 13 array of MicroLEDs, crosstalk needs to be taken into account due to the presence
of 6 MicroLEDs on each of the four sides surrounding the center. The effect of these 6
MicroLEDs on all four sides of the center can be taken into account by using numbers nl and

m1, ranging from O to 5.
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Figure 23: Type 2 MicroLED position with respect to the Q.D. pixel
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Figure 24: Shaded Top (left) and Bottom (right) part of the MicroLED w.r.t. the Q.D. Pixel

3.5.2.1 For the top part (Type 2) of the MicroLED:

1 Lpz Laz
Fraction of Light Incident = it ff Q"' (A, B,a,b,d) dA dB

Lp1 Las
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For the positive x-axis (right side of the center)

Limit on A = Lai to Laz = gapx+(gapx+a).*nl+x to gapx+(gapx+a).*nl+x +a
LimitonB=LgtoLs, =0tob-y

For the negative x-axis (left side of the center)

Limit on A = Lai to La, = gapx+(gapx+a).*nl- x to gapx+(gapx+a).*nl - x +a
LimitonB=Lg toLs, =0tob-y

For the positive y-axis (above the center)

Limit on A = Lai to La, = gapy+(gapy+b).*ml+y to gapy+(gapy+b).*nl+y +b
LimitonB=LgitoLgz =0toa-x

For the negative y-axis (below the center)

Limit on A = Lai to Laz = gapy+(gapy+b).*ml-y to gapy+(gapy+b).*nl -y +b

LimitonB=Lg toLg, =0toa-x

3.5.2.2 For the bottom part (Type 1) of the MicroLED:

1 Lpz Laz
Fraction of Light Incident = o ff Q'(A,B,a,b,d) dAdB
Ly Las
For the positive x-axis (right side of the center)
Limit on A = Lai to La, = gapx+(gapx+a).*nl+x to gapx+(gapx+a).*nl+x +a
LimitonB=LgitoLe; =0toy

For the negative x-axis (left side of the center)
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Limit on A = Lai to La, = gapx+(gapx+a).*nl- x to gapx+(gapx+a).*nl - x +a
LimitonB=LgtoLs, =0toy

For the positive y-axis (above the center)

Limit on A = Lai to La, = gapy+(gapy+b).*ml+y to gapy+(gapy+b).*nl+y +b
Limiton B =Lg:to Lg, =0to X

For the negative y-axis (below the center)

Limit on A = Lai to Laz = gapy+(gapy+b).*ml-y to gapy+(gapy+b).*nl-y +b

Limiton B=Lg to Ls; =0tox

3.5.3 Crosstalk calculation for Type 3 misaligned MicroLED

Similar to the previous cases, the Q.D. pixel just below the corresponding MicroLED pixel
will also move as seen in Figure 25. The MicroLED can be divided into 4 parts as seen in

Figure 26 to calculate the crosstalk.
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Figure 25: Type 3 MicroLED position with respect to the Q.D. pixel
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The solid angle and its limits corresponding to each component need to be considered to

calculate the optical crosstalk.
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Figure 26: Misaligned Type 3 MicroLED divided into four components

3.5.3.1 For Component 1

ab
1
Fraction of Light Incident = o ff Q'""'(A,B,a,b,d) dA dB
00

Limiton A = La; to La, =0 to a-x

Limiton B=Lg to Lg =0to b-y
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3.5.3.2 For Component 2

1 Lpz Laz
Fraction of Light Incident = oYt ff Q'"(a,B,a,b,d) dA dB
Lpy Lay
Limiton A= LaitoLa2 =0toXx
Limiton B=Lg to Lg =0to b-y
3.5.3.3 For Component 3
1 Lpz Laz
Fraction of Light Incident = i ff Q""(A,B,b,a,d) dA dB
Lp1 Lax
Limiton A= Laito La =0to a-y
LimitonB=LgitoLe =0toy
3.5.3.4 For Component 4
1 Lpz Laz
Fraction of Light Incident = o ff Q'(A,B,ab,d) dAdB
Lpy Las

Limiton A= Laito Lap =0to x

LimitonB=Lg toLs, =0toy

3.5.4 Total Crosstalk in Misaligned MicroLED Display

Similar to the crosstalk calculation in the normal case, the net optical crosstalk due to

all the neighboring MicroLEDs in case of misalignment can be stated by the following formula:

Optical Crosstalk % =
All Type 1 misligned microLEDs + All Type 2 misligned microLEDs

Misaligned Type 3 MicroLED

Crosstalk due to ( ) x 100 ...(10)
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The complete method has been incorporated into a Matlab code to get the net optical

crosstalk. A user can vary the following parameters in the calculator to get the value of

crosstalk:

. Distance between the MicroLED and the Q.D. layers
. Dimensions of the pixel

. Pitch length of the pixel array

. Misalignment distance between the two arrays
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CHAPTER 4: EXPERIMENTAL METHOD

To validate the ray tracing methodology, experimental analysis has been performed in this
work. Optical crosstalk of the following MicroLEDs has been experimentally measured:

e 30 pm x 30 um with a pitch length of 40 um

e 15 pum x 15 um with a pitch length of 20 um
Four distinct gap values, viz. 0.3 um, 0.5 um, 0.6 um, and 0.8 um, have been considered for

the gap between the MicroLED layer and the Q.D. layer.

4.1 Sample Preparation

The SU-8 and the two Aluminium layers have been deposited over the Glass substrate as
shown in Figure 27. Aluminum patterning is done in such a way that the apertures in the first
Aluminium layer act as an ON MicroLED, whereas, the aperture in the second Aluminium
layer acts as a Q.D. pixel. The thickness d of the spin-coated SU-8 corresponds to the gap

between the MicroLED and the Q.D. layer. The thickness of the Aluminium layer is 200nm.

Aluminium

Aluminium layer 1

(200 nm)

A

Thermal Lithography
Evaporation And Etching
Glass substrate —_— Glass substrate —_— Glass substrate
. Aluminium layer Spin Coating
Aluminium (200 nm) SU-8
Layer 2 )
A LY
SuU-8 Lithography - SU-8 Thermal SU-8 ‘ d
And Etching L2 Evaporation '
«— ——
Glass substrate Glass substrate Glass substrate

Figure 27: Flowchart of various steps in sample preparation
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Figure 28: Prepared sample (0.8 um SU-8 thickness) with patterns inside the square at the center

Figure 29 and 30 shows the microscopic image of the top view of the prepared sample.
It is seen that the center pixel is perforated as it is the second layer of the Aluminium, which

corresponds to the Q.D. layer.

Figure 29: Microscopic Image of Primary (Left) and Secondary (Right) configuration pattern for 15
pUm x 15 pum MicroLED array
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Figure 30: Microscopic Image of Primary (Left) and Secondary (Right) configuration pattern for 30
pm x 30 um MicroLED array

4.2 Experimental Set-up

The prepared sample is placed as shown in Figure 31 to obtain the light interference data.
The sample is placed just above the monochromatic LED Lamp (Figure 32) of wavelength
A=405 nm and power 10 Watts. On the top of our sample, a photodetector (ThorLabs, Figure

33) is placed to detect the light.

Photo detector Q.D.
«— layer
Aluminium -------- >
layer 2 SU-8 I g
Aluminium........, >

layer 1
Source

UV-Lamp

Figure 31: Experimental set-up for crosstalk measurement




Figure 33:ThorLabs Photo detector and Power meter

Four wafers with different SU-8 thickness d (0.3 um, 0.5 pm, 0.6 pm, and 0.8 um) is prepared.

Each wafer contains multiple Aluminium patterns deposited on it as shown in Figure 34.
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. b taver

Dimensions: 15 pm x 15 ym Dimensions: 30 pm x30 ym
Pitch: 20 ym Pitch: 40 ym

H ULED
sisififainis i) Layer

Figure 34: KLayout Mask Design having 30 pum x 30 pm & 15 pm x 15 um MicroLED array

4.3 Crosstalk Measurement Method

After the wafers are prepared, the light is passed from the bottom glass substrate and it is
detected at the top after it comes out from the second Aluminium layer. Figure 35 shows the
two patterns corresponding to the primary and secondary configuration of the pixel arrays. The
primary configuration is used to measure the amount of light interference due to the
neighboring MicroLEDs while the secondary configuration gives us the amount of light from
the corresponding MicroLEDs which helps to normalize the optical crosstalk to the single

MicroLED.
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Primary Configuration Secondary Configuration

Q.D Layer
Top

View

OFF OFF OFF

Top ULED
View o]\l OFF ON Layer OFF Kel\ OFF

OFF OFF OFF

Figure 35: Mask configurations for optical crosstalk calculation

Thus, the final value of optical crosstalk is the ratio of the amount of light detected from the

primary configuration to the light from the secondary configuration as stated below:

Light detected in Conf. 1
Light detected in Conf.2

Optical Crosstalk % = ( ) x 100
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In this chapter, simulation and experimental results are presented. The last section talks

CHAPTER 5: RESULTS AND DISCUSSION

about the comparison between the results from these two types of crosstalk calculation

methods.

5.1 Simulation Results

5.1.1 Crosstalk in different MicroLED-size displays

pixel decreases. Here, 4um x 4um MicroLED has the highest crosstalk for a fixed d value. This

It is observed that there is an increase in optical crosstalk as the size of the MicroLED

can be explained by the increase in light interference with higher pixel density.

Table 1: Crosstalk for different MicroLED-size displays

LED Dimensions: 40 x 40

LED Dimensions: 30 x 30

LED Dimensions: 15 x 15

LED Dimensions: 4 x 4

Gap, d Pitch: 160 Pitch: 40 Pitch: 20 Pitch: 5
01 0.52% 0.26% 0.54% 2.87%
0.2 1.06% 0.54% 1.11% 6.31%
03 1.61% 0.82% 1.72% 10.24%
0.4 2.18% 1.11% 2.35% 14.63%
05 2.76% 1.41% 3.02% 19.46%
0.6 3.36% 1.72% 3.72% 24.72%
0.7 3.96% 2.03% 4.45% 30.36%
0.8 4.58% 2.35% 5.20% 36.39%
0.9 5.21% 2.68% 5.98% 42.79%

1 5.85% 3.02% 6.79% 49.55%
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Figure 36: Crosstalk with different MicroLED Sizes

5.1.2 Crosstalk in display with different spacing between adjacent MicroLEDs

With increasing spacing between two adjacent MicroLEDs, light leakage into other

Q.D. pixels can be reduced. As seen in Table 2, for higher spacing, the optical crosstalk is

reduced significantly.

Table 2: Crosstalk for 15umx15um MicroLEDs with different spacings

d, Thickness Spacing for 15umx15um
(um) S=5 S=10 S=15
0.1 0.53 0.23 0.13
0.2 1.11 0.49 0.26
0.3 1.72 0.75 0.41
0.4 2.35 1.03 0.56
0.5 3.02 1.32 0.71
0.6 3.72 1.63 0.89
0.7 4.45 1.95 1.05
0.8 5.20 2.28 1.23
0.9 5.98 2.62 1.42
1.0 6.79 2.98 1.61
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Optical Crosstalk (15umx15um)

Crosstalk%
8.00

7.00

6.00 Spacing = 5 pm

5.00

4.00
3.00 Spacing = 10 ym

2.00
1.00 T
0.00 Gap, d (um)

0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Figure 37: Crosstalk with different MicroLED Spacings (15umx15um)

Table 3: Crosstalk for 30pmx30um MicroLEDs with different spacings

d, Thickness Spacing for 30umx30um
(um) S=10 S=20 S=30
0.1 0.26 0.11 0.06
0.2 0.54 0.23 0.13
0.3 0.82 0.36 0.19
0.4 1.11 0.49 0.26
0.5 1.41 0.62 0.33
0.6 1.72 0.75 0.41
0.7 2.03 0.89 0.48
0.8 2.35 1.03 0.56
0.9 2.68 1.18 0.63
1.0 3.02 1.32 0.71

Optical Crosstalk (30pmx30um)

Crosstalk %

3.50
3.00
2.50

Spacing =10 um
2.00
1.50 Spacing =20 um
1.00 Spacing =30 um
0.50
0.00 Gap, d (micron)

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Figure 38: Optical Crosstalk with different MicroLED spacings (30umx30um)
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5.1.3 Crosstalk in display with different misalignment distance

There can be some degree of misalignment of the Q.D. layer and the MicroLED layer
while fabricating these displays. Here, the optical crosstalk values are generated for various
values of misalignment distances. It can be observed that the higher the misalignment distance,

the higher the optical crosstalk. Thus, efficient processing should be developed which reduces

the misalignment distance consistently across all the products.

Table 4: Crosstalk for 15umx15um MicroLEDs with different misalignment distances

d, Thickness Misalignment Distance (um) for 15pmx15um and Pitch: 20um

(um) x=y=0 x=y=1 x=y=2 x=y=3 x=y=4 x=y=5
0.1 0.54 0.62 0.76 1.02 1.51 3.84
0.2 1.11 1.26 1.56 2.07 3.05 6.88
0.3 1.72 1.94 2.38 3.15 4.64 9.64
0.4 2.35 2.64 3.23 4.26 6.25 12.24
0.5 3.02 3.37 411 541 7.88 14.73
0.6 3.72 4.13 5.02 6.58 9.54 17.14
0.7 4.45 4.91 5.95 7.77 11.21 19.49
0.8 5.20 5.73 6.91 9.00 12.89 21.78
0.9 5.98 6.57 7.90 10.25 14.58 24.03
1.0 6.79 7.44 8.91 11.52 16.29 26.25

Crocetal . Optical Crosstalk vs Misalignment Distance

rosstalk % .

15 um x 15 pm, Pitch: 20 um

30.00 1lum

25.00

20.00 0.6pm

15.00

10.00 0.2pm

5.00 AW_/

0.00 = &= —— isalignment distance(pum)

:.(:\,r:O x:y:]_ :{:\,f:z x:\,r:?, :.(:\,r:él x:y:"_—',

Figure 39: Crosstalk with different Misalignment distance (15umx15um)
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Table 5: Crosstalk for 30umx30um MicroLEDs with different misalignment distances

d, Thickness Misalignment Distance (ium) for 30umx30um and Pitch: 40um
(m) x=y=0 X=y=2 x=y=4 X=y=6 x=y=8 x=y=10
0.1 0.26 0.30 0.38 0.50 0.75 2.13
0.2 0.54 0.62 0.76 1.02 1.51 3.84
0.3 0.82 0.93 1.16 1.54 2.27 5.40
0.4 1.11 1.26 1.56 2.07 3.05 6.88
0.5 141 1.59 1.97 2.60 3.84 8.28
0.6 1.72 1.93 2.38 3.15 4.64 9.64
0.7 2.03 2.28 2.80 3.70 5.44 10.96
0.8 2.35 2.63 3.23 4.26 6.25 12.24
0.9 2.68 2.99 3.67 4.83 7.06 13.50
1.0 3.02 3.36 4.11 5.41 7.88 14.73

Optical Crosstalk vs Misalignment Distance

Crosstalk % .
30 um x 30 pum, Pitch: 40 um

16.00 1 um
14.00
12.00
0.6pm
10.00
8.00
6.00
0.2pum
4.00
2.00 “ﬂr/
0.00 -— = — isalignment distance(um)
x=y=0 x=y=2 x=y=4 X=y=6 x=y=8 x=y=10

Figure 40: Crosstalk with different Misalignment distances (30umx30um)

5.2 Experimental Results

Optical crosstalk was experimentally analyzed from the method shown in Chapter 4. Two
types of MicroLED arrays, 15umx15um and 30umx30um with four different gaps, viz. 0.3,

0.5, 0.6, and 0.8 have been observed as shown in Table 6.
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Table 6: Experimental measurement of crosstalk for 15pumx15pum and 30pumx30pm

d, Thickness(pum) 30umx30am 15pumx15um
0.30 0.82 1.72
0.50 1.41 3.02
0.60 1.72 3.72
0.80 2.35 5.20

Figure 41 shows that the crosstalk increase with the increase in the gap as can be
concluded from the simulation results. Also, the 15umx15um MicroLED shows a higher

crosstalk value as compared to 30umx30um MicroLED.

Crosstalk % EXperimental Results of Optical Crosstalk

6.00
5.00
4.00
3.00
2.00
1.00
0.00

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90

Gap, d (micron)
30umx30um 15umx15um

Figure 41: Experimental measurement of crosstalk for 15umx15um and 30pumx30um

5.3 Comparison between Experimental and Simulation Results

Figure 42 and Figure 43 show the comparison between the simulation and experimental
results of the optical crosstalk in MicroLED displays. It can be seen that both the curves follow
the same pattern, and the experimental values closely match the calculated values, thus

validating the ray-tracing methodology presented in this work.
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The shift of experimental values towards higher crosstalk relative to the simulation results

can be due to the following reasons:

Misalignment between the arrays: Optical crosstalk can occur due to the misalignment
between the MicroLED and the quantum dot layer. In this work, crosstalk can be a result
of misalignment between two Aluminium layers. The amount of crosstalk corresponding
to a specific misalignment distance is calculated using the model and shown in Table 4
and Table 5. For a 15um x 15um MicroLED, misalignment of the arrays by 1 um (Table
4), can increase optical crosstalk by approximately 15% depending upon the gap
between the two layers. Thus, the misalignment can be the major reason for the higher
amount of optical crosstalk in our experiment.

Internal reflection: In the experiment, the transparent SU-8 layer is sandwiched between
two Aluminium layers. Light may get reflected from the bottom of the second
Aluminium layer and interfere with adjacent pixels.

Diffraction of light: Crosstalk can also be caused by diffraction between the MicroLED
and the quantum dot layer. When light passes through the Aluminium aperture, it
diffracts, causing the light to spread out and interact with neighboring pixels.
Scattering of light: There can be a random redirection of light rays when they encounter
irregularities or imperfections in the materials or surfaces. Light can be scattered due to

the impurities or voids in the SU-8 layer.
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Optical Crosstalk comparison

Crosstalk % 15 x 15, Pitch: 20 pm

8.00
7.00
6.00
5.00
4.00
3.00
2.00
1.00

0.00
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 090
Gap, d (micron)
Simulation Experimental

Figure 42: Experimental and Simulation Results (15umx15um) of crosstalk comparison

Optical Crosstalk comparison
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Figure 43: Experimental and Simulation Results(30umx30um) of crosstalk comparison

Table 7: Experimental and Simulation crosstalk comparison

d, Thickness 30umx30um, Pitch: 40um 15umx15um, Pitch: 20um
(um) Experimental Simulation Error % Experimental Simulation Error %
0.30 1.14 0.82 28.07 2.37 1.72 27.43
0.50 1.92 1.41 26.56 3.93 3.02 23.16
0.60 2.44 1.72 29.51 4.81 3.72 22.66
0.80 3.25 2.35 27.69 6.83 5.20 23.87




CHAPTER 6: CONCLUSIONS & SCOPE FOR FUTURE

WORK

6.1 Conclusions

An optical crosstalk calculation technique has been developed in this work using ray-
tracing methodology which can be used to calculate the optical crosstalk in a MicroLED
display. Below are the parameters that can be adjusted in the model to determine the overall
optical crosstalk of a display. Additionally, the relationship between each parameter and its

proportionality to optical crosstalk is provided.

e Distance between pLED and Q.D. layer o« Crosstalk

e Dimensions of uLED/Q.D. pixel «

Crosstalk

e Spacing between two pLEDs/Q.D. pixels in the array «

Crosstalk

e Misalignment between uLED layer and Q.D. layer « Crosstalk

The most dominant parameter which affects the crosstalk significantly is the gap between
the uLEDs and Q.D. layers. The developed model is validated using experimental observations
for different MicroLED sizes and different values of the gap between the MicroLED and

Quantum Dot layers.

The permissible level of optical crosstalk for a better viewing experience can vary
depending on several factors, including the specific display technology, the intended use case,
and individual preferences. However, in general, optical crosstalk percentage lower than 5% is
desirable for an enhanced viewing experience®. Table 9 shows the maximum permissible gap

for the crosstalk to be less than 5%. As the actual value of crosstalk obtained by the experiment
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is higher than the simulation results. The distance or the gap between layers has been calibrated

based on the crosstalk error value.

Table 8: Maximum permissible gap between MicroLED & Q.D. layers for crosstalk less than 5%

| Pixel Dimension | _Pitch | __Gap between two layers

4 ym x4 pym 5pum 0.13 pm
15 um x 15 um 20 ym 0.65 um
30 pm x 30 pm 40 um 1.3 um
40 um x 40 pm 160 um 21 ym

6.2 Future Scope

The current ray-tracing model takes into account the optical crosstalk caused by the divergence
of light. However, for future work, several other factors as stated below can be incorporated

into the model:

e Scattering and diffusion of light due to impurities in the medium
e Diffraction of light around the edges of the MicroLEDs
e Divergence corresponding to different emission wavelengths and spectral profiles

o Different array patterns and arrangement of RGB MicroLED pixels

In our experimental and simulation analysis, there is a minor difference in the total optical
crosstalk. If the influence of the above-mentioned factors is included in our model, the

difference between the measured values can be reduced to zero.

On the experimental side, more observations can be taken at different gap values (SU-8
thickness). Also, modified masks can be made to observe optical crosstalk in misaligned

MicroLEDs and Q.D. arrays.
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