+\
INE

=

UNIVERSITATo:
BARCELONA

CMOS/GaN integration in micro/nanoLED arrays
for biomedical applications

Victor Moro Moreno

ADVERTIMENT. La consulta d’aquesta tesi queda condicionada a I'acceptacio de les seglients condicions d'Us: La difusié
d’aquesta tesi per mitja del servei TDX (www.tdx.cat) i a través del Dipodsit Digital de la UB (diposit.ub.edu) ha estat
autoritzada pels titulars dels drets de propietat intel-lectual unicament per a usos privats emmarcats en activitats
d’investigacio i docéncia. No s’autoritza la seva reproduccié amb finalitats de lucre ni la seva difusié i posada a disposicio
des d’un lloc alié al servei TDX ni al Diposit Digital de la UB. No s’autoritza la presentacié del seu contingut en una finestra
o marc alie a TDX o al Diposit Digital de la UB (framing). Aquesta reserva de drets afecta tant al resum de presentacié de
la tesi com als seus continguts. En la utilitzacié o cita de parts de la tesi és obligat indicar el nom de la persona autora.

ADVERTENCIA. La consulta de esta tesis queda condicionada a la aceptacion de las siguientes condiciones de uso: La
difusién de esta tesis por medio del servicio TDR (www.tdx.cat) y a través del Repositorio Digital de la UB (diposit.ub.edu)
ha sido autorizada por los titulares de los derechos de propiedad intelectual inicamente para usos privados enmarcados en
actividades de investigacion y docencia. No se autoriza su reproduccién con finalidades de lucro ni su difusion y puesta a
disposiciéon desde un sitio ajeno al servicio TDR o al Repositorio Digital de la UB. No se autoriza la presentacion de su
contenido en una ventana o marco ajeno a TDR o al Repositorio Digital de la UB (framing). Esta reserva de derechos afecta
tanto al resumen de presentacion de la tesis como a sus contenidos. En la utilizacién o cita de partes de la tesis es obligado
indicar el nombre de la persona autora.

WARNING. On having consulted this thesis you're accepting the following use conditions: Spreading this thesis by the TDX
(www.tdx.cat) service and by the UB Digital Repository (diposit.ub.edu) has been authorized by the titular of the intellectual
property rights only for private uses placed in investigation and teaching activities. Reproduction with lucrative aims is not
authorized nor its spreading and availability from a site foreign to the TDX service or to the UB Digital Repository. Introducing
its content in a window or frame foreign to the TDX service or to the UB Digital Repository is not authorized (framing). Those
rights affect to the presentation summary of the thesis as well as to its contents. In the using or citation of parts of the thesis
it's obliged to indicate the name of the author.




saah’ it 9

PHD Thesis
. CMOS/GaN integration

.in micro/manoLED arrays

S

suopeddde fearpawoiq 10§y ske.rre ([E[qoueu/oiaglu il; u.o{pmﬁamg NegysoWg - OU3.10|A 010N 103DIA

. 7 for biomedical

applications

Author: Victor Moro Moreno

Supervised by: Angel Diéguez Barrientos

ij
Wi

’th;l;ERSITATDE
BARCELONA- |

- - -

T

1
E

|
mm e

JLICIE]
JLICIC)
JLICIE]
)|\ ® | &
JEICIC]
JRIIE]









CMOS/GaN integration 1n
micro/nanoLED arrays for
biomedical applications

Programa de doctorado en Ingenieria y
Ciencias Aplicadas

Autor: Victor Moro Moreno

Director: Angel Diéguez Barrientos

Tutor: Angel Diéguez Barrientos
Departamento de Ingenieria Electronica y Biomeédica

Facultad de Fisica, Universitat de Barcelona

77

=] UNIVERSITATDE

il BARCELONA






Agradecimientos

Agradecimientos

Me gustaria comenzar expresando mi agradecimiento al Dr. Angel Diéguez por su
supervision y apoyo durante mi etapa en el grupo de disefio microelectronico. Su
guia ha sido invaluable, no solo a lo largo de esta tesis doctoral, sino desde el
momento en que me ofrecio la oportunidad de realizar practicas en su laboratorio.
Gracias al ingreso en su grupo de investigacion, he desarrollado un profundo
aprecio por mi profesion, especialmente por el disefio de circuitos integrados, lo
cual me brinda una gran satisfaccion en mi labor.

También deseo agradecer la implicacion y el esfuerzo del Dr. Joan Canals y del
Dr. Nil Franch. Sin sus valiosas contribuciones y experiencia, asi como su apoyo
en los momentos dificiles cuando todo me parecia destinado al fracaso, esta tesis
no habria sido posible.

Otra persona a quien quiero expresar mi agradecimiento es Sergio Moreno, quien
ahora sigue los pasos que yo recorri recientemente. Le deseo un camino tan
gratificante como el que yo he tenido.

Ademas, me gustaria reconocer la implicacion de todas las personas con quienes
he compartido largas horas en el laboratorio. Al Dr. Oscar Alonso, que siempre ha
estado presente para ofrecer su experiencia en disefio y a Juan Luis, junto a tantos
otros por su compaiiia y su experiencia.

Quiero extender mi gratitud a los equipos de los proyectos europeos ChipScope y
SMILE. Esta tesis ha sido posible gracias al esfuerzo conjunto de todos los
participantes. En particular, quiero mencionar al Dr. Daniel Prades, quien ha
desempefiado un papel clave en la cooperacion entre los desarrolladores y
fabricantes de las matrices de microLEDs (TUBs) y nuestro equipo.

Finalmente, aunque no menos importante, quiero expresar mi mas profundo
agradecimiento a mi pareja, Alina. El desarrollo de este trabajo, y mucho mas, no
habria sido posible sin su amor y total apoyo. Ella siempre ha estado a mi lado,
brindandome su apoyo y ayuddndome en los momentos de mayor tribulacion.
También quiero recordar a alguien que, lamentablemente, nunca estara aqui, pero
cuyo recuerdo permanecera siempre vivo en mi corazon. Espero que continties
brillando y guidandonos como una pequefia estrella.



Agradecimientos

No puedo concluir sin expresar mi agradecimiento a mis padres por su apoyo
incondicional a lo largo de los afios. Les estoy profundamente agradecido por
brindarme todo lo necesario para llegar hasta aqui, por sus sacrificios para
ofrecerme la mejor educacion posible y por haberme convertido en la persona que
soy hoy. También quiero reconocer a toda mi familia, que ha estado a mi lado
incondicionalmente en todo momento.

II



Abstract

Abstract

Since their inception, LEDs have replaced traditional incandescent and fluorescent
lighting in numerous sectors, ranging from general illumination and display
technologies to specialized applications, such as in the biomedical field. LEDs
provide significant energy savings, reduced environmental impact, and greater
design flexibility, marking a significant shift in how light is utilized across
different domains, even being able to substitute lasers in a wide range of
applications.

Building on the success of conventional LEDs, microLED technology has
emerged as a groundbreaking advancement. MicroLEDs are significantly smaller
than traditional LEDs, typically ranging from a few micrometers to a few hundred
micrometers in size. This miniaturization opens new possibilities for high-
resolution displays, where microLEDs offer superior brightness, contrast, and
energy efficiency compared to OLED and LCD technologies. Additionally, the
fast response times and robustness of microLEDs make them suitable for dynamic
and demanding applications, such as augmented reality and virtual reality
displays, as well as advanced biomedical devices.

The integration of CMOS technology with GaN microLEDs in the development
of products based on micro or nanoLED arrays is a significant step forward for all
the applications where microLEDs can be used. In this work, we will focus on
their potential usage in the biomedical field. CMOS technology is known for its
scalability, low power consumption and high integration density, which are
essential characteristics for creating compact and efficient electronic systems. On
the other hand, GaN is valued for its high electron mobility, thermal stability and
direct wide bandgap properties, enabling efficient light emission and operation
under high power conditions. Combining these technologies, it is possible to
create lighting devices with micro or nanoLEDs that leverage the best attributes
of both materials, resulting in a compact device with enhanced performance and
functionality.

This PhD thesis explores the development of CMOS drivers to be integrated with
GaN microLED arrays, addressing the inherent challenges posed by the material
and processing incompatibilities between silicon-based CMOS and GaN. This
research provides a detailed analysis of the optical, electrical, and thermal
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performance of these devices, demonstrating their superior characteristics
compared to conventional LED arrays and other light sources.

In the context of biomedical applications, the thesis focuses on microscopy and
PoC diagnostics. In advanced microscopy, integrated micro/nano LED arrays can
provide high-intensity, uniform illumination with precise control over wavelength
and intensity. This capability enhances imaging resolution and contrast, allowing
for more detailed and accurate observations at the cellular and molecular levels.
The miniaturized form factor of these LEDs also facilitates the development of
compact and portable microscopy devices, broadening their accessibility and
utility in various medical and research settings. Furthermore, in this thesis we
explore the use of micro and nanoLED devices combined with CMOS electronics
to create a new type of microscopy technique, Nano-Illumination Microscopy

(NIM).

For PoC diagnostics, the high speed and high optical power that microLEDs can
deliver when driven by CMOS IC is crucial to develop fluorescence based PoC.
These arrays can be used to develop portable diagnostic devices that offer real-
time monitoring and rapid analysis of biological markers. This is crucial for early
disease detection and personalized medicine, where timely and accurate
diagnostics can significantly improve patient outcomes. The integration of these
LEDs into PoC devices ensures that they are not only effective but also energy-
efficient and cost-effective, making them suitable for widespread use, including
in resource-limited settings. Furthermore, microLED arrays are a perfect fit to
accomplish the ASSURED criteria provided by WHO for PoC devices.

In conclusion, this PhD thesis shows that the integration of CMOS and GaN
technologies in micro/nano LED arrays offers a transformative approach for
advancing biomedical applications, specifically in microscopy and PoC
diagnostics. The enhanced performance, combined with the reliability and
scalability of these integrated systems, holds significant promise for future
innovations in medical diagnostics, treatment, and research. This work lays the
groundwork for further exploration and development in the field, potentially
leading to new breakthroughs in biomedical technology.
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Resumen

Resumen

Desde su invencion, los LEDs han reemplazado la iluminacion tradicional
incandescente y fluorescente en numerosos sectores, desde la iluminacion general
y las tecnologias de visualizacion hasta aplicaciones mas especializadas, como por
ejemplo en el campo biomédico. Los LEDs ofrecen un ahorro significativo de
energia, un menor impacto ambiental y una mayor flexibilidad de disefio,
marcando un cambio importante en la utilizacion de la luz en diferentes areas,
incluso llegando a sustituir a los laseres en un amplio espectro de aplicaciones.

A partir del éxito de los LEDs convencionales, el desarrollo de la tecnologia
microLED ha supuesto un avance revolucionario. Los microLEDs son
significativamente mas pequefios que los LEDs tradicionales, variando
tipicamente desde unos pocos micrémetros hasta unos pocos centenares de
micrometros. Esta miniaturizacion abre nuevas posibilidades en el desarrollo de
pantallas de alta resolucion, donde los microLEDs ofrecen un brillo, contraste y
eficiencia energética superiores en comparacion con las tecnologias OLED y
LCD. Ademas, su gran ancho de banda, su rapido tiempo de respuesta y su
robustez los hacen adecuados para un gran nimero de aplicaciones, como
pantallas de realidad aumentada y realidad virtual, asi como dispositivos
biomédicos avanzados.

La integracion de la tecnologia CMOS con microLEDs de GaN en la construccion
de dispositivos basados en matrices de micro o nanoLEDs promete un avance
significativo para todas las aplicaciones donde se pueden utilizar. En este trabajo,
nos centraremos en su uso potencial en el campo biomédico. La tecnologia CMOS
es conocida por su escalabilidad, bajo consumo de energia y alta densidad de
integracion, caracteristicas esenciales para crear sistemas electrénicos compactos
y eficientes. Por otro lado, la tecnologia de GaN es valorada por su alta movilidad
de electrones y estabilidad térmica, lo que permite una emision de luz eficiente y
una operacion bajo condiciones de alta potencia. Combinando estas tecnologias,
es posible crear dispositivos de iluminacion con micro o nanoLEDs que
aprovechen los mejores atributos de ambos materiales, resultando en un
dispositivo compacto con un rendimiento y funcionalidad mejorados.

Esta tesis doctoral explora el desarrollo de circuitos controladores CMOS

disefiados para ser integrados con matrics de microLEDs de GaN, abordando los
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desafios planteados por las incompatibilidades de material y procesamiento entre
las tecnologias CMOS y GaN. Esta investigacion proporciona un andlisis
detallado del rendimiento Optico y eléctrico, demostrando sus caracteristicas
superiores en comparacion con matrices LED convencionales y otras fuentes de

luz.

En el contexto de las aplicaciones biomédicas, la tesis se centra en la microscopia
y los diagnosticos en el punto de atencion (PoC). En la microscopia avanzada, las
matrices integradas de micro/nano LED pueden proporcionar una iluminacion
uniforme de alta intensidad con un control preciso sobre la longitud de onda y la
intensidad. Esta capacidad mejora la resolucion y el contraste de la imagen,
permitiendo observaciones mas detalladas y precisas a niveles celulares y
moleculares. El factor de forma miniaturizado de estos LEDs también facilita el
desarrollo de dispositivos de microscopia compactos y portatiles, ampliando su
accesibilidad y utilidad en diversos entornos médicos y de investigacion. Ademas,
en esta tesis exploramos el uso de dispositivos de micro y nanoLED combinados
con electronica CMOS para crear una nueva técnica de microscopia, la
Microscopia de Nano-Iluminacion (NIM).

Para los diagnésticos PoC, la alta velocidad y potencia optica que los microLEDs
pueden proporcionar cuando son controlados por circuitos integrados CMOS son
cruciales para desarrollar PoC basados en fluorescencia. Estas matrices pueden
usarse para desarrollar dispositivos de diagndstico portatiles que ofrecen
monitoreo en tiempo real y analisis rapido de marcadores biologicos. Esto es
esencial para la deteccion temprana de enfermedades y la medicina personalizada,
donde diagndsticos oportunos y precisos pueden mejorar significativamente los
resultados de los pacientes. La integracion de estos LEDs en dispositivos PoC
asegura que no solo sean efectivos, sino también eficientes en términos de energia
y costos, haciéndolos adecuados para un uso generalizado, incluso en entornos con
recursos limitados. Ademas, las matrices de microLED son una solucion perfecta
para cumplir con los criterios ASSURED proporcionados por la OMS para
dispositivos PoC.

En conclusion, esta tesis doctoral muestra que la integracion de las tecnologias
CMOS y GaN en matrices de micro/nano LED ofrece un enfoque transformador
para el avance de las aplicaciones biomédicas, especificamente en la microscopia
y los diagnosticos en el punto de atencion. El rendimiento mejorado, combinado
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con la fiabilidad y escalabilidad de estos sistemas integrados, ofrece una promesa
significativa para futuras innovaciones en diagnosticos médicos, tratamientos e
investigacion. Este trabajo sienta las bases para una mayor exploracion y
desarrollo en el campo, lo que podria llevar a nuevos avances en la tecnologia
biomédica.
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Introduction

This thesis is presented as an article compendium, divided into five principal
chapters. In this first chapter, Introduction, the thesis structure is shown, along
with the motivation and interest of this investigation. Moreover, in this chapter the
aimed objectives are described, from the development of microLED and CMOS
platforms to microscopy and PoC applications, to the design of a full microdisplay
backplane. The second chapter, Light sources for biomedical applications, is a
travel from the most antique light sources used in biomedical imaging and sensing,
arc lamps, to the last and most standard light sources in our time, lasers and LEDs,
ending with a view of the promising future microLEDs arrays and microdisplay
offers. The large possibilities that microLEDs offer, especially when driven by
custom integrated circuits, motivates the work presented later in this thesis. The
third chapter is formed by the results. The results are structured to show first the
research produced during this thesis in matter of microLED driving circuits, and
then to describe the use of these drivers in different applications implemented with
different microLED arrays. These applications englobe raster microscopy, shown
in Publications #1 and #2, where a series of microscopes are developed using
microLEDs and custom driver ICs. Publication #3 explores methods on how to



1. Introduction

decrease acquisition times in order to be used in the microscopes, but the method
presented can be used elsewhere. Then, another application is the development of
PoC devices. In Publication #4, a fluorescence PoC that uses Matrix Addressable
microLED arrays along with custom drivers is described. The PoC described is
capable of performing both intensity and time resolved fluorescence
measurements. This chapter ends with a description of the design of a hybrid
interconnected microdisplay. Publication #5 and #6 describe a microdisplay
backplane designed for an array of 512 x 512 microLEDs. Finally, chapter four
illustrates the conclusions extracted from the work developed, along with the next
paths that need to be followed to continue this line of investigation, from our point
of view. Chapter five contains the bibliography referenced in the writing and

execution of this thesis.

The main objective that led the research performed in this work is the study of the
use of CMOS/GaN integration of micro and nanoLED arrays and its applications
in the biomedical field. Furthermore, this research is focused on the use of GaN
microLED arrays with specific driving circuits developed in CMOS technology
that can be used in microscopy or PoC devices. The research presented in each
publication included in this doctoral thesis is of significant importance for the
advances that it enhances in the field of biomedical imaging and sensing. As the
use of microLEDs continues to expand, it is expected that the cost of these devices
will decrease significantly in the future. In addition to being a strong candidate
due to their high efficiency and long lifespan, microLEDs are likely to become
even more attractive due to their reduced cost. Each study contributes uniquely to
the broader research landscape.

< Publication #1: Franch, N.; Canals, J.; Moro, V.; Vila, A.; Romano-
Rodriguez, A.; Prades, J.D.; Guelink, J.; Bezshlyakh, D.; Waag, A.;
Kluczyk, K.; Auf der Maur, M.; Di Carlo, A.; Diéguez, A. Nano-
lllumination Microscopy: A Technique Based on Scanning with an Array
of Individually Addressable NanoLEDs. Opt Express 2020, 28, 19044—
19057 https://doi.org/10.1364/0OE.391497

The research presented in this publication is of major importance, since it is
the first time a microscope has been developed using microLED arrays,
especially one where the resolution is provided by the microLEDs pitch and
size. This publication paved the way for a wide range of applications and
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research paths, from improving the microscope described, to the creation of
newer microscopes that could work with fluorescence.

+«+ Publication #2: Canals, J.; Franch, N.; Moro, V.; Moreno, S.; Prades,
J.D.; Romano-Rodriguez, A.; Bornemann, S.; Bezshlyakh, D.D.; Waag,
A.; Vogelbacher, F.; Schrittwieser, S.; Kluczyk, K; Auf der Maur, M., Di
Carlo, A.; Diéguez, A. A Novel Approach for a Chip-Sized Scanning
Optical ~ Microscope. Micromachines (Basel) 2021, 12
https://doi.org/10.3390/mi12050527

In this publication the technique presented in Publication #1 is improved. This
work is of major importance, since it explores the resolution gain when the
microLED pitch and size is improved.

< Publication #3: Moro, V.; Moreno, S.; Alonso, O.; Vila, A.; Prades, J.D.;
Diéguez, A. Using Time-Correlated Single-Photon Counting Technique

on SPAD Sensors to Enhance Acquisition Time and Dynamic Range
Proceedings of SPIE 2022 https://doi.org/10.1117/12.2641176

What was observed until this point was that microscopy based on microLED
arrays, or raster microscopy, had a major handicap. If a sample was to be
scanned by an array of microLEDs turned on and off individually, the larger
the FoV is, the larger the time for an acquisition. This could be a problem
where biological samples that change in short periods of time are observed.
Thus, the research presented in this publication is of high importance, since
the study of several statistical methods applied to a histogram of a constant
light source can decrease acquisition time.

R/

< Publication #4: Moro, V.; Canals, J.; Moreno, S.; Bornemann, S.; Alonso,
O.; Waag, A.; Prades, J.D.; Dieguez, A. Fluorescence Multi-Detection
Device Using a Lensless Matrix Addressable MicroLED Array Biosensors
(Basel) 2024, 14, 264 https://doi.org/10.3390/bios14060264

The line of research paved by Publication #1 showed that another area of
interest was the development of fluorescence microscopes. In this publication,
the use of a fluorescence microscope is studied, not for imaging, but for
diagnosis. Thus, the study of a PoC built using microLEDs for both intensity
and time-resolved fluorescence is studied. The possibility to develop cheap
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diagnosis devices is crucial in the actual world, since there is a vast number of
people that have limited access to healthcare.

¢ Publication #5: Moro, V.; Canals, J.; Schottler, G.; Bornemann, S.; Waag,
A.; Prades, J.D.; Diéguez, A. SRAM-based LED CMOS Driver Circuit for
a 512x512 GaN Microdisplay SID Symposium Digest of Technical Papers
2023, 54, 135-139 https://doi.org/10.1002/sdtp.16244

¢ Publication #6: Canals, J.; Moro, V.; Schéttler, G.; Bornemann, S.; Waag,
A.; Prades, J.D.; Diéguez, A. 4 9 Kfps 1411 PPl GaN-Based MLED
Display CMOS Backplane. SID Symposium Digest of Technical Papers
2023, 54, 125-128 https://doi.org/10.1002/sdtp.16504

The trend in microLEDs is to build microdisplays with use in visual applications.
But microLEDs have properties that can be used in several scientific applications.
Thus, it is important to develop a microdisplay platform to study the possibilities
it offers. In these publications, there is the development of this platform.

Taking into account the goals proposed in this work, the primary objectives of this
doctoral dissertation are focused on the design, development, and integration of
microLED driving circuits, both with commercial ICs and designing and
manufacturing full custom CMOS chips, with a particular emphasis on their
application in microscopy and biomedical fields. The research presented in this
dissertation addresses both the technical challenges associated with microLED
technology and its potential for advancing scientific imaging and diagnostic tools.

The first major objective is to design a highly precise driving circuit for Direct
Addressable microLED arrays. This circuit is required to control bias currents
across a wide range, from microamperes (LA) to milliamperes (mA). Achieving
such a broad range of current control is crucial for studying the behavior and
capabilities of microLEDs in microscopic applications. The ability to finely tune
the current enables the optimization of light output, which is essential for high-
resolution imaging where even small variations in illumination can significantly
impact the quality and accuracy of the observed data. This precise control is
especially important in applications such as fluorescence microscopy, where
consistent light delivery can enhance the detection of subtle biological processes.
This driver was used to achieve the results presented in Publication #1.
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In parallel with current control, another critical objective is the development of an
integrated CMOS driving circuit capable of producing ultra-short optical pulses
with a FWHM in the nanosecond range. Such short pulse duration, and especially
a fast switch off of the microLED, is vital for time-resolved fluorescence and high-
speed imaging applications. In time-resolved fluorescence, for example, the ability
to generate nanosecond pulses allows for the differentiation of fluorophores based
on their emission lifetimes, providing an additional dimension of data that can be
used for more detailed and informative analyses. This is the driver that was used
to build the microscope presented in Publication #2.

Additionally, the dissertation focuses on the design of a CMOS driving circuit
tailored specifically for Matrix Addressable microLED arrays. Unlike Direct
Addressable arrays, Matrix Addressable arrays require sophisticated driving
circuits that can handle the complexities of addressing higher LEDs parasitic
components simultaneously while maintaining high performance. The designed
circuit must be capable of delivering high optical power and generating pulses
with an FWHM in the nanosecond range, making it suitable for integration into
advanced imaging systems. These capabilities are crucial for applications such as
fluorescence lifetime imaging microscopy and PoC systems, where high optical
power is needed to excite fluorophores effectively, and precise pulse control is
essential for accurate time-resolved measurements. The integration of these
systems with the microLED arrays opens new possibilities for portable, high-
performance diagnostic tools that can be used in a variety of settings, from
research laboratories to clinical environments. The same chip designed for the DA
approach had another circuit in it so it could work for both DA and MA arrays.
The MA driving circuits were used to develop the PoC reported in Publication #4.

One of the more advanced objectives is the integration of the Matrix Addressable
microLED platform with a SPAD camera. SPAD cameras are known for their
exceptional sensitivity and ability to detect single photons, making them ideal for
applications that require the detection of extremely low light levels. By combining
the microLED arrays with a SPAD camera, this research aims to develop and
characterize a new type of PoC system that can use multiple fluorophores for
multidetection. This capability is particularly useful in multiplexed assays, where
the ability to detect different fluorophores simultaneously can greatly increase the
throughput and efficiency of the analysis. The integration of these technologies
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could lead to the development of new tools for biomedical research and

diagnostics.

Finally, a substantial and technically challenging objective is the development of
a CMOS backplane for a microLED array consisting of approximately 250,000
microLEDs, each with a size of 10 um and a pitch of 18 um. The design and
fabrication of such a backplane requires advanced semiconductor processing
techniques and careful consideration of the electrical requirements. The backplane
must be capable of delivering high driving currents to the microLEDs to ensure
sufficient brightness and performance for scientific applications. Furthermore, it
must support high frame rate switching (~10 kfps) and rapid on/off switching
speeds exceeding 1 MHz. These capabilities are essential for applications that
require high-speed imaging and precise control of light output, such as in dynamic
biological studies or real-time diagnostic systems. The successful development of
this backplane will represent a significant advancement in the field of microLED
technology, enabling new applications and expanding the potential uses of
microLED arrays in scientific research and biomedical applications.



Light sources for biomedical applications

Throughout history, light has been a guiding force in the development of
observation tools within the field of biomedicine. From the earliest rudimentary
devices to the cutting-edge technologies of today, the harnessing of light has
enabled remarkable advancements in our ability to explore and understand the
human body and biological systems. During the Middle Ages and the Renaissance,
the renewed interest in the study of anatomy and medicine in general forced
several advances in observation methods to analyze biomedical samples. One of
the most significant advances was the invention of lenses, allowing physicians to
magnify their vision and provided detailed observation of the anatomical
structures. Additionally, concave, and convex mirrors were used to direct and
focus light on specific areas of the body during surgery, therefore improving
visibility and precision of surgical proceedings. These advancements laid the
groundwork for the development of the first microscopes, paving the way for the
observation of biological tissues at the cellular level.

The invention of the first microscope is highly controversial, since in the same
dates, several instrument makers made advances in the field. The oldest record
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extant depicting a microscope is a rough sketch of a Drebbel microscope drawn
by hand in 1631 in the diary of Isaac Beeckman [1]. Nevertheless, in the preface
of Extracts from Micrographia [2], R. Hooke describe how to build his single-lens
microscope, which was used by the Dutch scientist Anton van Leeuwenhoek. Van
Leuwenhoek reported several microscopic observations on microorganisms in the
latter 17" century using this microscope [3]. This was one of the most
transformative developments in the history of medicine. The use of the different
microscopes allowed for unprecedent magnification and resolution. These
primitive microscopes relied typically on sunlight, but in Extracts from
Micrographia [2] R. Hooke also explained the construction of a lamp that would
provide sufficient light whenever needed for microscopic observations.

Further advances were made in the field of imaging technologies, but it was not
until the 19™and 20" centuries when significant advances were made in imaging
and diagnostics technologies were achieved. The use of electromagnetic waves to
visualize internal structures and processes within the human body and to perform
ex vivo diagnostics has been crucial in the last centuries. These techniques have
revolutionized medical diagnosis, treatment, and research by providing detailed
and non-invasive ways to examine biological tissue and functions. One of the first
inventions that used a light source to aid the diagnosis of illness was the
endoscope, which suffered a huge development at the latter 19™ century due to the
introduction of the light bulb by Thomas Edison in 1880 [4].

In 1845, F. W. Herschel made the first reported observation of fluorescence, when
he noticed that a quinine solution, even being colorless and transparent, exhibited
a “vivid and beautiful celestial blue color” when it was illuminated and observed
at certain incidence of sunlight [5]. In 1852, G. Stokes described fluorescence with
greater detail [6] . After E. Abbe demonstrate the limitations of transmitted light
microscopy [7], the expectations of fluorescence in microscopy increased. There
was the expectation that fluorescence could provide higher resolution [8]. Even
Braum claimed that objects that could emit light were not subject to diffraction
[9]. Later, in the early 20" century, fluorescence microscopes were developed.
The development of a steady source of ultraviolet light was a prerequisite to the
first reliable fluorescence microscope. In 1903, R. W. Wood demonstrated how to
isolate a band of ultraviolet light from an arc lamp [10]. This allowed H. Lehmann
to make a prototype bright-field fluorescence microscope in 1910. Arc lamps have
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been a key component for biomedical imaging since the invention of the
fluorescence microscope as light sources, since their emission bands match the
absorption bands of a great number of organic fluorophores, which are typically
used. These light sources emit light by making an electrical discharge passing
through a bulb filled with an ionized gas. Arc lamps include those built with
mercury (HBO, where H is short for the element mercury, Hg, B is the luminance
symbol and O is the symbol for unforced cooling), xenon (XBO, where Xenon is
shortened by X), and metal-halide (MH). In the last decades, since LED
technology has evolved, they have become the preferred choice for the majority
of applications, since LEDs overcome some of the limitations arc lamps have.

LEDs, or Light-Emitting Diodes, have revolutionized microscopy and PoC (PoC)
diagnostics [11]. The advantages of LEDs over traditional arc lamps include their
longer lifespan, lower heat generation, and more stable light output [12]. These
features make LEDs ideal for continuous and high-resolution imaging, which is
crucial in both research and clinical settings [13]. In fluorescence microscopy,
LEDs provide specific wavelengths of light necessary to excite fluorophores,
improving the clarity and detail of the images obtained.

Lasers have also played a pivotal role in advancing microscopy. They offer highly
coherent and monochromatic light, which is essential for techniques such as
confocal microscopy and two-photon microscopy [14]. These methods allow for
deeper tissue penetration and higher spatial resolution, facilitating the detailed
study of cellular and subcellular structures. Lasers' precision and ability to be
modulated rapidly enhance dynamic studies of biological processes, making them
indispensable in modern biomedical research.

The recent introduction of Gallium Nitride (GaN) microLED technology marks
another significant milestone. GaN microLEDs offer superior brightness,
efficiency, and durability compared to conventional LEDs [15]. Their small size
allows for integration into high-density arrays, providing unprecedented
resolution and uniformity in illumination. This is particularly beneficial for high-
throughput screening and PoC diagnostics, where accurate and reliable light
sources are critical [16]. Moreover, GaN microLEDs' ability to emit across a wide
spectrum, including ultraviolet and visible light, expands their utility in various
imaging and analytical techniques [17].
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The integration of GaN microLEDs into biomedical devices is already showing
promising results. For instance, microLED-based arrays can be used in
optogenetics to control neuronal activity with high precision, opening new
avenues for neuroscience research [18].

These advancements are part of a broader trend towards miniaturization and
increased functionality in biomedical devices. The continued development of
microLED technologies leads to further innovations in microscopy and PoC
diagnostics, improving our ability to understand and treat various medical
conditions [19]. In this work we present different advances in the use of micro and
nanoLEDs and their driving circuits to be used in biomedical applications.

10
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2.1. Light sources

2.1.1.  Arc lamps

Arc lamps are lamps that emit light by an electric arc or a voltaic arc. The first arc
lamp was invented in the first decade of the 1800s by H. Davy. This is the carbon
arc light, that consists of an arc between carbon electrodes in air [20]. This arc
lamp paved the invention of the lamps used in fluorescence, which does not work
in air, but in special gases. As mentioned before, for fluorescence use there exist
three types of arc lamps, the mercury arc lamp, or HBO, where H is for the
chemical symbol of mercury, B for the luminance symbol and O for the unforced
cooling symbol, the xenon lamp or XBO, where X is for Xenon, and the metal-
halide lamp, or MH. All these lamps are described as high-intensity discharge
(HID) lamps.

2.1.1.1. Mercury arc lamp

Mercury arc lamps, invented by Peter Cooper Hewitt in 1901, were among the
first electric light sources [21]. They gained popularity in the early 20th century
for their efficiency and brightness, finding use in factories, street lighting, and
public spaces. Throughout the century, improvements led to more stable and
efficient designs, including high-pressure mercury lamps that produced a whiter
light. By the mid-20th century, fluorescent and metal halide lamps began to
replace mercury arc lamps due to better light quality and efficiency. Today,
mercury arc lamps are less common but still used in specific scientific and
industrial applications. Environmental concerns over mercury's toxicity have led
to stricter regulations and a shift towards more eco-friendly lighting options.
Despite this, mercury arc lamps played a crucial role in the evolution of modern
lighting technology.

High pressure mercury vapor arc-discharge lamps are one of the light sources that
can provide higher luminance of any continuously operating light sources, they
are capable of providing a brightness in a range of 10 to 100 times higher
compared with incandescent lamps. Moreover, these lamps are capable of produce
intense illumination for specific wavelength bands as shown in Figure 1. These
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lamps, combined with the appropriate filters, can be used to excite a wide range

of fluorophores.
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Figure 1. Emission profile of mercury arc lamp, with emission present in ultraviolet,
blue, green, and yellow spectral regions. Extracted from [22].

A large amount of fluorescent probes were developed for HBOs emission
wavelength peaks that are shown in Figure 1, such as Alexia 546 [23] for the 546
nm peak or Marina Blue [24] for the 365 nm peak. These light sources were
introduced to the market in 1930s and have been used in many thousands of
microscopes. HBO lamps produce among the highest luminance and radiance
output levels compared to any other continuous light source used in optical
microscopy. Nevertheless, mercury lamps have a significant fluctuation in
intensity compared with other light sources, such as LEDs or laser sources.
Despite these lamps being much brighter, they had major inconveniences, such as
critical mechanical alignment, short lifetime, lack of light homogeneity, necessity
of specialized lamphouses and power supplies, higher costs, or potential explosion
hazards. But, even with these drawbacks, HBOs still are a golden standard for
fluorescence microscopy and are considered one of the best illumination sources.

Mercury arc lamps have been used for fluorescence microscopy during almost all
the existence time fluorescence detection and imaging has been used. There are
examples in the literature of using mercury arc lamps for fluorescence microscopy
back to the early 1900s. For example, in [25], that was published in 1933, a
microscope for fluorescence analysis using a mercury arc lamp is described. The
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microscope allows for rapid identification and differentiation of substances with
different chemical compositions by their emission bandwidth. K. Saito et al. [26]
developed a multi-point scanning confocal microscope. In this work, they use a
mercury arc lamp to replace lasers, since they strongly restrict the choice of
fluorescent dyes because only a limited amount of laser lines can be introduced
into a confocal system.

2.1.1.2. Xenon arc lamp

Xenon arc lamps were developed in the 1940s and quickly became popular due to
their ability to produce a bright, white light similar to daylight. These lamps work
by creating an arc between two electrodes in a xenon gas-filled bulb, producing a
continuous spectrum of light. They found early use in movie projectors and
searchlights because of their high intensity and excellent color rendering. Over the
decades, xenon arc lamps have been improved for greater efficiency and
longevity. Today, they are widely used in various applications, including
automotive headlights, cinema projectors, and scientific instruments. Xenon arc
lamps are valued for their stability and intense brightness, making them essential
in fields that require precise and powerful illumination. Despite advances in LED
and laser technologies, xenon arc lamps remain a crucial tool in high-intensity
lighting applications.

As mercury arc lamps, XBO show a similar behavior when talking about
luminance. XBO is one of the brightest light sources that can be found when
operating continuously. Moreover, xenon arc lamps are a very similar approach to
the ideal model of a punctual light source. The emission profile of xenon arc
lamps, in contrast with mercury arc lamps, is a large uniform and continuous
spectrum at the visual region. Its emission profile features a color temperature of
around 6000 K, similar to sunlight, and has no prominent emission lines. This
makes XBO more suitable for applications in quantitative fluorescence
microscopy.

XBO lamps were introduced to the scientific community in the late 1940s. XBO
lamps’ lifetime is higher than those of similar HBO lamps, but they have a
drawback. The majority of their emission (75%) falls into the infrared spectral
region, and only 25% of the optical power is emitted in wavelengths above 700
nm. Moreover, only 5% of the emission spectrum is above 400 nm, which highly
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restricts the fluorophores that can be excited by a XBO lamp. Due to this spectral
emission distribution (Figure 2), XBO is more suitable for applications where
multiple fluorophores in a wide range of wavelengths needs to be analyzed, rather
than in applications where a specific fluorophore is being detected.

Xenon arc lamps have been standard in fluorescence microscopy, particularly in
applications requiring a continuous emission pattern. These lamps are widely used
due to their ability to provide a stable and consistent light source, crucial for
detecting a wide range of fluorophores. In 1973, L. Enerbéck et al. [27] developed
a device able to perform cytofluorometry. The device can detect several
fluorophores during short (ms) and long (minutes) illumination periods. XBO)
were chosen for this device due to their long lifespan and continuous emission
spectrum, which are essential for such precise measurements. L.A. Thomson ef al.
[28] conducted a comparative study of various light sources for incident
immunofluorescence microscopy, concluding that XBO lamps provide sufficient
brightness to detect samples diluted up to 32 times more than with similar HBO
lamps and other halogen sources. This enhanced detection capability is attributed
to the higher emission power of XBO lamps across the continuous spectrum, as
depicted in Figure 2. Moreover, xenon arc lamps offer significantly higher power
emission in the infrared spectrum, with prominent peaks at 827, 885, 919, 980,
and 992 nm, as shown in Figure 2. This characteristic was leveraged by H. Puchtler
et al. [29] to develop an infrared fluorescence microscopy technique for stained
tissues, demonstrating the broader application potential of these lamps in
specialized microscopy setups. These examples were chosen to highlight the
unique advantages of xenon arc lamps in fluorescence microscopy, showcasing
their critical role in enhancing detection sensitivity and expanding the range of
detectable wavelengths.
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Figure 2. Emission profile of xenon arc lamp, where it can be found the continuous
emission spectra from 300 to 700 nm and the near infrared emission lines. Extracted
from [30].

Furthermore, nowadays in conventional fluorescence microscopy, even with the
recent appearance of white light lasers and LEDs that are prone to substitute the
arc lamps, they still have room for competition. Fluorescence microscopy needs
high photon-flux densities in the sample plane that only can be provided by some
light sources, such as lasers, LEDs and arc lamps. However, when using lasers and
LEDs, the excitation wavelengths are limited to a narrow spectrum, while arc
lamps have a continuous emission distribution, where the user can select the
desired wavelength lines or wavelength regions depending on the application.

2.1.1.3. Metal Halide lamp

Metal halide arc lamps were developed in the 1960s as an advancement over
mercury vapor lamps. These lamps produce light by passing an electric arc
through a mixture of metal halides and mercury vapor, resulting in high efficiency
and excellent color rendering. They quickly became popular for their bright, white
light and were widely used in stadiums, street lighting, and industrial settings.
Over time, improvements increased their efficiency and lifespan, making them
suitable for a broader range of applications. Today, metal halide lamps are valued
for their powerful illumination and are used in sports arenas, large indoor spaces,
and horticulture. Despite competition from LED and other lighting technologies,
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metal halide lamps remain important for applications requiring high-intensity,
high-quality light.

Metal Halide light sources work similar to the other arc lamps. When an electrical
arc passes from its electrodes and through a gaseous solution, it emits light. In the
case of MH lamps, the electrical gas goes through a mix of gases, which normally
include mercury, xenon or argon, and a variety of metal halides, which are
obtained from combining halogen with a metal.

MH arc lamps that are of more use for fluorescence microscopy are the ones that
use mercury among the metal halides. This makes the emission spectra to be like
the HBO lamps including its spectral lines with additional higher emission levels
in the continuous regions that fall between those lines. The emission spectrum has
up to 50% greater intensity between peak illumination bands, allowing for the
excitation of a wider range of fluorophores. The emission spectra compared to one
of the HBO lamps is shown in Figure 3. Metal halide lamps offer significant
advantages over mercury arc lamps. They have a much longer lifespan, often
exceeding 1,500 hours, and come with pre-attached reflectors, eliminating the
need for alignment [31].

Metal Halide Arc Lam
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Figure 3. Emission profile of metal halide arc lamp compared to those of the HBO

arc lamp where it is observed that MH lamps have the same emission lines with lower
power but a more continuous emission between the lines. Extracted from [32].
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As shown in Figure 3Figure 3, over half of the light emitted by the arc,
approximately 55 percent, falls within the ultraviolet and visible wavelengths
between 350 and 700 nanometers. The spectral lines in metal halide lamps, which
result from elemental excited state transitions in mercury vapor, occur at 365, 405,
436, 546, and 579 nanometers (see emission peaks in Figure 3). This makes these
light sources highly efficient for imaging fluorophores specifically designed for
excitation by mercury arc lamps. The higher radiation levels in off-peak regions,
combined with the superior temporal stability of metal halide lamps, make these
sources more effective than mercury arc lamps for imaging fluorophores excited
in the 480 to 500 nanometer range. It can be observed that the main differences
between a MH lamp and an HBO lamp are that the MH lamp has lower power
emission in the peaks in exchange for higher power emission in the continuous
spectrum. This comparison can be observed in Figure 3, where the emission
spectra for both lamps is shown. Additionally, metal halide lamps are better suited
than mercury lamps for quantitative imaging of radiometric dyes.

MH lamps have been used in several microscopes. For instance, W. D. Brighton
et al. [33] studied the usage of a 250 W C.S.I lamp, which is a mercury arc lamp
with added metal halides, in their 1972 study. They found that metal halide arc
lamps perform better than traditional mercury arc lamps, particularly at the 495
nm wavelength where mercury lamps have relatively low emission. Specifically,
MH lamps provide six times more optical power than mercury lamps in this
wavelength range. Additionally, due to their lower UV emission, MH lamps are
safer for observing living cultures.

2.1.2. Lasers

Lasers, short for Light Amplification by Stimulated Emission of Radiation, are
devices that emit coherent, intense beams of light. They rely on a gain medium,
energy source (pump), and optical cavity with mirrors to amplify light through
stimulated emission. Laser light is monochromatic, coherent, and highly
directional, making it invaluable in numerous scientific and technological
applications. Lasers are used in diverse fields including spectroscopy, microscopy,
telecommunications, and materials processing, due to their precise control and
unique properties. Gas and solid-state lasers are two common types, each offering
specific advantages and applications. Despite their complex operation, lasers have
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become indispensable tools in research, engineering, and everyday life, shaping
advancements across various disciplines.

The first conceptual design of the laser was done by Albert Einstein in his 1916
proposal, where he defined that photons could stimulate emission of identical
photos from excited atoms [34]. But it was not until 1928 when Rudolf Ladenburg
reported indirect evidence of this theory [35]. However, it was considered of little
practical importance by his contemporaries. It was not until May 16™, 1960, that
Theodore Maiman built the first laser. It was a ruby laser [36]. It was built with
the coil of a photographic flashlamp and introduced a small rod of ruby inside, all
of this enclosed in a reflective cylinder. After this discovery, several lasers
appeared. Peter Soroking and Mirek Stevenson built a similar laser using a rod of
calcium fluoride doped with uranium, making it the first four-level laser [37].

Another key discovery was semiconductor diode lasers. In early 1953, John von
Neuman wrote about the possibility that semiconductors could produce stimulated
emission, but it was not published until more than 30 years later [38]. After the
invention of the first Light Emitting Diodes, GaAs LEDs cooled to liquid nitrogen
[39], led to Robert N. Hall and his colleagues at the General Electric R&D
laboratory in Schenectady, New York to develop the first GaAs diode laser [40].
Although diode lasers represented a significant advancement, the early models
were wide area homojunction devices that required cooling to liquid nitrogen
temperatures and powerful current pulses to function. It took several more years
for these lasers to achieve continuous operation at room temperature, a crucial
capability for most practical applications. It was not until 1969 when Zhores
Alferov developed the first continuous room-temperature operating diode laser
[41]. Alferov won the 2000 Nobel prize for the heterojunction discovery, which
was shared with Herbert Kroemer, who developed a similar laser diode a few
weeks later in the USA [41].

The high bandwidth lasers can achieve is another important characteristic. In
1964, Willis Lamb demonstrated that modelocking a laser could produce pulses
whose duration was limited by the Fourier transform of the bandwidth [41]. Using
passive modelocking on a continuous-wave laser, Erich Ippen and Charles Shank
initially created 1.5-ps pulses [42], and subsequently achieved subpicosecond
pulses with kilowatt-level peak power [43]. This sparked extensive research into
producing even shorter pulses through a combination of pulse compression and
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spectral broadening. This line of work reached a milestone in 1987 when Richard
Fork's team at Bell Labs generated 6-fs pulses using pulse compression and phase
compensation techniques [44]. The advent of ultrafast pulses paved the way for
new types of spectroscopies. Winifred Denk, J. H. Strickler, and Watt Webb
concentrated femtosecond red or IR pulses to such a high intensity that a sample
could simultaneously absorb two or more photons to excite fluorescence, but only
during the brief peak intensity of the pulse [14].

Laser devices emit light across the ultraviolet, visible, and infrared regions of the
electromagnetic spectrum. Ultraviolet radiation, with wavelengths between 180
and 400 nm, is utilized in UV lasers. Visible light, spanning from 400 to 700 nm,
encompasses the colors perceptible to the human eye. The infrared region,
extending from 700 nm to 1 mm, is employed in IR lasers. The specific color or
wavelength of light emitted by a laser depends on the laser material employed. For
instance, a Neodymium:Yttrium Aluminum Garnet (Nd:YAG) crystal emits light
at a wavelength of 1064 nm. Table 1 outlines various lasing materials and their
associated wavelengths. It's noteworthy that certain materials and gases can emit
multiple wavelengths, with emitted light wavelengths determined by the laser's
optical setup.

Table 1. Commonly used lasers and their emission wavelengths.

Argon Fluoride 193
Xenon Chloride 308 and 459
Xenon Fluoride 353 and 459
Helium Cadmium 325442
Copper Vapor 511 and 578
Argon 457 - 528
Frequency doubled Nd:YAG 532
Helium Neon 543,594, 612 and 632.8
Krypton 337.5-799.3
Ruby 694.3
Laser Diodes 630 —950
Ti:Sapphire 690 — 960
Nd:YAG 1064
Hydrogen Fluoride 2600 — 3000
Carbon Monoxide 5000 — 6000

Lasers provide several compelling advantages over other light sources for
fluorescence applications, such as microscopy. Additionally, for other
applications such as PoC, where compactness is important, laser diodes are highly
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useful because they offer high integration capabilities along with the benefits of
lasers. These advantages primarily arise from the unique properties of laser light,
including coherence, monochromaticity, high intensity, and directionality, which
collectively enhance the performance and reliability of fluorescence-based
techniques. One of the foremost advantages of lasers is their coherence, which
allows for highly focused illumination. In fluorescence microscopy, this enables
precise excitation of fluorophores within a small focal volume, reducing
background noise from out-of-focus light [45-47]. This enhancement in the
signal-to-noise ratio is crucial for achieving high-resolution images, especially in
confocal and two-photon microscopy, where optical sectioning and deep tissue
imaging are required. Lasers also emit light at a single wavelength, providing
monochromatic illumination, which is particularly critical in fluorescence
applications, where specific excitation wavelengths are necessary to selectively
excite particular fluorophores. The use of a laser ensures that the excitation light
matches the absorption spectrum of the fluorophore precisely, maximizing the
efficiency of fluorescence emission and minimizing cross-talk between different
fluorophores in multi-color experiments [48,49]. Additionally, the high intensity
of laser light is a significant advantage. Lasers can deliver intense, concentrated
light to excite fluorophores efficiently, resulting in strong fluorescence signals
even from weakly fluorescing samples. This high intensity is particularly
beneficial in applications such as single-molecule fluorescence and super-
resolution microscopy (e.g., STED [50-52], PALM [53,54], STORM [55-57]),
where a high photon flux is necessary to achieve the required resolution and
sensitivity. The directionality and collimation of laser beams further enhance their
utility in fluorescence applications. These properties ensure that light can be
directed precisely to the area of interest without significant divergence, providing
uniform illumination across the sample. This uniformity is essential for
quantitative fluorescence measurements and ensures consistent excitation across
the entire field of view in wide-field microscopy. Moreover, lasers offer precise
temporal control over light emission, enabling the use of pulsed laser systems.
This temporal precision is essential for time-resolved fluorescence techniques,
such as FLIM [58,59] or Point of Care applications [60].

Moreover, for PoC diagnostics, the compact and efficient design of diode lasers
allows for the development of portable and robust devices. These lasers can be
integrated into compact fluorescence detection systems, offering the high
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sensitivity and specificity required for rapid and accurate diagnostics at the point
of care. Furthermore, lasers provide consistent and stable light output over
extended periods, essential for reproducibility in fluorescence measurements.
Unlike other light sources, such as mercury or xenon arc lamps, lasers do not suffer
from significant intensity fluctuations or require frequent replacements, making
them more reliable and cost-effective in the long run. Despite that, lasers are an
expensive component and in recent years, applications using LEDs are emerging
to replace the use of those with laser devices.

2.1.3. LEDs

The development of LED technology has come a long way. The phenomenon of
electroluminescence was first observed in 1907 by H.J. Round of Marconi Labs.
He noticed that silicon carbide crystals emitted a dim yellow light when a current
was applied. This marked the beginning of the exploration into light emission from
semiconductors [61]. However, it was Oleg Losev, a Russian scientist, who
significantly expanded on this discovery in the 1920s. Losev observed light
emission from zinc oxide and silicon carbide diodes and published several papers
on the subject, laying the groundwork for future developments in LED technology
[62]. Unfortunately, his research was ignored at that time. The real breakthrough
in LED technology came in the early 1960s. In 1962, Nick Holonyak Jr., working
at General Electric, developed the first practical visible-spectrum LED.
Holonyak's LED emitted red light and was significantly more efficient than
previous attempts, making it the first usable LED for practical applications[63].
This innovation marked a significant milestone, as LEDs began to find use as
indicator lights in electronic devices due to their low power consumption and long

operational life.

In the 1970s and 1980s is when we can find significant advancements in LED
technology, particularly in the materials used to produce them. Researchers
developed LEDs in various colors by using different semiconductor materials.
Gallium arsenide phosphide (GaAsP) and gallium phosphide (GaP) were
instrumental in producing red, orange, and green LEDs [64,65]. The ability to
produce LEDs in multiple colors expanded their use beyond simple indicators to
more complex displays and lighting applications. Furthermore, a major
breakthrough occurred in the early 1990s with the development of high-brightness
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blue LEDs by Shuji Nakamura at Nichia Corporation. Nakamura's use of Gallium
Nitride allowed for the production of blue light, which was previously difficult to
achieve with LEDs [66]. The creation of blue LEDs was pivotal because it enabled
the production of white light LEDs by combining blue LEDs with yellow
phosphor. This development expanded the application of LEDs to general lighting
and displays, making them a viable alternative to traditional incandescent and
fluorescent lighting.

The design of LEDs for different emission spectra culminated in the development
of white LEDs. This marked a significant turning point for LED technology. White
LEDs are created by coating a blue LED with yellow phosphor, resulting in light
that appears white to the human eye. This innovation made LEDs suitable for a
wide range of lighting applications, from residential and commercial lighting to
automotive and street lighting [67-69]. White LEDs are known for their high
energy efficiency and long lifespan, which have driven their adoption in various
industries focused on sustainability and energy conservation. Throughout the late
1990s and early 2000s, continuous improvements in LED efficiency, brightness,
and manufacturing processes reduced the cost of production and increased the
accessibility of LED technology. Advances in semiconductor fabrication
techniques and materials science have enabled the production of LEDs that are
brighter, more efficient, and more durable than ever before [70,71]. These
improvements have made LEDs the preferred choice for a wide range of
applications, from consumer electronics to large-scale lighting installations.

Another key benefit of LEDs is their positive environmental impact. LEDs
consume significantly less energy than traditional incandescent and fluorescent
bulbs, resulting in lower greenhouse gas emissions and reduced energy costs.
Additionally, LEDs have a much longer operational life, reducing the frequency
of replacements and the associated waste. These factors make LEDs an
environmentally friendly lighting option, contributing to global efforts to reduce
energy consumption and combat climate change.

Today, LEDs are ubiquitous in modern technology. They are used in a wide range
of applications, including display technology (such as televisions, smartphones,
and computer monitors), automotive lighting, traffic signals, and architectural
lighting. LEDs are also crucial in medical devices, scientific instrumentation, and
horticultural lighting, where their efficiency and precision offer significant
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advantages. The versatility and reliability of LEDs have cemented their role as a
fundamental component of modern electronics and lighting. Especially, LEDs
have revolutionized biological microscopy and fluorescence applications due to
their numerous advantages over traditional light sources such as mercury and
xenon arc lamps. These advantages span across various critical parameters,
including spectral properties, energy efficiency, longevity, and control over
illumination, making LEDs an indispensable tool in modern biological research.

One of the most significant benefits of LEDs is their precise and customizable
spectral output. Unlike traditional light sources, which have broad emission
spectra requiring complex filtering systems to isolate desired wavelengths, LEDs
can be engineered to emit light at specific wavelengths tailored to the excitation
of various fluorophores used in fluorescence microscopy [72]. This precise
spectral control allows for efficient excitation and better separation of emission
signals, reducing background noise and improving signal-to-noise ratios [73]. It
can be seen some examples of emission spectra of LEDs in Figure 4. Moreover,
in Table 2 are shown some LEDs that are used for fluorescence microscopy. There
is shown the LED color and the fluorophores it excites among with the
wavelengths of excitation and the Full Width at Half Maximum (FWHM) of the
LEDs. The FWHM emission spectra of the LEDs is around 15-20nm, even not
being as narrow as laser emission, it is narrow enough for a wide range of
fluorescence applications.

Energy efficiency is another crucial advantage of LEDs. They convert a higher
proportion of electrical energy into light rather than heat, significantly reducing
energy consumption compared to traditional arc lamps [74]. This efficiency not
only lowers operational costs but also minimizes heat production, which is vital
for preserving the integrity of biological samples during microscopy. Excessive
heat can cause sample degradation and photobleaching, compromising the quality
and reproducibility of experimental results. Additionally, the operational lifespan
of LEDs far exceeds that of traditional light sources. LEDs typically last for tens
of thousands of hours, compared to a few hundred hours for mercury lamps and a
few thousand hours for xenon lamps [75]. This extended lifespan reduces the
frequency of replacements, thereby lowering maintenance costs and minimizing
downtime in laboratory settings. Consistent and stable illumination over long

periods is essential for reproducible and reliable experimental outcomes.
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Moreover, LEDs offer superior stability and control over illumination parameters.
They can be rapidly switched on and off, allowing for precise timing in
fluorescence imaging and minimizing photobleaching of samples [76]. This rapid
switching capability is particularly advantageous in time-lapse imaging and high-
speed applications. Furthermore, LEDs provide adjustable intensity and spectral
tuning, enabling researchers to optimize illumination for different fluorophores
and experimental conditions, a level of control difficult to achieve with traditional
light sources [77].
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Figure 4. Spectral emission of LEDs. The spectra were recorded at the microscope
objective focal plane using a broadband mirror positioned in a fluorescence optical
block. Extracted from [78].

Table 2. LEDs organized by emission color and the fluorophores they excite,
presented among their excitation wavelength and the FWHM bandwidth.

Fluorophore excitation spectra Wavelength of excitation (nm) LED FWHM Bandwidth (nm)
Ultraviolet (DAPI, BFP) 400 393-408
Cyan (ECFP) 445 433-453
Blue (EGFP, Cy2, AF488) 465 449-473
Blue-Green (EYFP) 505 491-520
Green (AF532) 525 503-539
Green (TRITC, Cy3, AF546) 535 503-573
Green-Yellow (TRITC, Cy3) 565 515-594
Green-Yellow (TRITC, Cy3) 565 515-594
Yellow (TR, MitoTracker) 585 547-613
Orange (TR, mCherry) 595 587-604
Red (Cy5, AF635) 635 620-637
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LEDs are particularly beneficial for advanced imaging techniques such as super-
resolution microscopy, optogenetics, and live-cell imaging. In super-resolution
microscopy, precise control over LED illumination is essential for achieving the
high spatial resolution required [79]. LEDs' ability to provide stable and uniform
illumination across the field of view enhances the quality of super-resolution
images. In optogenetics, where light is used to control genetically modified cells,
the ability to deliver specific wavelengths with high precision is crucial. LEDs'
rapid switching and wavelength specificity make them ideal for this application,
allowing for precise temporal and spatial control of light stimulation [80,81].

For all of that, LEDs have established themselves as a superior light source for
biological microscopy and fluorescence applications. Their precise spectral
properties, energy efficiency, long operational lifespan, and enhanced control over
illumination parameters make them a perfect fit to substitute all the other light
sources.

LED technology has come a long way, and two main technologies have appeared
derived from LEDs, inorganic LEDs, or GaN microLEDs, and OLEDs.

OLEDs emerged as a transformative technology in the field of display and lighting
applications due to their unique properties, such as thinness and flexibility. Unlike
traditional LEDs, which rely on inorganic semiconductors, OLEDs utilize organic
molecules that emit light in response to an electric current. This distinction allows
OLEDs to offer superior contrast ratios, wider viewing angles, and more vivid
colors, making them highly desirable for next-generation displays and lighting
solutions [82].

The structure of an OLED typically consists of multiple layers, including a
substrate, an anode, organic layers (comprising the emissive layer, conductive
layer, and others), and a cathode. The color of the emitted light is determined by
the specific organic materials used in the emissive layer, which can be tuned to
produce red, green, blue, or even white light [83]. The basic structure of an OLED
cell [84] consists of a stack of thin organic layers placed between a conductive
anode and a conductive cathode. The substrate, which serves as the foundation of
the OLED, can be made from plastic, glass, or metal foil. The anode, which is
positively charged, injects holes (or electron deficiencies) into the organic layers
and may be transparent depending on the type of OLED. Directly above the anode
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is the Hole Injection Layer (HIL), which receives the holes from the anode and
pushes them deeper into the device. The next layer, the Hole Transport Layer
(HTL), facilitates the movement of holes towards the emissive layer. The emissive
layer, which is the core of the device, is where light is produced by converting
electrical energy into light; it contains a color-emitting material (the emitter)
doped into a host material. To improve the efficiency of OLEDs, a Blocking Layer
(BL) is often included, which helps to confine electrons in the emissive layer. The
Electron Transport Layer (ETL) helps move electrons toward the emissive layer.
Finally, the cathode, which is negatively charged, injects electrons into the organic
layers and, like the anode, may or may not be transparent depending on the OLED
type. This arrangement of layers is critical for the functionality and performance
of OLED devices. as illustrated in Figure 5.

Figure 5. Schematic of a typical OLED construction [84].

One of the most significant advantages of OLED technology is its ability to be
fabricated on flexible substrates, enabling the development of flexible and even
rollable displays. This flexibility, combined with the potential for high energy
efficiency and low power consumption, positions OLEDs as a key technology for
a wide range of applications, from smartphones and televisions to wearable
devices and solid-state lighting [85].

However, despite their advantages, OLEDs face challenges such as limited
operational lifetimes, particularly for blue emitters, and sensitivity to moisture and
oxygen, which can degrade performance over time. Ongoing research aims to
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address these challenges by developing more stable materials and advanced
encapsulation techniques to enhance the durability and longevity of OLED devices
[86]. These are areas where microLEDs stand out.

In this work, we will focus on studying the biomedical applications that can be
built using GaN microLEDs, a technology that appeared in the 2000s-2010s.

2.1.3.1. GaN microLEDs

Since their inception in the early 1990s, Gallium Nitride based LEDs have
undergone remarkable advancements, evolving from laboratory novelties to
indispensable components in various lighting and display applications. This
evolutionary journey has not only revolutionized the illumination industry but has
also paved the way for innovative technologies such as microLED arrays and
microdisplays. The outstanding work by Isamu Akasaki, Hiroshi Amano, and
Shuji Nakamura in the early 1990s marked a significant milestone in
semiconductor physics and optoelectronics. Their groundbreaking research on
GaN-based materials led to the realization of efficient blue and green LEDs,
overcoming longstanding challenges in materials growth and device fabrication
[87]. This breakthrough not only completed the RGB color palette for LED
lighting but also laid the foundation for the development of high-density data
storage, optical communication, and solid-state lighting [88]. The discovery of p-
type doping of GaN, a critical component for the development of efficient LEDs,
was a pivotal achievement. This breakthrough enabled the fabrication of p-n
junctions in GaN materials, laying the groundwork for the efficient conversion of
electrical energy into light. Subsequent advancements in epitaxial growth
techniques, such as metalorganic chemical vapor deposition and molecular beam
epitaxy, further improved the material quality and device performance [89].

Following the initial breakthrough, decades of intensive research efforts focused
on improving the performance, efficiency, and reliability of GaN LEDs. Key
advancements include the development of novel epitaxial growth techniques such
as metalorganic chemical vapor deposition and molecular beam epitaxy, which
enabled precise control over material properties and device structures [90].
Additionally, the introduction of strain engineering, quantum well structures, and
defect reduction strategies contributed to significant enhancements in device
efficiency and brightness [91]. The evolution of GaN LED technology also
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witnessed advancements in device packaging and thermal management
techniques. Innovations such as flip-chip bonding, wafer-level packaging, and
advanced heat sinks have helped mitigate thermal issues and improve the long-
term reliability of GaN LEDs [92,93]. In parallel with the advancements in GaN
LED technology, the concept of microLEDs began to gain traction in the early
2000s. MicroLEDs are characterized by their miniature size and high pixel
density, which promised breakthroughs in display technology by offering superior
brightness, contrast, and energy efficiency compared to conventional display
technologies [94]. Initial challenges such as epitaxial transfer, pixel uniformity,
and mass production scalability were gradually addressed through innovative
fabrication techniques and materials engineering [91,95].

The development of microLED arrays requires precise control over epitaxial
growth, device fabrication, and assembly processes. Techniques such as selective
area growth, metal-assisted chemical etching, and transfer printing have been
employed to achieve high-resolution microLED arrays with uniform pixel
characteristics [96]. Furthermore, advancements in wafer bonding,
interconnection technology, and color conversion layers have enabled the
realization of full-color microLED displays with excellent color fidelity and
brightness uniformity [97]. The microLED fabrication process involves several
techniques, including photolithography, electron beam lithography, dry and wet
etching, and dielectric and metal evaporation. As illustrated in Figure 6, the
process can be broadly categorized into four main steps: (a) insulation layer
deposition, (b) pixel opening, (¢) wiring, and (d) etching to expose the n-buffer,
which serves as the common n-contact [98].

B Sapphire B n-GaN Bl Active region [ p-GaN [ Si0, mm Ti/Au Bm Pd

Figure 6. Steps in the fabrication process of the MOGaN nanoLED array include: (a)
deposition of an SiO2 insulation layer on the p-GaN LED surface; (b) dry etching of
the SiO2 layer to create pixel openings and subsequent filling of these openings with
a thin palladium (Pd) film; (c) patterning of the p-contact lines using a Ti/Au
deposition; and (d) deep etching and metallization for the n-contacts [98].
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Recent years have witnessed significant progress in microLED array technology,
fueled by advancements in epitaxial growth, transfer printing, and integration
methodologies. State-of-the-art microLED displays boast pixel densities
exceeding 1000 pixels per inch, enabling ultra-high-resolution applications in
virtual reality, augmented reality, and wearable electronics [99—-102].

Despite the tremendous progress achieved in MicroLED technology, several
challenges remain to be addressed. These include improving the yield and
throughput of microLED fabrication processes, enhancing the reliability and
stability of microLED devices, and reducing the manufacturing cost of MicroLED
displays [103].

The more basic structure that can be used for biomedical imaging and diagnosis
are single microLEDs. For example, several microLEDs arranged in a line
combined with electrodes are used for neuroimaging, where they are employed to
study brain activity and neurological disorders. H. Yasunga ef al. [104] have
developed a neural probe (Figure 7) with six microLEDs and 15 neural electrodes
for optogenetic applications. In this study a neural probe was fabricated and tested
in cortical tissue of mice, indicating that these neural probes are useful tools for in
vivo optogenetics diagnosis. E. Ko e al. [105] developed a flexible probe for long-
term chronic deep-brain studies, formed by 12 individually operated microLEDs
and 32 recording electrodes. In this study they demonstrate the reliability of the
device by recording and modulating hippocampal neurons of a freely moving mice
for over 8 months.

Another field where single microLEDs are used is in PoC technology. In [106],
H. Robbins et al. designed a PoC solution (Figure 8) using a single GaN
microLED with a a-Si:H fluorescence sensor to detect fluorescence from a
streptavidin R-phycoerythrin conjugate bounded with biotinylated antibody-
coated microbeads in a microfluidic channel.
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Figure 7. Probe developed by H. Yasunga ef al. extracted from [104]. In (a) they show
a 3D schematic. The cross-section of the probe containing the integrated microLEDs
and neural electrode probe is shown in (b). A photograph of the neural probe mounted
on a PCB (c) and an optical microscope image of a neural probe before and during
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fluorescence detection sensor of the PoC designed by H. Robbins et al. [106].

But what had more impact for scientific applications and specifically for
biomedical research was microLED arrays. These arrays can be categorized by the
way they are driven or by the way they are designed and addressed. When
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categorizing them based on the driving mechanisms, there are two types of arrays,

each one offering unique advantages and challenges:

Active Matrix microLEDs: Active Matrix (AM) microLEDs employ
thin-film  transistor (TFT) or Complementary Metal-Oxide-
Semiconductor (CMOS) backplanes to individually address each
microLED pixel [107]. This approach allows for precise control over each
pixel's brightness and color, enabling high-resolution displays with
excellent image quality and uniformity. Active matrix microLEDs are
commonly used in high-end displays, including televisions, monitors, and
virtual reality headsets.

Passive Matrix microLEDs: Passive Matrix (PM) microLEDs utilize
row and column lines to address and control the pixels [ 108] Unlike active
matrix microLEDs, passive matrix arrays do not require thin-film
transistors for pixel control, making them simpler and more cost-effective
to manufacture. However, passive matrix displays may suffer from limited
brightness, lower refresh rates, and potential cross-talk between adjacent
pixels.

If we categorize the microLED arrays by how they are designed and addressed,

we find two categories:

Direct Addressable microLEDs: Direct Addressable (DA) microLEDs
(Figure 9 a) feature individually addressable pixels, allowing for precise
control over each pixel's state without the need for complex addressing
schemes [98]. Direct addressable arrays offer flexibility and scalability,
making them suitable for applications requiring high-resolution, real-time
control, such as head-up displays (HUDs), smart mirrors, and digital
signage.

Matrix Addressable microLEDs: Matrix Addressable (MA) microLEDs
(Figure 9 b) employ a grid-like structure to address and control groups of
pixels simultaneously [109]. This approach reduces the complexity of the
driving circuitry while still offering high-resolution display capabilities.
Matrix addressable arrays are commonly used in large-scale displays,
outdoor billboards, and stadium screens, where high brightness and
scalability are essential.
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Figure 9. Direct addressed (a) and matrix addressed (b) microLED fabrication
strategies.

Each type of array has advantages and disadvantages when used for biomedical
imaging and diagnosis. One of the most used types of arrays in the state of the art
is active matrix with directly addressable LEDs, since they offer high-resolution,
high brightness and high bandwidth, which can translate in real-time imaging
capabilities. For example, one field where AM DA microLEDs are used for
endoscopy. In [110], N. Modir et al. describe an endoscopic system capable of the
detection of several diseases, including cancer, by using an array of microLEDs
capable of provide multiple wavelengths.

Where microLED arrays are gaining more and more attention is in microscopy. S.
Li et al, [111] demonstrated the use of a microLED-based chromatic confocal
microscope with a virtual confocal slit for three-dimensional profiling. In their
work, they describe that thanks to the use of microLED arrays instead of a single
punctual light source, no mechanical scanning or external light sources are needed.
They accomplish to have a scanning area (or field of view) with the microscope
of 186 x 167 pm? achieving a lateral resolution of 2.3 pm. Another example of
microLED arrays used for microscopy is [112], where V. Kumar et al. describe
the use of an array of microLEDs, specifically a directly addressable striped
microLED display with 100 rows (Figure 10). With this array of 100 rows, they
are capable of imaging within a 500 pm think fixed brain slice from a transgenic
mouse. With this system they detect oligodendrocytes labeled with a green
fluorescent protein (GFP), resulting in an improvement of contrast in
reconstructed optically sectioned images.
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Figure 10. The microLED array used in [112] by V. Kumar et al. (a) shows the
brightfield microstrip display, which consists of 100 lines exhibiting various
illumination patterns for the SIM light source. In (b), the darkfield image of the display
is shown. The lines measure 2000 pm by 15 pm. The overall size of the display is 2
mm by 2 mm. A photograph of the micro-display along with the rigid control PCB
can be observed (c).

Up to this date, the smallest microLEDs achieved were developed by D.
Bezshlyakh et al. [98], were they achieved to manufacture an array of 32x2
squared nano LEDs with 200 nm side size and 400 nm pitch (Figure 11 b). Also,
in that work, they report the manufacture of a nano-LED array of 6x6 squared
nano LEDs with 400 nm side size and 800 nm pitch (Figure 11 a).Some of the
microscopes presented in this thesis (Section 3.2.5 [113] and Section 3.2.6 [114])
were developed using these microLED arrays, achieving resolutions up to 1.56
um resolution. Although the resolution depends on the pitch of the LEDs, the
articles in this thesis (Section 3.2.5 [113] and Section 3.2.6 [114])) describe the
reasons for not achieving it.
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Figure 11. Final structures of the two geometries reported by D. Bezshlyakh ez al.: a
6 x 6 array of 400 nm nanoLEDs and b 2 x 32 array of 200 nm nanoLEDs [98].

2.1.3.2. GaN microdisplays

Microdisplays based on GaN microLEDs have rapidly emerged as a
transformative technology in the field of high-resolution displays, offering
unparalleled performance characteristics that have the potential to revolutionize a
wide range of applications. From virtual and augmented reality to wearable
devices and advanced optical systems, these microdisplays are at the forefront of
display innovation. The integration of GaN microLED technology into
microdisplays has been particularly notable due to the inherent advantages of GaN
materials, including high brightness, excellent efficiency, and superior durability.

A significant advancement in the development of GaN microdisplays is the use of
GaN-on-Si substrates [115]. This approach leverages the cost-effectiveness and
scalability of silicon wafers while maintaining the exceptional optoelectronic
properties of GaN. The compatibility of GaN with silicon manufacturing
processes also facilitates the integration of microLEDs with CMOS circuitry,
enabling the development of advanced active matrix microdisplays.

One of the most significant achievements in this field is the development of high-
density active matrix microLED displays, which utilize thin-film transistors or
CMOS technology to individually control each microLED pixel. This precise
control over pixel brightness and color makes active matrix microdisplays suitable
for high-performance applications, including augmented reality headsets and
head-up displays [116,117]. For instance, researchers have demonstrated active
matrix microLED microdisplays with resolutions exceeding 1000 pixels per inch
(PPI), showcasing their potential for ultra-high-definition applications [118].
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GaN-on-Si microdisplays also offer significant advantages in terms of thermal
management and device reliability. The superior thermal conductivity of silicon
substrates helps dissipate heat more effectively, which is crucial for maintaining
the performance and longevity of high-brightness microLEDs [119].

‘P

Figure 12. Example of a blue microdisplay for wereable applications [120].

Recent advancements have focused on overcoming the remaining challenges
related to mass production, pixel uniformity, and integration of GaN-on-Si
microdisplays with existing electronic systems. Novel pixel architectures and
scalable transfer printing methods are being explored to enhance the
manufacturability and performance of these microdisplays [121,122].

As the research and development of GaN-on-Si microdisplays continue to
progress, they are poised to become a dominant technology in the display market,
offering unparalleled performance for next-generation visual applications. The
combination of high brightness, excellent efficiency, and compatibility with
silicon manufacturing processes ensures that GaN-on-Si microdisplays will play
a crucial role in the future of high-resolution, high-performance display
technologies.
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Figure 13. A 4-bit full-color GaN-on-Si monolithically integrated microdisplay
developed by L. Qi et al. [123].

2.2. MicroLED drivers

During the last decades, along with the apparition of microLEDs, microLED
drivers appeared in order to provide an adequate control for the light emission
depending on the application they are used for. The bast majority of micro and
nano LEDs are driven by CMOS circuits, and they can be found as a fully
integrated circuit driving the LEDs, or as a system formed by different discrete
components in a PCB. Historically, there have been two main ways to build a
micro-LED array, direct addressing [124,125] and matrix addressing techniques
[126—128], as described above. For the control of direct addressing arrays there is
one independent driver for every LED, while in the case of matrix addressing
arrays, there is only one driver per row and column of the array. So, for a NxN
LED array, NxN and 2N drivers are required for direct and matrix addressing,
respectively. In direct addressing, as the LED density increases it is more difficult
to access the LEDs by wire bonding and then it is usual to have hybrid systems
built by flip-chip [116,129] or wafer-to-wafer approaches [130,131]. This
increases the integration density capabilities and to achieve lower pixel size, but
at the same time, it limits the size of the driver and consequently the quality of the
driving. In this respect, matrix addressing is much more flexible, allowing for
much larger drivers that can be placed on adjacent chips interconnected by simple
wire-bonding. At the end, there is a trade-off between pixel density and pixel size
versus driving capabilities.
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The functionality of control electronics is also specific to the application. For
example, in Near to Eye (NTE) devices, microdisplays need quite low speed,
having framerates of some hundreds of fps, and relatively low optical power, with
driving currents around 1 pA. Despite this, NTE devices require high integration
densities, above 1000 PPI. To achieve structures with high PPI, hybrid integration
technology is needed with very small in-pixel drivers.

Although the use of microLEDs in the display field is one of the broadest and most
important, there are several other applications where it is necessary to use drivers
capable of providing different characteristics, in which the ability to integrate large
number of pixels into a device is not as important as having high driving currents
and high switching speeds.

For example, for VLC, high bandwidth and precise optical power modulation are
crucial for achieving high-speed data transmission. For instance, D. Peng et al.
[132] designed a driver capable of selecting rows and columns in a matrix-
addressable microLED array using a row of current sinks to control the optical
power, achieving currents of 20 mA and switching speeds of 1 MHz. Similarly, Z.
Wek et al. [133] demonstrated a VLC system transmitting at 1.25 Gbps with a
current of 4.19 mA, using an amplifier (ZX60-43+) and a bias-Tee (ZFBT-6GW+)
with a 5V bias voltage.

In neural stimulation, the primary requirement is the ability to create stable optical
power patterns. B. McGovern et al. [134] employed a PIC® microcontroller and
32 constant current sources (TB62710) driving the LEDs with 5 mA. Meanwhile,
V. Poher et al. [135] used 8 programmable voltage sources (MIC5891) to set the
patterns and constant current sources (MAX6971) to control the optical power,
capable of driving up to 90 mA per LED.

Optogenetic applications necessitate full control over the LED array, including
individual control for specific location stimulation and varying light intensities.
M. Wang et al. [136] described a driver using a constant current source, providing
up to 2 mA per LED via an op-amp measuring the current through a resistance,
with switching speeds of 100 kHz. For single-point control, they used a shift
register memory and a PWM dimming module for fast switching. F. Dehkhoda et
al. [137] developed a driver using an H-bridge per LED, controlling the supply
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voltage through a DAC and a transconductance amplifier (TCA), delivering up to
6 mA per LED.

In fluorescence applications, the light source must provide high optical power with
a narrow wavelength directed at the fluorophores. MicroLEDs have demonstrated
sufficient wavelength precision and optical power to excite fluorophores with
driving currents up to 40 mA [106]. B. R. Rae ef al. [138] introduced a driver
based on an inverter, capable of fluorescence measurements with driving voltages
up to 5V and switching speeds in the GHz range.

2.2.1. High power microLED drivers

High power microLED drivers are a critical component in the burgeoning field of
microLED technology, facilitating the control and management of high-density
microLED arrays in applications such as displays, lighting, and biomedical
devices. As the demand for higher resolution and more efficient display
technologies grows, the development of robust, high-performance microLED
drivers has become increasingly important. For example, the capability to provide
high power optical power is key for the majority of biomedical applications,
furthermore for those requiring fluorescence, since the optical power emitted by
the fluorophores is directly related to the one exciting them (Figure 14).

There are several driver designs that take advantage of the high optical power that
microLEDs can provide when driven at high currents. For example, E. Xie et al.
[139] developed a custom CMOS driver based on NMOS transistors for Visible
Light Communications (VLC), featuring four independent current-steering
digital-to-analog converter (DAC) driver channels with 8-bit resolution. Each
channel is capable of sinking a full-scale current up to 70 mA and operates at an
electrical-to-electrical modulation bandwidth of 250 MHz. The integration of the
LLED array with the CMOS driver involves wire-bonding the array to a
commercial ceramic package.
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Figure 14. This figure illustrates the absorption (blue-green curve) and emission
(yellow-red curve) spectra of the fluorophore Alexa Fluor 555. The peak absorption
occurs around 555 nm, closely followed by the peak emission at a slightly longer
wavelength. Extracted from [140].

M. Zuhdi et al. [141] developed a driver able to deliver current up to 360 mA per
driver, which is traduced into 8 mW optical power. This circuit is also designed
for VLC, where transmission speed is also a key factor. The bandwidth of this
circuit is 147 MHz. The whole system consists of an array of 40x10 pixels
implemented with a pixel pitch of 100 pm, with an active microLED area of 4 mm
x 1 mm. The driver (Figure 15) was designed in Austrian MicroSystems (AMS)
foundry in their 0.35 um technology and consists of two blocks, the addressing
and the driving block. The addressing block controls the LEDs that turn on and
off and the working modes (continuous wave and pulsed mode). The driving
circuit consists of a buffer chain which increases the W/L ratio in order to increase
the current the driver can deliver, and a final modified buffer formed by M1, M2
and M3, which are the transistors with the larger W/L ratio.

39



2. Light sources for biomedical applications

LED_VDD

voteo——y L —
Din< L b Rx—l——i )o_|>c>>o_<. ’_{

Colﬁ%\% Increasing W/L
Clk:
Rst
VBMC2o - L
GND L GND

Figure 15. Schematic of the microLED driver presented in [141]. In the schematic
can be found the addressing logic and the driving circuit.

[S]

\Y
o P

Another driver able to provide up to 40 mA is the one described by Z. Wei et al.
[142]. This driver is also designed for VLC and can achieve data transfer rates of
2.74 Gbps. This microLED is directly driven by an RF signal generated by an
Arbitrary Waveform Generator (AWG), which is amplified and then combined
with a DC bias. This configuration enables the micro-LED to achieve high
modulation bandwidth and emit light for data transmission in the downlink of the
optical wireless communication system.

P. Tian et al. [143] describe the driver used for a blue GaN-based micro-LED in a
high-speed underwater optical wireless communication system. The micro-LED
driver includes a bias-tee configuration that integrates an RF signal with a DC
bias. The RF signal, generated by a pulse patter generator that generates pseudo-
random binary sequences, is amplified and combined with the DC bias through
the bias-tee to drive the micro-LED. This setup enables the micro-LED to achieve

a maximum modulation bandwidth of approximately 160 MHz and currents up to
90 mA.

B. Rae et al. [144] describe a driver to be used for fluorescence measurements in
which they achieve currents up to 100 mA with 5V bias voltage. The circuit
consists of a buffer chain that increases W/L ratio in order to achieve such high
current (Figure 16). Moreover, the microLED ground terminal (or cathode) is
separated from the ground of the driver circuit, this allowing to drive the LED with
more than 5V bias voltage, which is the limit of the CMOS process. The CMOS
drivers were designed so they can pulse the micro-LEDs with a minimum pulse
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duration of 300 ps, measured as the FWHM. To generate these short pulses, they
included a square-wave input signal designated as INPUT_SIG, which is inverted
using an inverter (I1), where the pulse width is determined by the delay through
the inverter. This delay can be adjusted by the gate voltage, denoted as VBMC2,
applied to a current-starving transistor (M1).
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Figure 16. LED driver described by B. Rae et al. [144]. In the schematic it can be
seen the circuit that enables the 300 ps pulses and the buffer chain with increased W/L
ratio.
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V. Poher et al. [135] developed a driver for a neuron stimulation system. This
driver (Figure 17) consists of 8 MIC5891 programable voltage sources, that can
work at a rate up to 38.000 columns per second, and four constant current sources
MAX6971 as current sink drivers. The emitter driving current is adjustable
through an external resistor from 4 to 50 mA per emitter, which is modulated by
a 10-bit PWM control.
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Figure 17. Schematic of the microLED driver presented by V. Poher et al. [135]
where can be observed both the current sinks and the programable voltage driver.

As can be seen, the majority of high-power drivers are designed for VLC, since
the strength of the signal impacts directly on the distance the communication can
achieve. Nevertheless, driven techniques used for VLC can be used for biomedical
measurements. For example, B. Rae et al. [144] describe a system with high
similarity to the one described by M. Zuhdi et al. [141].

2.2.2. High speed microLED drivers

MicroLED have the capability of provide high speed optical pulses, achieving
bandwidths of up to 800 MHz [90]. This allows the LEDs to be used for several
applications such as VLC, or more on the area this work is centered, time-resolved
fluorescence. Some of the drivers mentioned in the section above can be also
categorized as high-speed drivers. E. Xie et al. [139] driver can achieve speeds up
to 250 MHz. M. Zuhdi et al. [141], that can achieve switching speed up to 150
MHz. These drivers are allowed to high bandwidth speeds by modulating the LED
current. But, in the case of B. Rae er al. [144], where the time-resolved
fluorescence application only needs for a single fast pulse with high period, they
achieved to perform a pulse of 300 ps FWHM, which is the narrowest pulse
performed with a microLED reported in the literature. There exist more circuits
that are able to modulate microLEDs at high speeds, that will be discussed.
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H. Chun et al. [145] describe a system for VLC, where they encode the bit stream
and turn it into a discrete time domain signal through an inverse fast Fourier
transform (IFFT) operation and a cyclic prefix addition. Then, they use an AWG,
specifically the Agilent N8241A to convert the discrete signal into an analog
signal using. This signal is then amplified by a wide-band amplifier, the Mini-
Circuits ZHL-6A. A DC bias from a laser driver (LDC205C) is applied through a
bias-T, the Mini-Circuits ZFBT-6GW, resulting in the transmission of the
modulated intensity. With this driver (Figure 18), they achieve a bandwidth of 531
MHz, with 1.68Gbit/s transmission rate.

|

Waveform
Generator

BIAS-T

Transmiter
Module

[ DC current

Figure 18. Driver used by H. Chun et al. [145]. The transmitter module is formed by
the microLED and a collimating lens.

There are plenty of examples of high-speed drivers using a waveform generator,
and amplificatory and a DC current or voltage bias in VLC drivers. In [146], L.
Wang et al. achieve speeds of up to 4Gbps, and Z. Wei et al. [147] achieve a 2
Gbps data rate using this type of drivers, but further examples can be found in the
literature with similar results.

Even most of the drivers for high speed are used in VLC, again B. Rae et al. [144]
demonstrate that high-speed drivers are of use in biomedical imaging and sensing
applications, which is the focus of this work. One of the drivers developed during
this thesis was designed to be capable of providing high speed pulses. It was
designed to be used for time-resolved fluorescence measurements, both for PoC
and for imaging and was used in Section 3.2.6 [114], where its high speed
capabilities are not taken advantage, and in Section 3.3.4 [148].

A comparison between the drivers described above is shown in Table 3. As can
be observed, this work drives both DA and MA microLED arrays. It improves the
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existing works by increasing the maximum driving voltage without decreasing
significantly the

Table 3. Comparison of different CMOS driver circuits for microLED arrays.

This work
Reference [139] [141] [142] [143] [144] [145]
[148]
Driver type DELG CMOS Discret Discrets CMOS Discrete CMOS
ver typ NMOS screte screte
Application VLC VLC VLC VLC Flulcl)zzsce VLC Fluorescence
LiErpLboY) 70 mA 360 mA 40 mA 90 mA 100 mA - 20 mA
current
LED bias 9V - 65V - 5V - 10V
voltage
Speed 250 MHz 147 MHz  2.74 Gbps 160 MHz 1 GHz 531 MHz 500 MHz
CMOS Tech.
Node 0.35 um - - 0.35 pm - 0.35 um
o . 32x2 DA
N° of drivers 6x6 16x16 1 1 16x16 1 32x32 MA

2.2.3.  Microdisplay drivers

Since the develop of more classic drivers, that are bonded to a PCB and then
bonded to the microLED array, was not optimal in order to achieve high PPI
arrays, which are needed for the vast range of applications where light sources can
be applied, several efforts were made to innovate and enhance integration
techniques. From these improvements, classic flip chip bonding was refined to the
point that microLEDs in the range of the micrometer could be directly bonded to
their drivers and also has been possible to grow directly GaN layers on the silicon
substrates. The integration of GaN with Si substrates has unlocked new potential
in high-resolution, high brightness displays suitable for applications in augmented
reality (AR), virtual reality (VR), and wearable electronics. GaN-on-Si
microdisplays combine the superior optoelectronic properties of GaN with the
well-established, cost-effective, and scalable silicon platform. Central to the
functionality and performance of these microdisplays are the drivers, which
manage the operation of the micro-LED arrays.

The first technology developed to build GaN-on-Si microdisplays was constructed
by growing GaN layers on Si substrates. Silicon substrates, available in larger
diameters and at lower costs, are compatible with standard CMOS
(complementary metal-oxide-semiconductor) processing techniques, facilitating
the integration of driving electronics and micro-LEDs on a single chip. The typical
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architecture involves depositing a GaN epitaxial layer on a silicon wafer using
metal-organic chemical vapor deposition or molecular beam epitaxy. Micro-LED
arrays are then fabricated through etching processes, creating individually
addressable pixels arranged in a matrix configuration for precise control [149].
This matrix addressing is crucial for high-resolution displays, where each LED
functions as an individual pixel controlled by the integrated driving electronics.

The other method developed was to flip-chip bond the microLEDs to the CMOS
drivers. This is a method where the GaN micro-LED array and the CMOS driver
circuitry are fabricated separately and then joined face-to-face through solder
bumps or conductive adhesives [115]. This technique provides several advantages,
including improved thermal management, reduced parasitic inductance, and
enhanced electrical performance due to the short interconnects between the
microLEDs and the driving electronics. This technology is still under constant
development, but it has already positioned GaN-on-Si microdisplays as promising
candidates for the emerging applications [90,116]. The use of GaN-on-Si provides
microdisplays with huge density of pixels, accomplished due to the
miniaturization of GaN microLEDs, including even microLEDs in the nanometric
scales developed recently [18].

To achieve devices with such high pixels per inch (PPI), the area for the CMOS
driver is limited to the LED pitch in direct addressing hybrid interconnected
displays. Several in-pixel drivers have been developed in recent years. Most of
them are based on a 2 transistor 1 capacitor (2T1C) circuit [102,150]. The major
advantage of the use of the 2T1C circuit is its simplicity (Figure 19 a). This circuit
forms a current sink with a DRAM memory. They allow a high PPI because of the
small area of the circuit. However, this type of circuits lacks voltage stability over
time, leading to a deterioration of the LED current in the microsecond scale [150].
This deterioration is produced in pixel due to the leakage current of the switch
transistor.

Several modifications of the basic driver circuit were presented in the literature.
In order to increase the grey levels of a display, a transistor is added to the typical
2T1C circuit (Figure 19 b) to allow PWM dimming [151]. Also, to achieve higher
stability times, two extra transistors (4T1C) are added (Figure 19 c), leading to a
current degradation in the LED current around 25% of the programmed current in
16 ms [150]. A modification of this circuit that includes the 4T 1C structure where
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the transistor that fixes the LED current is bulk-driven (Figure 19 d), extends the
input data voltage range and improves the performance of the greyscale accuracy
[152]. However, in spite of these efforts, the use of a capacitance as an analog
storage unit always has leakage over time, making the microLED optical power
to have poor stability over time. Thus, it has been always necessary to refresh each
frame in the range of microseconds (>10kHz). Nevertheless, this does not allow
the frame to change.
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Figure 19. The different circuits described are shown. (a) shows the 2T1C standard
circuit, (b) shows the circuit described in [151]. (c) is a 4T1C circuit to reduce the
leakage current [150] and (d) is a 4T1C circuit with PHM capabilities [153].

Another modification of the circuit (Figure 20) can be found in the literature [154].
In this case the driver exhibits several distinctions compared to a typical 2T1C
driver. The driving circuit is designed to ensure high brightness and uniform
luminance. This driving circuit operates in two phases: current initialization and
LED emission. During the current initialization phase the current is calibrated and
stored. In this phase, transistors P5 and P6 are turned ON, while P1 and P2 are
diode-connected, forming current mirrors. This configuration prevents errors due
to voltage drops and threshold voltage variations in P1 and P2. A column foot
DAC provides the appropriate current (IDAC) through P1 and P2, and the voltage
Vg (p1, p2) 1 stored in the parasitic capacitors Cgsi and Cgsz. In the LED emission
phase, the LED is turned ON or OFF based on the PWM data stored in the pixel's
digital memory. For a logical '1', the LED is turned ON, emitting a luminance
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value determined by Ipac. The current sources P1 and P2 are cascoded to minimize
current variations due to differences in drain-to-source voltages, ensuring uniform
luminance, enhancing the performance of the single transistor found in the typical
2T1C circuits. The use of PWM with in-pixel digital memory allows for finer
control over the LED brightness levels, enhancing the grayscale performance.
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Furthermore, another problem appears with high area displays, especially if the
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Figure 20. Circuit reported by M. Vigier ef al. [154].

display has a high pixel density. It occurs that there is a voltage drop for the supply
lines, which increases as close the pixel is to the center of the array. J. Seong et al.
[150] propose a pixel circuit with leakage and voltage drop compensation for an
array with 5000 PPI or higher (Figure 21). They offer a solution using a 6T2C
pixel circuit that combines a low leakage switch structure with an IR drop
compensation circuit by configuring the MDRV_N and MDRV _P transistors in
such a way that the current through the pixel (ILED) is determined by the gate-
source voltages of these transistors. This setup ensures that the current remains
stable despite variations in voltage, thereby mitigating the effects of IR drop.
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Figure 21. Pixel circuit reported by J. Seong et al. [150] with leakage and voltage
drop compensation for an array with 5000 PPI or higher.

In the last years, some high speed and power microdisplays have been published.
The microdisplay backplane developed in this thesis (Section 3.4 [155,156]) was
one of them, achieving to drive a microdisplay of 512x512 10 um LEDs. The
backplane allows the microdisplay to switch on and off at a 1 MHz speed with a
frame refreshment up to 10 kfps. Moreover, this backplane is, to date and to our
knowledge, the one that achieves a higher driving current, up to 120 pA. In
parallel, N. B. Hassan et al. [157] developed a microdisplay of 128x128 50 pm
LEDs which driver allows 83 kfps and currents up to 87 pA. Nevertheless, since
in microdisplays the area of the driver is limited to the LED pitch, it is difficult to
achieve drivers that allow larger currents and higher framerates [157]. In that
work, N. B. Hassan et al. introduce a driver with a more advanced architecture
tailored for high-speed and high-resolution performance. Unlike the 2T1C driver
and its modifications, which are relatively simple, the CMOS driving circuit
described involves a more complex pixel architecture. Each pixel in the CMOS
circuit is designed to handle higher currents and provide precise control over the
micro-LEDs.

The driving circuit incorporates a 5-bit current steering DAC for each pixel. This
DAC architecture allows for precise current control through the LEDs, enhancing
brightness uniformity and enabling fine-tuned luminance adjustments. This is a
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significant upgrade over the simpler charge storage and release mechanism in a
2T1C driver, which lacks such precision. This DAC is formed by 5 Static
Random-Access Memories (SRAMs) and 5 transistors with different W/L ratios,
which in this case, each transistor has a factor of 2 W/L ratio for each bit, i.e., the
transistor controlled by bit 0 is W/L, the transistor controlled by bit 1 is 2! W/L,
the transistor controlled by bit 2 is 2> W/L... Moreover, the pixel has a separated
current source with 2 mA driving capabilities and a 2-bit in-pixel memory for
high-speed pattern toggling.

Table 4 shows a comparison of some of the microdisplays that can be found in the
literature. As can be observed, those with higher PPI, used for visual applications,
have low current and are not focused on framerates. The table comparison shows
how the microdisplay reported in this thesis is the one with higher max LED
current bias. Furthermore, compared with the other work that uses SRAMs, this
work reports a smaller pixel (from 50 um pitch to 18 um) with a minimum loss of
properties (1 bit grayscale).

Table 4. Comparison of different CMOS driver backplanes for GaN-on-Si
microdisplays. Microdisplays used for imaging use a lower frame rate than 100 fps.

This work
Reference [154] [158] [159] [99] [160] [157] [155]
Driver type column in-pixel in-pixel in-pixel in-pixel in-pixel in-pixel
Resolution 164010 236015 4.9 1920410 g agxi2g S12x512
33 36 80

Pixel pitch 9.5 pm 5 um 100 pm 2.5 um 200 pm 50 pm 18 um
Pixel density 2677 PPI 5080 PPI n.a. 10%010 P n.a. 508 PPI 1411 PPI
Frame rate n.a. n.a. n.a. 100 fps n.a. 83 kifps 9.15 kfps

5 pAto up to up to up to up to up to
Max. LED current " 2 A 400mA  VOPA T 100mA 87uA 120 pA
LED bias voltage 55V 5V ggt{’, n.a. >5V 5V wptosV
Color M(gl];)/R RGB Mono Mono Mono Mono Mono
Grayscale S-bit 8-bit n.a. 8-bit n.a. S-bit 4-bit
CMOS Tech. Node 0.18 pm 0.18 um 0.35 pm n.a. 0.35 um 0.18 um 0.18 pm
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2.3. MicroLED Biomedical applications

MicroLEDs are proving to be a transformative technology in biomedicine,
offering enhanced capabilities for imaging, diagnostics, and therapeutic
applications. Their small size, high efficiency, and precise control make them
suitable for a wide range of biomedical uses, from advanced microscopy to
wearable health monitors. As research progresses, the integration of microLEDs
into medical devices and systems is expected to expand, further advancing the
field of biomedicine. The capability of microLEDs to provide a continuous light
intensity for a long lifespan along with their good emission in the blue emission
spectrum makes them a perfect candidate for optogenetics. Their high efficiency
and scalability make them good candidates for both transmission and fluorescence
microscopy. Furthermore, their high bandwidth, along with the scalability and
high efficiency, makes them a perfect candidate for all kind of fluorescence
measurements, including time-resolved fluorescence.

In the field of optogenetics, K. Kim et al. [161] developed an optoelectrode
(Figure 22) using microLEDs where they can eliminate stimulation artifacts by
using a multi-metal-layer structure with a shielding layer to suppress capacitive
coupling. In their work they use transient stimulation pulse shaping to reduce the
artifacts below 50 uVep while having a high temporal resolution (< 1 ms) for in
Vivo experiments.

M. Grossman et al.[162] developed a novel two-dimensional photostimulation
tool using a 64 x 64 high-power microLED array and demonstrated its proof-of-
concept (Figure 23). They described experimental setups for both neural network
stimulation and single-cell computation studies. Their results showed that even
the lower irradiance spots generated enough power to precisely trigger action
potentials and dendritic currents in ChR2-expressing neurons. This matrix
photostimulation system is a straightforward yet powerful tool, capable of
providing sophisticated spatiotemporal stimulation patterns for investigating
neural network dynamics, neuronal disorders, and applications in neural

prostheses.
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(b)

Figure 22. Photograph of the optoelectrodes mounted on a PCB (a) and
microphotograph of the tip of a microelectrode containing the microLED (b) reported
in[161].

1:1 imaging

Figure 23. An example of brightfield image of microLEDs projected onto neural
samples using 1:1 and 1:10 optic configurations obtained using the device reported by
M. Grossman ef al.[162]

Furthermore, J. H. Lee et al. [163] analyzes the use of microLEDs for optogenetic
applications, in which they state that the work being performed now (which is
performed mostly in mice) is pathing the way to the use of this technology in
human applications.

Another field where microLEDs are used for biomedicine is phototherapy. M.
Zhanghu et al. [164] have explored the advantages of microLED technology in
this domain, emphasizing its wide spectral range, good monochromaticity, low
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power consumption, and high brightness. Their research delves into various
applications, such as the development of a phototherapy eye mask (Figure 24)
designed to treat periocular fat granules and acne. The mask leverages blue light
to stimulate collagen production and enhance blood circulation, thereby improving
skin conditions and accelerating the elimination of fat granules. Additionally, they
introduced the use of microLED arrays in the treatment of neonatal jaundice,
highlighting the technology's ability to deliver targeted phototherapy.

Figure 24. Picture of the microLED eye mask reported in [164].

But in this work, our scope is to focus on the use of microLED arrays for their
usage in microscopy and PoC applications. In the following subsections there will
be presented a study of the state of the art of devices that use GaN microLEDs in
microscopy and in PoC applications in order to give context and to compare the
achievements accomplish during this thesis with previous, contemporaneous and
later research.

2.3.1. MicroLED based microscopy

The use of microLEDs for microscopy has been seen as a possibility since their
research started. The use of GaN microLEDs as light sources for traditional
microscopes and lensless microscopes is a logical step to substitute traditional
LEDs.
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S. Li et al. [111] reported the use of microLEDs for a chromatic confocal
microscope. Their approach features a microLED-based system with a virtual
confocal slit for three-dimensional (3D) profiling, eliminating the need for
mechanical scanning or external light sources. Lateral scanning is achieved using
a micro-scale light-emitting diode (microLED) panel array, while axial scanning
exploits the chromatic aberration of an aspherical objective. Depth reconstruction
accuracy and contrast are enhanced through a virtual pinhole technique.
Experimental validation on diamond-turned copper and onion epidermis samples
verifies the system's efficacy (Figure 25), highlighting microLED panels as a
promising solution for portable 3D confocal microscopy. The study also discusses

implications and future directions for advancing microLED technologies in
confocal imaging.
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Figure 25. Reconstructed 3D image of an onion epidermis (a) and its volume (b) using
the microscope reported by S. Liet al. [111].

V. Kumar et al. [112] report a microscope that employing microLEDs as a primary
light source for optical sectioning structured illumination microscopy (OS-SIM).
Traditionally, OS-SIM relies on complex systems like spatial light modulators or
digital micromirror devices to generate required illumination patterns, posing
challenges in miniaturization for portable systems. MicroLEDs offer a promising
alternative due to their inherent brightness and compact size, making them suitable
for integrating into compact microscope designs. The study presents a microLED
microdisplay featuring a striped configuration with 100 rows. Detailed
characterization studies included luminance-current-voltage analysis that
confirms the microLEDs' capability to deliver sufficient light output power (up to
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3.5 mW at 100 A/cm?) to induce fluorescence in genetically modified brain slice
samples. Experimental OS-SIM imaging demonstrated significant enhancements
in contrast compared to conventional pseudo-widefield techniques. Specifically,
reconstructed optically sectioned images exhibited an 86.92% contrast
improvement with OS-SIM, highlighting the microLED array's potential for
achieving robust optical sectioning in deep tissue imaging applications. Moreover,
the microLEDs emitted at a peak wavelength of 455.56 nm, effectively inducing
green fluorescence in PLP-EGFP brain slice samples (Figure 26).

z=-10pm z=-75um z=-S5pm z=-25um z=0um z=25um z = 5pm  z=7S5um z=10pm

Figure 26. Comparison between pseudo-widefield (top) and OS-SIM (bottom) EGFP-
PLP brain slice samples. The OS-SIM results were obtained using the microscope
reported in [112].

V. Poher et al. [165] describe another microscope using a micro-structured stripe-
array LED for optical sectioning microscopy (Figure 27 a). The system operates
without moving parts and enables the projection of arbitrary line or grid patterns
onto specimens. It supports various optical sectioning techniques such as grid-
projection structured illumination and line scanning confocal microscopy,
facilitating seamless switching between imaging methods without altering the
microscope setup. The study provides detailed insights into the design and
operation of the micro-structured LED and its driver, along with thorough
measurements and calculations of depth discrimination capabilities. These
findings underscore the system's efficacy in achieving high-resolution, optically
sectioned images with enhanced light efficiency and flexibility in imaging diverse
specimens with varying optical properties. Moreover, the micro-structured LED's
compact design and intrinsic capability to generate and scan grid or line patterns
position it as a promising technology for applications beyond traditional
microscopy. Its potential for optically sectioned imaging in endoscopy is
highlighted, offering a compact and integrated solution that eliminates the need
for external mechanical scanning systems. To support their research, they report
images of stained pollen grain with an amplification of 20x (Figure 27 b).
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Figure 27. Microscope setup (a) and an image of stained pollen grains acquired with
the microscope. Reported by V. Poher ef al. in [165].

In this thesis we introduce the use of microLEDs for a new type of raster
microscope, which is described in Sections 3.2.5 [113] and 3.2.6 [114]. This type
of microscope bases their principle in the fact that by decreasing microLEDs size
and pitch, one can build a microscope, which special resolution is provided by the
light sources size and pitch instead of by the sensor. N. Franch et al. [113]
developed this pioneer new type of microscopes and reported the technique in
February 2020, working with 8 x 8 microLED arrays with 5 um side size and pitch
LEDs. This work accomplished down to 6.4 um resolution. S. Moreno ef al. [166]
explored the use of lenses and objectives to improve the resolution of this type of
microscopes (Figure 28). In this work, a single 200 nm LED was used, which,
combined with motors with nanometric precision, simulated a nanoLED array.
The use of objectives applied to demagnify the effective spot, and to create an
illumination focal point where the sample is allocated, allowed to increase the
microscope resolution from 1.6 um to 790 nm.
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Figure 28. Setup of the scanning transmission microscope with demagnification of
the LED spot (a) and a comparison between the raster microscope (bl) and a lensless
microscope (b2) [166].

Instead of using an array of microLEDs the technology is mature enough to use
commercial OLED microdisplays. By using a commercial array of OLED and
CMOS camera A. Vila el al. [167] developed a very compact raster microscope.
It was also developed by the same authors a microscope based on a GaN
microdisplay with state-of-the-art pixels of 1 pm [168] (Figure 29) demonstrating
a resolution of 1.6 um. Such microscope was demonstrated in raster and
holographic modes by A. Vila in [169]. Almost simultaneously, the interest of
chip-sized microscopy motivated another research conducted by E. Prajapati et al.
[170], where they developed also a lensless holographic microscope using a
commercial GaN microdisplay but with lower resolution and FOV (Figure 30).
The microscope presented in this work achieves sub-micron half-pitch resolution.

uphotodetector board

Specimen

- Holder ;
Microdisplay board .

Bottom cover
Figure 29. Microscope described in [168] and [169]. From left to right, the
components of the raster microscope, a photograph of the microscope opened so the

components can be seen, and a photograph of the size of the microscope ready to
acquire images.
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Figure 30. Image of the microscope setup reported in [170].

A comparison between existing microscopes is reported in Table 5. Note that this

work was published before the others and paved the way for the development of

this new microscopic technique.

Table 5. Comparison between several microscopes built with microLEDs.

Reference

Microscope

LED array

Array type

Array size

LED size

LED pitch
Resolution

FoV

[111]

Confocal

microLED

DA

80x 72

25.6 um
500 nm
31062 pm?

2.3.2.

This work

112 166 167 169
[112] [114] [166] [167] [169]
Raster
OS-SIM Raster Raster Raster Multi-
Holographic
microLED microLED microLED OLED microLED
DA
DA MA DA DA DA
6x6
100x1 32x2 8x8 720 x 256 1920 x 1080
32x32
2mmx 15 B
m 200 nm 5 um 5 um 1 pm
H 20 um
- 2xLED size  2xLED size S um 2.5 um
1.1 pm 1.6 um 790 nm 1.6 pm 1.6 um
9225 pm? 2852 um? 10000 pm? 4.6 mm? 12.96 mm?

MicroLED based Point-of-Care

[170]

Raster

microLED

DA

1280 x 720

2.5 pm

S um
236 nm

2.5 mm?

Another scope where microLEDs are gaining attention is in PoC devices, thanks

to their small size and reduced price. These are key factors that follow what the

World Health Organization (WHO) requires for these types of devices. According

to WHO, PoC tests considered appropriate for the delivery of healthcare in

resource-limited environments should meet the criteria of “ASSURED”, which
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stands for Affordable, Sensitive, Specific, User-friendly, Rapid and Robust,
Equipment-free, and Deliverable [171,172].

H. Robbins ef al. [106] developed an integrated fluorescence sensor by coupling
a thin film Si fluorescence sensor with a GaN microLED. This compact
fluorescence detection module is designed for PoC microfluidic biochemical
analysis. The module consists of a Si02/Ta205 multilayer optical interference
filter and a hydrogenated amorphous silicon pin photodiode. The integration with
a GaN microLED, which features a small size and an asymmetric microlens,
enables a focal spot diameter of approximately 200 um for the excitation light.
The sensor demonstrated a high limit of detection (36 nM) for fluorescein solution
in a microfluidic channel. Despite the lack of LED light directionality, the system
successfully detected fluorescence from a streptavidin R-phycoerythrin conjugate
bound to biotinylated antibody-coated microbeads trapped in the microfluidic
channel, showcasing its potential for biochemical PoC testing applications.
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Figure 31. Fluorescence signal detected related to the concentration and SNR at a
LED power of 100 pW using the PoC device reported in [106].

F. Farrrell et al. [173] developed a novel micro-LED waveguide for fluorescence
applications, presenting a significant advancement in PoC diagnostics. Their work
introduces a one-dimensional micro-LED array coupled to a polymeric waveguide
for the evanescent excitation of fluorescent analytes on its surface. This innovative
setup demonstrated proof-of-concept detection of semiconductor nanocrystals
with high sensitivity, reaching concentrations as low as 0.2 pM/cm?. The device
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leverages the principle of total internal reflection fluorescence to minimize
background noise from autofluorescence. The micro-LED array, consisting of ten
pixels, each one with a size of 100 x 100 pm? The microLEDs serve as the
excitation source, while a PDMS membrane acts as the waveguide due to its high
transparency and compatibility with microfluidic structures. Fluorescent
measurements were performed using red-emitting colloidal quantum dots
deposited on the waveguide. The resulting fluorescence was captured by a CCD
sensor, and the data showed a linear relationship between pixel intensity and QD
concentration at lower levels.

F. Arshad et al. [174] developed another microLED-based total internal reflection
fluorescence device (Figure 32 a). This device leverages the properties of micro-
LEDs, using them as the excitation source instead of traditional laser diodes. This
integration allows for efficient light coupling without the need for intermediate
optics, significantly simplifying the design and reducing the overall size of the
device. The device employs a glass microscope slide as the waveguiding platform,
ensuring high transparency and excellent optical properties necessary for effective
detection. The waveguide excites fluorescent analytes on the surface, leveraging
the evanescent wave generated by total internal reflection to minimize background
noise from autofluorescence and enhance detection sensitivity. By coupling the
waveguide with a smartphone camera, the system allows for portable and
accessible diagnostic testing. The smartphone detection setup provides a
convenient and cost-effective means to capture and analyze fluorescence signals,
making the technology highly suitable for PoC applications, where there is a need
for rapid, accurate, and portable testing solutions. The platform's high sensitivity,
down to a detection limit of 8 nM (Figure 32 b), and specificity enable early
detection of diseases, which is critical for timely intervention and treatment
(Figure 32 b).
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Figure 32. Photograph of the smartphone used to detect fluorescence produced by
the quantum dots on the glass surface while being excited by the microLED array (a)
and a comparison of the detected intensity by the pixels for different concentrations
with 50, 250 and 1000 ms exposure time (b).

A PoC was developed during the development of this thesis, that will be presented
in further detail in Section 3.3.4 [148]. This PoC consists of an array of 32x32
matrix addressable microLED array and was tested for both intensity and time-
resolved fluorescence measurements. This device is able to detect QD605
(<i>QdotTM 605 ITKTM Streptavidin Conjugate Kit</i>, n.d.) and QD705
(<i>QdotTM 705 ITKTM Amino (PEG) Quantum Dots</i>, n.d.) at
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concentrations down to 1/4 uM. As shown in Table 6, the PoC developed in this
work is the only capable of performing both intensity and time-resolved
fluorescence measurements to our knowledge. It also provides the major number
of microLEDs in an array, that are distributed in a 32x32 matrix addressable array.

Table 6. Comparison between the different PoC built with microLEDs.

s [106] [173] This work
eference
[148]

LED type microLED microLED microLED microLED
Array type 1 single LED 1x10 DA 1x 10 DA 32x32MA
Fluorescence . . . Intensity and
measurements Hr iy lirissly N time-resolved

. 0.2-100
Concentration 03-3uM pM/cm? 8-100 nM 0.25-1uM

61



62



Results

In this section the results that fulfill the objectives of this work are summarized.
The first section would describe the microLED drivers developed for each
platform, explaining each one in detail. The circuit that controls precisely the bias
voltage in a large range (from mA to pA) is described first. Then, the driver that
is able to generate fast pulses for Direct Addressing arrays is exposed. The third
driver described is the one developed to be used in Matrix Addressable arrays,
also with high-speed capabilities. To end, the microdisplay backplane is presented
along with the results obtained.

The second section explores the results obtained in microscopy using Direct
Addressable microLED arrays. Then, the following section would be about the
use of Matrix Addressable microLED platforms for fluorescence PoC devices,
using both intensity and time-resolved fluorescence. In the last section, the GaN-
on-Si platform developed is presented and characterized.
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3.1. MicroLED drivers

3.1.1. Precision bias current driver

This driver was designed in order to explore the potential of microLED arrays to
develop a new type of raster microscope. Thus, precise control over the driving
bias current, with the flexibility to operate across a wide range of currents, was
essential. This broad range of current control is crucial for investigating the
behavior and capabilities of microLEDs in microscopic applications. The ability
to finely adjust the current allows for the optimization of light output, which is
vital for high-resolution imaging. Even minor variations in illumination can
significantly affect the quality and accuracy of the observed data. This level of
precision is particularly important in applications like fluorescence microscopy,
where consistent light delivery enhances the detection of subtle biological
processes.

The microLEDs are driven by a precise current circuit, implemented using discrete
components on a Printed Circuit Board (PCB). Each driver circuit consists of a
current source, an eight-channel analog demultiplexer to select the LED to which
the current is directed, and a bipolar transistor to enable or disable the selected
LED (Figure 33). Each circuit is responsible for driving one row of the LED array,
and this setup is replicated eight times to control the entire array. This
configuration allows for the simultaneous driving of up to eight LEDs, one per
row, if desired.

The current source provides a very stable output current between 27 pA and 3 mA,
selected by the value of the variable resistor (Rvar) that follows the equation (1).
0.617

Loue =R_+ 15 uA )
VAR

The variable resistor is an 8-bit digital potentiometer with 256 possible values
from 60 Q to 50.06 kQ, allowing to vary the current driven to each LED to, for
example, compensate different emission levels.
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Figure 33. The schematic of the driving circuit consists of a current source, an 8-bit
variable resistor to select the driving current, an ON/OFF BJT switch and an 8 channel
demultiplexor.

The driving circuit was integrated into the PCB shown in Figure 34. In the bottom
side (a) are most of the ICs of the circuit, as well as a connector to select the current
and which LED is turned on from an FPGA. The top side of the PCB (b) is where
the microLED array is connected.
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Figure 34. Picture of the implemented PCB with the LED driving circuit for the
driving of the 8x8 microLED array. (a) is the bottom side, where the different ICs that
drive the LEDs are integrated and (b) is the top side, where the microLEDs are
connectedIn Figure 35 examples of the resulting microLED emission can be

observed. Three microLED microscopic images are shown, with the microLED
A1 driven at a current of 500 pA (a), the same microLED driven at 27 pA (b) and
microLED E5 driven at 27 pA (c).
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(a) (b) (c)

Figure 35. Microscopic picture of the microLEDs being driven by the circuit with
different currents. (a) shows the LED driven at 500 pA, (b) shows the same LED
driven at 27 pA and (c) shows a different LED driven at the same current, 27 pA.

3.1.2. High-speed driver

The driver capable of achieveing high-speed pulses was designed in AMS 0.35
pum CMOS technology. This driver has the capability of driving a Direct
Addressed microLED array with up to 64 microLEDs or a 32x32 (1024) Matrix
Addressed microLED array.

The anode driver (Figure 36 b, M5-M8) performs electrical pulses in the range of
3.3 V to 10 V amplitude with a FWHM of 1 ns and above. The cathode driver
(Figure 36 b, M9-M12) works in reverse way, it performs pulses of amplitude in
the range of -3.3 V to -10 V with a FWHM of 5 ns and above. The cathode driver
is at the LED bias voltage when the microLED is not selected, so the LEDs are in
reverse bias.

Each anode driving pixel measures 572 x 95 um? and includes a low-voltage short
pulse generator (Figure 36 a) and a high-voltage driving circuit (Figure 36 b, M5-
M&). The cathode driving pixel measures 175 x 115 um? and also contains a low-
voltage short pulse generator (Figure 36 a) and a high-voltage driving circuit
(Figure 36 b, M9-M12). The short pulse generator consists of an AND gate that
combines an external input signal (Trig) with its delayed and inverted version. The
pulse width (PA for the anode and PC for the cathode) is controlled by a bias
voltage (Vbias) that adjusts the resistance of M4. To enable longer pulses, M2 is
driven by an enable (En) signal, which disables the circuit, allowing the use of an
external signal to drive the LED. The anode driver includes a level shifter (M5 and
M6) and a high-voltage inverter (M7 and M8) with a high W/L ratio for fast

66



3. Results

charging and discharging of the LEDs. Similarly, the cathode driver comprises a
level shifter (M11 and M12) and a high-voltage inverter (M9 and M10).
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Figure 36. Short pulse generation circuit (a) and the anode and cathode driving
elements (b). The anode and cathode driving circuits are composed of high voltage
output buffers (M7-MS8 for the anode driver and M9-M10 for the cathode driver) and
level shifters (M5-M6 and M11-M12) with a NAND gate per driver to select the
specific LED.

The total chip area is 1.756 mm x 7.318 mm (12.88 mm?). The chip layout is
shown in Figure 37, where in the red area are located the anode drivers, which are
used for Direct Addressed arrays and Matrix Addressed arrays, and in green the
cathode drivers, that combined with one row of anode drivers is used for Matrix
Addressed arrays.
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Figure 37. Custom CMOS microLED IC driver. In red there are the anode drivers
(used for both DA and MA arrays) and in green the cathode drivers (used only for MA
arrays).

The anode driver is able to perform pulses with 1 ns FWHM (Figure 38 a) and
long pulses with good stability (Figure 38 b). The experiments performed to obtain
the graphs shown in Figure 38 were done with the 8§ x 8 5 um LED array driven
by the anode circuits. These experiments were performed using a SPAD sensor
with the TCSPC method. This method consists of exciting the sample with a
pulsed light source. After each excitation pulse, one of the photons emitted by the
fluorophore can be detected by the SPAD sensor, which stays inhibited after the
detection. The arrival time of the photon is then measured and catalogued in the
corresponding histogram bin. By repeating this method several times, the time
response of the microLED optical signal is extracted.

Optical Power (a.u.)
Optical Power (a.u.)

0 5 10 15 20 25 30 35 40 0 50 100 150 200 250 300 350
Time (ns) Time (ns)

(a) (b)
Figure 38. Optical pulses measured with the TCSPC technique of an SPAD camera.

(a) shows a Ins FWHM optical pulse and (b) shows a stable optical pulse with a
FWHM higher than 300ns.

In the case of the MA driving circuit, since the capacitance contribution increases
because in both the anode and the cathode 32 LEDs contribute, it is not possible
to obtain pulses with FWHM in the order of the ns. Nevertheless, the IC is capable
of turning off any microLED in the array times smaller than 3 ns (Figure 39). This
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enables the possibility of working with time resolved fluorescence for
fluorophores with higher decay times than 5 ns. This experiment was performed
using an SPAD sensor using the TSCPC method.
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Figure 39. MA driving circuit turning off a microLED for different bias voltages. It
can be observed that the turn off time is the same for all the bias voltage, therefore
making the circuit speed robust to changes in the driving voltage of the LEDs. The y
axis (Counts) represents the optical intensity captured by an SPAD sensor.

To sum up, the drivers developed during this thesis for microLED arrays, and their

characteristics are listed below in Table 7.

Table 7. MicroLED array drivers developed.

Max Min
Driver Driver LEDs LEDs . R
Current . bias pulse Picture
name type Addressing Driven
voltage width
C t
@en Discrete M24 Direct 64 5V 2
driver
High- Direct 64 10V
M26-
speed CMOS 1ns
. M27
driver Matrix 1024
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3.2. MicroLEDs for microscopy

3.2.1. Principle = demonstration = of  raster
microscopy using an array of LEDs

A first microscope setup was built in order to test the microLED capabilities to
build a raster microscope. In this case, the resolution came from the size and pitch
of the microLED array instead of the size and pitch of the sensor array.
Furthermore, this microscope was designed to be lensless. In [113] we presented
the operation principle of this type of raster microscope with simulations that
demonstrate the possibility to use this microscopic technique for super-resolution.
The super-resolution capabilities rely on the continuously scaling down of
microLEDs.

The first prototype of this new type of microscope consists of an 8 x 8 microLED
array with a pixel size of 5 x 5 pm? and a pixel pitch of 10 pm, driven by the
Current driver (Table 7), and an optical sensor built with SPADs (Figure 40)
placed in front of the LED array. The characterization of the device is done using
an Electron-Beam Lithography (EBL) pattern positioned in-between.

Figure 40. Photography of the microscope setup. The microLED array is facing up to
the SPAD array sensor (facing down). The sample holder presents an opening where
the sample is placed.
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The EBL pattern used as a sample for the characterization of the device has
features from 50 pm down to 50 nm in size. This EBL pattern was designed in
order to test the resolution of the microscope, since a much higher resolution was
expected when the concept of this microscope was conceived, and no commercial
patterns were available with structures down to the order of nm. The sample was
placed at a distance of around 30 pm from the LED array and from the sensor, and
this setup was used to obtain the images shown in Figure 41.

6 7

Q 1 2 3 4 5

Figure 41. EBL patterns, with the focused zone marked by the square (left) and
shadow images from nano illumination microscopy method for each (right). 20 pm
side squares and separated by 20 pm (a) and 6.4 um side square separated 6.4 um (b)
are resolved.

This proof-of-concept microscope, using 5 x 5 pm? LEDs was able to resolve
down to 6.4 um squares. However, with this method we expected to achieve a
resolution of twice the periodicity of the light source matching the pitch of the
LED array used (10 um), with a field of view matching the size of the LED array
used (80 x 80 um?). Nevertheless, the 6.4 um squares represent a limiting case, as
simulations predicted that aliasing would prevent the central squares from being
properly resolved, causing them to be sampled as a single object. While features
as small as isolated 5 um separator lines can sometimes be observed, depending
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on the relative positioning of the components, resolving two of such lines side by
side would not be possible. Nevertheless, this method could still be valuable for
detecting the presence or passage of particles down to the size of the LED pitch.

Further research regarding the use of microLEDs for microscopy was performed
following two paths. The first path was focused on achieving a higher down-scale
of microLEDs to accomplish higher resolution. The second path was to use MA
LED arrays to increase the FoV of the microscope.

In the work in [114], three generations of microscopes are described. The first-
generation microscope described uses the 8x8 microLED array [114] but using a
full custom CMOS IC driver (High-speed driver from Table 7). The second-
generation microscope uses an array of 2x32 Direct Addressable nanoLED array
with 200 nm side size 400 nm pitch. This microscope was designed to push the
resolution limit of nanoLEDs by creating a structure with minimal spacing along
one axis. Because of technical reasons, only one LED was used in the microscope
as described later in the following section. Finally, the third-generation
microscope was built using a completely different structure, consisting in a 32x32
MA microLED array with 20 x 20 um? LED size and 40 pm pitch. By using the
MA microLED array a larger FoV can be achieved. However, at this time, the
technological challenges producing a MA array with lower LED size and pitch
limits the achievable resolution.

The first and second generation microLED arrays (8x8 and 2x32 arrays) were
driven by the same CMOS circuit, the High-speed driver with the Direct
Addressable circuits (Table 7), and the third generation is driven by the High-
speed driver with the Matrix Addressable configuration (Table 7).

3.2.2. Looking for resolution limits: second
generation microscopes

For the second-generation microscope we used nanoLEDs of 200 x 200 nm? [114].
We used only one LED in the array and performed a 2D scan by moving the
sample, emulating a larger LED array. Figure 10a presents the reconstructed
image of the EBL pattern region with 1.6 um and 6.4 um squares, obtained using
a step size of 200 nm in both directions. The spatial resolution was determined
using the edge spread function (ESF) and line spread function (LSF) methods,
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measured between 10-90%. The resolution extracted from one of the 1.6 um
square’s edges was 1.56 um (Figure 42), which is four times the expected
resolution (400 nm). The expected resolution relies on the sample being placed
directly over the nanoLEDs. Further analysis of the nanoLED array configuration,
conducted using finite difference time domain simulations, indicated that the
metal structure and the depth of the light emitter region influenced the spot shape
and size at the chip surface (where the sample is placed), thereby degrading the
resolving power of the setup.
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Figure 42. Optical image of the 1.6 pm (left) and 6.4 pm (right) squares of the EBL
pattern, with the reconstructed image of the same region superposed. (b) The ESF and
the LSF calculated on the specified region of the inset image.

3.2.3. Acquisition time improvements

In order to improve acquisition times, the focus of our research was directed to the
use of custom CMOS sensors, in this case a SPAD camera. According to A. Ingle
et al [177] it is possible to enhance a SPAD sensor properties, like dynamic range,
by using temporal information. So, if instead of acquiring an intensity measure of
a continuous light we acquire also the temporal behavior of this light, we have a
decay curve that is related to the light intensity. In Section 3.2.7 [178] a study is
presented where different statistical methods that could improve both the
acquisition time and dynamic range of a SPAD sensor are applied. Furthermore,
in this work, we study how to minimize the amount of hardware used in order to
accomplish these results. This is possible by applying a statistical technique
known as the weighted average, as described in Equation (2). This approach
significantly reduces the total number of measurements required by the SPAD
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sensor, thus reducing the acquisition time considerably. This method has been
proven to optimize the readout of the sensor from 50 ms to 140 ps, thus potentially
allowing to decrease acquisition times compared to commercial CMOS cameras

that are used in raster technique.
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3.2.4. Conclusions

To conclude, the use of microLEDs for raster microscopy has been proved. The
operational principle was confirmed using three different LED array
configurations, revealing that the system's resolution is mainly influenced by the
size and pitch of the LEDs when the sample is in direct contact with the emitters.
While the prototypes demonstrated had a limited field of view and did not achieve
submicron resolution, even with 200 nm LED arrays, there is considerable
potential for enhancement. Future improvements could involve strategies such as
utilizing transparent conductive oxides for contact lines, reducing the thickness of
the insulating layer between the metal pattern and the LED structure, and further
minimizing the LED size.

Nevertheless, to accomplish a large field of view proportionally increases
scanning time. This is a challenge that must be addressed. LEDs have
demonstrated the capability to switch at MHz frequencies, indicating that the
limiting factor for scanning speeds lies with the sensor technology. Standard
CMOS sensors typically operate at frame rates ranging from 30 fps to 1000 fps,
which constrains the scanning speed to a similar range of pixels per second. Thus,
it was performed a study in which different statistical methods were applied to the
temporal information of the behavior of the light acquired. This has allowed to
reduce the number of measurements needed to acquire by the SPAD, thus reducing
significantly the acquisition time for each microLED in the array from 50 ms to
140 ps.
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Abstract: In lensless microscopy, spatial resolution is usually provided by the pixel density of
current digital cameras, which are reaching a hard-to-surpass pixel size / resolution limit over 1
um. As an alternative, the dependence of the resolving power can be moved from the detector to
the light sources, offering a new kind of lensless microscopy setups. The use of continuously
scaled-down Light-Emitting Diode (LED) arrays to scan the sample allows resolutions on order
of the LED size, giving rise to compact and low-cost microscopes without mechanical scanners
or optical accessories. In this paper, we present the operation principle of this new approach to
lensless microscopy, with simulations that demonstrate the possibility to use it for super-resolution,
as well as a first prototype. This proof-of-concept setup integrates an 8 X 8 array of LEDs, each
5% 5 um? pixel size and 10 um pitch, and an optical detector. We characterize the system using
Electron-Beam Lithography (EBL) pattern. Our prototype validates the imaging principle and
opens the way to improve resolution by further miniaturizing the light sources.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Nowadays, lensless microscopy is a relevant competitor to the classical optical approach. Taking
advantage of the electronics downscaling as well as of the increased availability of processing
power, lensless arrangements appeared as an effort to reduce the complexity of optical setups.
They made available simpler, inexpensive and more flexible microscopes, thanks to the lack
of optical elements [1-6], even enabling the integration of microfluidics directly on dedicated
microscopes [7]. With these capabilities, lensless microscopes evolved to become widely used
for example in disease diagnosis [8], tracking of biological samples [9] or microbial observation
[10].

In parallel, conventional microscopy kept improving until it finally met a fundamental limit:
the diffraction inherent to all optical systems [11]. The observation of objects with dimensions
below this limit remained only accessible to electronic microscopy techniques, but at the price
of becoming bulky and expensive, as well as excluding the possibility to observe live samples
due to the preparation processes involved [12]. The development of super-resolution techniques
(STED [13], STORM [14], PALM [15]) opened up the direct observation of objects at scales
where molecular processes are important, and offered the possibility to look inside of the living
cells [16,17]. As these techniques kept improving, new uses have been found, moving towards
the chemical world for single molecule tracking [18-20] or offering information about chemical
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reactions [21,22]. Nevertheless, these methods did not escape the need for relatively large and
expensive setups [23].

One of the problems of trying to apply the lensless microscopy approach to super-resolution in
order to simplify the setups is the ultimate resolution achievable. In its standard configuration,
the sample is illuminated from a known and controlled light source while a CCD or CMOS
camera records the shadow image, which is used to reconstruct the object. In this case, lensless
microscopes are limited by the pixel size of the camera, which is restricted by the microelectronic
technology used and its noise levels. Currently this size is constrained to around 1 um [24]. This
limitation can be mitigated using additional techniques such as pixel super-resolution, though at
the expense of additional mobile parts and complex setups [25] .

Another approach capable of providing resolutions below the diffraction limit are the methods
within the Scanning Near-field Optical Microscopy (SNOM) family. These methods consist on
scanning the zone of interest with a point light source, which is then scattered by the sample
and recovered on a far field regime, providing information about the topology of the illuminated
area. Lateral resolutions of 20 nm and vertical resolutions of 2—5 nm have been demonstrated
by these means [26-30]. SNOM and its variations are being used in diagnosis [31], nanoscale
electro-magnetic field mapping with biosensing or quantum optics applications [32], development
of new photonic metamaterials and subwavelength confinement structures [33] or protein structure
imaging [34].

As an alternative approach, we propose to use spatially resolved light sources to scan the
sample by switching on and off, one after the other, the Light Emitting Diodes (LEDs) on a single
chip. As we demonstrate in this work, a microscope can be built by measuring the intensity
of light reaching the sensor from every individual LED as it passes through a sample, in what
one could call Nano Illumination Microscopy (NIM). At present, high luminosity GaN LEDs
arrays can be fabricated with pixel sizes in the micrometer range [35], and research results on
even smaller devices are promising [36]. Following the approach proposed here it is thus feasible
to use, in the future, arrays of nanoLEDs with a pitch smaller than Abbe’s diffraction limit to
potentially render super-resolution images. Since no bulky lenses nor mobile parts are involved in
such a device and since the components are exclusively based on mass producible microelectronic
technologies, these new lensless microscopes have the potential for making super-resolution
microscopy on a chip ubiquitous and accessible to everyone. This would open the possibility to
integrate microscopes into much smaller devices than the conventional lensless approach and
without the expensive scanning setups needed for SNOM measurements [37].

In this context, this work presents the basis of this new operation principle, with simulations
that predict its operation in super-resolution conditions for an LED array with a pitch of 100 nm.
We also present the first proof-of-concept prototype to investigate the imaging capabilities of this
new NIM approach to lensless microscopy, with the corresponding simulations. This microscope
is composed of an array of 8 x 8 LEDs with 5 um size and 5 pm spacing, and a CMOS Single
Photon Avalanche Photodiode (SPAD) detector. The results obtained thanks to this prototype
confirm the abilities of the proposed setup for super-resolution.

2. NIM operation principle

The principle behind NIM is similar to that of SNOM, but without the need for mobile parts nor
scanning tips. Instead, the sampling is done by switching on and off alternatively the LEDs in an
array close to the sample. Figure 1 shows a schema of the image acquisition process for a single
line of the LED array. When the same process is repeated for every row of the array, the result is
a direct map of the sample according to the light it blocks from each LED. This means that for
this method, the microscope sensor only needs to capture the light/shadow cone from every LED
in the array to operate properly, hugely relaxing the impact of its fill factor or pixel size.
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Fig. 1. Operation principle of the NIM microscope: the sample is scanned by illuminating
alternatively with different LEDs, and the sensor on top records the intensity of light reaching

it.

In a general lensless setup, the field of view and the resolution depend on the distances between
the light emitter, the sample and the sensor. For a NIM setup this influence has been analyzed
by means of calculations. Figure 2 shows the distribution and results of ray tracing simulations
comparing three fundamental operating conditions with a single LED row —since the process
will be the same for each one. In this case, the sensor is 10 um in diameter, and the samples are
four completely opaque, 12 um wide objects at different distances from the LEDs and the sensor.
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Fig. 2. Detail and results for the ray tracing simulation of the microscope operation, for a
single LED row. The red surfaces on the top part of each figure are the 10 um sensor, while
the test samples are in black and are 12 um wide patterns. The LEDs (in blue at the lower
part of each figure) switch on and off sequentially, creating shadow patterns on the sensor.
The figure at the bottom shows the relative illumination received on the sensor with each
LED. (a) Shadow imaging case: the samples are close to the sensor, far from the LED. (b)
Intermediate case: the increased distance makes proper sampling more difficult (c) Ideal
NIM scan mode: the samples are very close to the LEDs, creating large shadow patterns.
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In Fig. 2 a) the setup would operate in the conventional lensless microscopy approach. Samples
are placed far from the light sources, creating the same shadows on the sensor plane when
illuminated by different LEDs. This is due to the small pitch of the LEDs in comparison to the
distance to the sample (note the difference in scale between the x and y axis). In shadow imaging,
it is important to keep the sample as close to the imager as possible, in order to have both maxium
resolving power and field of view [19], so that the resolution is limited by the sensor pixel pitch.
It is the opposite in NIM setups, since the distance, which should be minimized, is between
sample and light sources.

The process of creating a NIM image is shown in Figs. 2 b) and c) for a single row of the LED
array, and consists on switching on and off a single LED to illuminate a small piece of the sample.
The amount of light reaching the sensor gives information about the object geometry, and the
closer the object to the light source, the better in order to produce sharper contrasted images.
The ultimate resolution of a NIM microscope, i.e. the capability to resolve sample features, is
related to the pitch of the LEDs, and objects less spaced than the LEDs cannot be resolved. In
the particular case of a pattern of the same periodicity as the LEDs, the same signal would be
measured while scanning (i.e. all samples would equally cover the LEDs). Single objects with
the same pitch than the LEDs can be detected, although it is a limit case which depends on the
relative positions of the samples and the sensor. Nevertheless, to properly resolve two objects
their pitch has to be larger than twice the LEDs pitch, in accordance to sampling theory. For
objects below that limit, aliasing occurs and information is lost. As visible in the example in
Fig. 2 b), the opaque squares with a pitch of 12.8 um and a length of 6.4 um are not properly
imaged in the central area because they are aliased together. This figure simulates the distances
involved in the prototype built and shown later. Besides that, Fig. 2 c) simulates the ideal case
with the object very near to the LED array, which creates large shadow areas easily detected by
the sensor and whose field of view is the size of the array itself.

Figure 3 shows the evolution of contrast as the system moves from bad operating distances
(sample much closer to the sensor than to the LED array) to NIM conditions. It has been obtained
from ray tracing simulations, with the intensities measured on the sensor while scanning with the
LEDs of a single row from the array, varying the D distances between sample and sensor. The
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Fig. 3. Contrast detected from scanning with a single row of the LED array as a function of
the distance D between sample and sensor. Results obtained from ray tracing simulation,
with the rest of the parameters fixed and chosen to reproduce the experimental setup.
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rest of the parameters have been selected equal to those of the prototype setup, that is d = 300
um, L = 5 um and x4t = 10 pm. For completion, the samples used are 11 pm squares. We see
the improvement in contrast as the sensor moves away from the sample, shifting into proper NIM
operation conditions. As distance D grows the contrast increases as expected, in agreement also
to the design conditions given in following sections.

3. Discussion of super-resolution capabilities

In order to demonstrate that this method is viable for super-resolution measurements and depends
only on the development of miniaturized LED arrays, full field electromagnetic simulations
on the range of the hundreds of nanometers were calculated. These simulations used Finite
Difference Time Domain method (FDTD) implemented in software CST studio. A schematic
of the simulated array and sample can be seen in Fig. 4. Al bar periodicities (P, in Figs. 4 and
5) were changed between 100 nm and 300 nm and distances between bars and light spots (D
in Figs. 4 and 5) from 50 nm to 400 nm. The pitch of the LED array was kept constant at 100
nm, and the width of the Al bars is W = P, /2 at each simulation. As expected, the simulations
result in no contrast when the Al grating pitch is equal to the LED pitch, due to aliasing. Figure 5
presents the intensity of the z component of the Poynting vector integrated over the surface above
the Al bars, and normalized to the corresponding intensity without bars present. The dielectric
function for Al was taken from [38].

Al bar

1 1 ] []
--6-o}—e—el——o—é—ﬁ'r—e—I—T—e—o—o—e—e——e—e-o——e—e——
1 1 I
2 i . : x
1 1 ]
i | | dipole source air
I | P,

Fig. 4. Schema of the near field model for electromagnetic simulations. The rectangle
limited by red lines indicates the part of the array presented in the simulations. In all cases
the LED array period is P, = 100 nm, and P}, is the period of the Al bars.

Simulations also show the distance between LEDs and sample to be important for the contrast
of the received signal, as expected and demonstrated on the raytracing simulations. In Fig. 5, the
simulated far-field intensity from each dipole —simulating a nanoLED as an ensemble of 8 nm
dipoles—is drawn over the representation of the aluminum bars. The bars have a periodicity of 210
nm, and are properly sampled as shown by the different responses for polarization perpendicular
o parallel to the bar axis. The contrast of the received signal depends on the distance between
the light sources and the sample, as shown for the far-field case before. These simulations show
that NIM would be able to resolve objects below the Abbe limit, achieving super-resolution.
Moreover, this study demonstrates that NIM setups can be more compact than traditional lensless
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Fig. 5. Far-field light intensity outgoing from an Al bar grating for a dipole array spaced
100 nm normalized to the intensity of a single dipole source. Different distances between
bars and dipoles (D) are simulated using FDTD, for a periodicity P}, of the Al bars of 210
nm. The dipole source is polarized in x direction (perpendicular to the bar axis) in the left
image, and in y direction (along bar axis) on the right side. The gray areas indicate the
positions of the Al bars.

microscopes, since the distance of the sample to the LED array is necessarily minimized, and the
distance between sample and camera can be kept small as long as it is several times larger than
the LED — sample distance.

To better approximate realistic sizes for the future LEDs, simulations where also carried with
bigger ensembles of 50 nm dipoles. The simulations in Fig. 6 show how the size of the dipole
ensembles (and thus the simulated nanoLEDs) is not a critical influence on the contrast of the
NIM setup, with differences only showing up at distances closer than the 100 nm. This supports
the idea that for NIM microscopes, the performance is mainly affected by the distances and the
LED pitch, more than the actual LED sizes. The contrast is defined by Eq. (1).

Imax - Imin

¢ 100 Imax + Imin (1)
To complete this simulation study, Fig. 7 shows the Fast Fourier Transform (FFT) obtained
when bars with different periodicities are sampled with LEDs spaced 100 nm. The FFT should
have a peak on the bar periodicity, but it can be seen that it is only properly sampled for P, larger
than 200 nm, as expected from sampling theory. For lower periods, aliasing appears, such as for
periodicity P, = 150 nm, which generates a response that is almost the same as for periodicity

P =300 nm. For P, = 100 nm, there is no way to properly reconstruct the bar distribution.
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Fig. 6. Contrast obtained by the different dipole models, ensemble of 8 and 50 nm dipoles
forming square patterns to simulate the nanoLEDs. Results obtained from the FDTD

simulations.
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Fig. 7. FFT of the far-field intensity signals obtained for different Al bar periods (Pp) on the
EM simulations for an extended LED array. Results obtained from the FDTD simulations.

4. NIM design principles

Discussion about the requirements on the design of a NIM microscope is illustrated with the
help of Fig. 8, where d is the distance between LEDs and sample, and D is the distance between
sample and sensing area. Figure 8 a) shows the field of view (FOV) of a NIM setup, and how it
depends on the LED — sensing area distance , as well as the width of the sensing area itself and
the width of the nanoLED array. When the distance D is much larger than the distance d, that is,
the microscope operates in ideal NIM conditions, the field of view is the width of the LED array,
as long as the effect of the angle of incidence for the light can be compensated (for example, by
adjusting the current through the LEDs). A way to remove any dependence on the angle from
the FOV could be to make the optical detector as wide as the LED array, but this would result
in a reduced contrast for the microscope as illustrated in Figs. 8 b) and 8 c¢). In Fig. 8 b) it is
shown the worst case in which the shadows from different LEDs overlap. That would happen
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if the sensor at a distance D from the sample crossed the dashed red lines. To avoid this, the

maxipm width of the detector, x4 is determined by Eq. (2), in which L is the size of the LEDs.

3D -2d

—F-L
2d

Xdet<2

@

= = = B

a)

Fig. 8. General schematics of the NIM microscope. In blue, LEDs from the array. In red,
sensing area or sensor. a) shows the field of view for an arbitrary large LED array and sensor
(grey shaded region). b) shows the shadow cones projected by a single sample (in black)
from different LEDs and how they may overlap, which would mean the same area of the
sample would be sampled by different LEDs, reducing the contrast of the microscope. The
dashed red lines show the limits of that overlap zone c) shows the shadow cones projected
by different samples while illuminated by the same LED, and how they may be integrated
together by a sensor too large.

This relationship confirms that there is a minimal distance between sample and detector.
Moreover, to relax the requirements on the sensor the distance D should be kept larger than d as
necessary. For the prototype built and presented below (D = 600 um, d = 300 um) the maxipm
size for the sensor to avoid the shadow overlapping problem is 20 um in diameter.

At the same time, Fig. 8 c) illustrates another situation to be considered. In it, the sensor
pictured integrates the shadows projected by different regions of the sample being illuminated by
the same LED. If we remember that only samples spaced twice the LED pitch can be observed,
the condition follows Eq. (3). This relationship is less restrictive than the previous one (for the
prototype dimensions, x4e;<40um), so the microscope should conform to the condition presented
in Eq. (2).
3D +2d
—g L 3

While for small LED arrays such as the integrated in the prototype presented below the dependence
of the recovered light on the angle of incidence is corrected by a calibration process, this might
be difficult to do for arbitrary large LED arrays. In that case, it would be useful to add additional
sensor pixels or take new sensing areas in parallel, each with their own FOV. The spacing between
pixels required for this is very low (in the current experimental setup, one pixel each 100 pm
is enough), and easily met with any camera. Since trying to sample a large array with a single
sensor would get in the way of contrast, this strategy would serve both purposes, keeping contrast
as sharp as possible while recovering the maxium amount of light, since arbitrarily sized sensing
areas placed directly above a group of nanoLEDs can be used for that purpose.

Xget<2

5. Microscope components and setup

Nowadays, Gallium nitride (GaN) LED technology is developing beyond solid-state lightning,
leading to highly efficient micro- and nanodevices for applications such as point light sources for
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optical communications, imaging and sensing [39]. In particular, the nanoLEDs used in this
work were obtained from standard blue LED structure, based on InGaN/GaN quantum wells
grown on a sapphire wafer [40]. Their design granted individual access to each one of the pixels
of the array by defining individual contacts (top) to the p side of each LED and an n-type contact
(bottom) common to all pixels. This is a major factor limiting the number of LEDs in the array,
because the driving electronics must access the LEDs through a metallic interconnection. The
low number of LEDs sets the field of view of the microscope, which is only as large as the
array itself. The entire chip for our prototype, including the LED array and contact pads, is
1 x 1em? in size. The LEDs are distributed in an 8 X 8 matrix of 5 um LEDs (spaced also 5 um),
which makes them smaller than any commercially available GaN LED array (Fig. 9). The metal
contacts are produced by deposition of Cr/Au, and light is emitted through the 300 um thick
sapphire substrate. The different illumination levels between LEDs were corrected by adjusting
the driving current for each one to equalize the response measured in the optical detector, which
removes the dependence with the angle of incidence too. The LED array is driven by a digitally
controlled current source, supplying from 27 muA up to 3 mA through 8 x 8 channel analog
demultiplexers, implemented with discrete components.

(a) (b)

microLED array

Contact pads

Insulator

LED wafer

— 10 pm

Fig. 9. The NIM light source: a GaN nanoLED array chip with 64 (8 x 8) pixels sized 5
um. (a) 3D sketch of the chip. (b) Image of the microLED array chip.

As commented before, the NIM microscope effectively relaxes any requirements on the optical
detector, which could be any conventional CCD or CMOS camera. For the prototype, a custom
SPAD camera was implemented because of its adequate form factor (low profile when mounted
on the PCB, no additional optical components), as well as to prepare for future fluorescence
experiments with the NIM technique. Moreover, the SPAD sensors are useful as a benchmark
for the possibility that future miniaturized LEDs present a much lower emission power, which
other sensors could have problem detecting, and could help for example confronting shot noise.
For all these reasons, the camera consists on a circular SPAD sensor integrated on a 0.35 pm
CMOS process and with a 10 um diameter. The dark noise for this pixel configuration is 200 Hz,
while the PDP at 450 nm (dominant wavelength emitted by the LED) is around 10% [41]. In
our demonstrator, creating an image frame in the NIM mode requires scanning through the 64
different LEDs, and their switching speed limits the framerate to 20 frames per second.

The LED chip is ball-bonded on the exposed contacts of a PCB containing its driving electronics
and control connections. Opposite to the LEDs, the imaging chip is mounted on its own PCB,
with its wire bonds protected with spin coated SU-8 [42]. Positioning stagers are used for both the
sample and the SPAD sensor, to allow studying the images obtained at different relative positions
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between sample, LEDs and sensor. They provide flexibility for testing different alignments and
setups, but they are not an essential part of the microscope. Additionally, a sample holder is used
to position and move the sample over the LED array, in direct contact with the surface of the
sapphire layer, in order to obtain the maxium resolving power. A general schematic of the setup
can be seen in Fig. 10, while Fig. 11 shows a close view photography of the actual construction.

(a) s

sample
holder

SPAD array

chip
area
g\\”//:&

\

LED driver
PCB Sl

1
1
: LED arr:

Fig. 10. General scheme of the microscope. The LED array is ball-bonded over the driver
PCB. The sample is placed over the LEDs as close as allowed by the sapphire layer. The
light transmitted through the sample reaches the SPAD sensor, opposite the LEDs.

Sample
Holder

Fig. 11. Close up photography of the microscope setup. The sample holder presents an
opening where the sample is placed and the SPAD imager is directly above it.

6. Experimental results

In order to test the capabilities of the setup, 40 nm of Cr was deposited on a fused silica wafer
patterned by Electron-Beam Lithography (EBL) with features from 50 um down to 50 nm in size.
The dies resulting after wafer dicing were used as samples for the system. These were placed over
the sapphire layer of the LED chip, with a holder ring around it to allow for positioning, as shown
in Figs. 10 and 11. The sample was at a distance of around 300 um from the LED array and from
the sensor, to obtain the images shown in Fig. 12. Note that the colors are inverted between the
microscope picture and the NIM image because the picture is taken from a reflection microscope,
while the NIM setup operates by transmission. Each pixel from the images in the right part of
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Fig. 12 corresponds to the light intensity measured from turning on the corresponding LED of
the array, the sensor being the same in all cases, and each pixel of the image representing the
sample (or lack of) right above the corresponding pixel. Before taking the image of the sample,
each LED is characterised and calibrated so that for each one the sensor receives the same light
intensity.

[} 1 2 3 4 5 6 7

Fig. 12. EBL patterns, with the focused zone marked by the square (left) and shadow
images from nano illumination microscopy method for each (right). (a) 20 um side squares,
separated 20 pm. (b) 6.4 um side squares, separated 6.4 pm

With the current LED array, the smallest resolved patterns are the 6.4 pm squares, as can
be seen in Fig. 12(b). This can be considered a limit case, because the aliasing predicted by
simulations causes that the central squares to not be properly resolved and to be sampled as a
single object. Features down to isolated 5 um separator lines can also be observed, depending on
the relative positioning of the parts, but it would not be possible to resolve two side by side. Still,
this could be useful for detecting the presence or passage of particles of sizes down to the LED
pitch for example.

7. Conclusion

In this work, we have demonstrated a new approach to shadow imaging microscopy, Nano
Illumination Microscopy (NIM), which bases its resolving power on miniaturized light sources
instead of the sensor geometry, while avoiding the use of any moving parts or optics. Simulations
in different scales for the imaging process are presented. An experimental demonstrator validates
the imaging principle, and opens the way to improve resolution by further miniaturizing the light
sources. A key issue for the image formation is the distance between the light sources and the
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sample, which should be kept as low as possible. For future nanometric setups, it can prove
difficult to be able to guarantee the planarity of an entire sample over the LED array, although for
biological ones such as cells, with their membrane resting just above the insulation layer, this still
would be possible.

Together with the low requirements on the distance between sample and optical detector, NIM
setups are very compact, which will result in smaller microscopes when compared with optical or
conventional lensless shadow imaging setups. As an example, the total height of the experimental
prototype is 1 mm. It is worth noting that since the process to build an image requires to scan
through all the LEDs in the array, capturing enough photons from each, building an image with
this method will be slower than conventional lensless shadow imaging.

The NIM method provides a resolution of two times the periodicity of the light source and
a field of view of the same size as the LED array used. Therefore, the resolution will improve
with the technological progress of GaN LED emitters, with sizes and pixel to pixel distances
moving into the nanoscale. Additionally, a reduction of the distance between illumination source
and sample will also allow for higher frequency components to be sampled correctly. The same
technological improvements will also increase the number of pixels in an array, directly increasing
the field of view available. Additionally, the high brightness of inorganic GaN LEDs makes them
a good technological choice for size reduction.

Since the resolving power depends on the light sources, NIM relaxes the requirements on the
sensors. As shown in the paper, using a single SPAD detector is enough to obtain images for the
small LED array used. Nevertheless, for bigger arrays additional sensors positioned to cover
the whole LED array have to be used. This opens the field to play with other CMOS or CCD
commercial sensors. Future areas of study could be to use this new microscopy method, NIM,
together with other resolution enhancement methods, such as pixel super-resolution. Since the
illumination technique consists on using nanoLEDs and each one from the array is individually
controllable and addressable, it could also have direct applications for structured illumination
microscopy, since it is possible to create a diversity of patterns with them.
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Abstract: The recent advances in chip-size microscopy based on optical scanning with spatially
resolved nano-illumination light sources are presented. This new straightforward technique takes
advantage of the currently achieved miniaturization of LEDs in fully addressable arrays. These
nano-LEDs are used to scan the sample with a resolution comparable to the LED sizes, giving rise
to chip-sized scanning optical microscopes without mechanical parts or optical accessories. The
operation principle and the potential of this new kind of microscope are analyzed through three
different implementations of decreasing LED dimensions from 20 um down to 200 nm.

Keywords: chip-size microscope; nanoLEDs; scanning optical microscopy; lensless; shadow imaging

1. Introduction

In the last two decades, on-chip microscopy based on computational imaging has
received much attention due to its clear advantages as a low-cost biomedical research
and diagnostic tool over conventional optical microscopy by providing high resolution
and a large field of view (FOV) simultaneously [1]. Among the different computational
microscopy implementations [2], lensless microscopy has been extensively used because
of its versatility and flexibility to implement different techniques, from shadow imaging
to fluorescence [3-7], while keeping the microscope implementation simpler. Lensless
microscopy relies on the traditional microscopy principle, where the analyzed sample area
is illuminated homogeneously by a single light source, and the scattered light from each
point is collected by an area-selective detector providing the spatial resolution, commonly
a high-resolution image sensor. Then, the captured diffracted shadow pattern is used to
reconstruct the object image digitally.

The typical lensless scheme requires placing the sample away from the light source
(>5 cm) to consider the illumination light as a planar wave and close to the sensor (less
than Imm) to maintain a unit magnification gain to the sensor plane, where the pitch and
size of the pixels determine the resolution of the image [8]. However, the spatial resolution
of lensless microscopy is reaching its limit. Pixel sizes smaller than 1 pm are challenging to
achieve in CMOS technologies [9,10]. To overcome this pixelation limit, several techniques
known as pixel-super-resolution have been developed, achieving resolutions below 1 um
by shifting the illumination source [8,11], reaching the diffraction limit by scanning the
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illumination angle across a dome surface [12]. Although all these techniques provide a
high-resolution image with wide FOV, they require high computational power to reverse-
engineer the diffraction patterns into images [13].

A completely new approach to conventional lensless microscopy was presented in [14],
where a spatially resolved illumination source provides the microscope resolution instead
of the detector system. As depicted in Figure 1, the traditional lensless setup is reversed.
A structured light source, composed of homogeneously distributed tiny individually
addressable elements, illuminates the sample. Whenever a single emitter is activated, the
light propagation depends on the sample morphology directly above it. Therefore, to obtain
an image, the light intensity transmitted through the sample region is sensed by an optical
detector, activating one light element at a time and thereby scanning across the sample
space. If the specimen and the light source are in close contact, the system spatial resolution
is mainly determined by the emitter’s pitch. Consequently, the constraints in the detector
are simplified, and an arbitrary photodetector can be used to collect the transmitted light,
since the spatial resolution is given by the illumination source. Thus, the microscope
size is reduced to the measurement cavity formed by the key elements: the structured
illumination device and the integrated optical detector [15].

Detector

Light source

Figure 1. Illustration of the spatial resolved illumination-based scanning optical microscope. The
specimen lying on the nanoLED chip surface is scanned, while the projected shadow intensity
is recorded.

This straightforward technique generates the shadow images without any computa-
tional need, since the transmitted light intensity through the sample is mapped directly by
the array of light sources. Furthermore, for light element sizes in the nanometer regime, be-
low the diffraction limit, and with the sample in close contact with them, super-resolution
imaging may become possible with a chip-based microscope following this approach [16].

In this work, the different components and microscope prototypes built to demon-
strate the feasibility of this new type of microscopy are presented. First, the structured
light source was achieved by an array of light-emitting diodes (LEDs). Although LEDs
have conquered the market for general lighting applications [17] due to their superior
characteristics compared to other traditional light systems; e.g., the halogen-based emitters,
there are still no structured LED arrays with individually addressable submicron pixels
commercially available. Thus, sub-um LED arrays were developed [18] to build up the first
microscope prototypes and validate this new technique. On the other hand, high-sensitive
light detectors are required to detect the light emitted by the submicron LEDs. Several
CMOS cameras, including CMOS single-photon avalanche diode (SPAD), were used in the
prototypes. Although in this work, we present prototypes working in the blue range of the
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visible spectrum, this new microscopy method will work independently of the wavelength
of the light being emitted, as long as the light source and the sensor are compatible.

In particular, we focused on the implementation of three microscope prototypes,
each based on unique LED arrays with different pixel sizes, pitch, and array elements,
demonstrating the potential to implement a true chip-sized scanning optical microscope
without moving parts. In the following subsections, we describe the implementation and
characteristics of the different microscopes’ setups and their operation principles to finally
present their major results.

2. Materials and Methods
2.1. Microscope Architecture Overview

As mentioned above, the three microscope setups were assembled based on three dif-
ferent LED array configurations to explore the technology potential progressively. Through
all the microscope versions, the system architecture was maintained, since the microscope
principle is the same for all of them. Figure 2 shows the basic microscope stack-up structure
implemented, with the sample laying over the LED array chip and the optical sensor on
top collecting the transmitted light. The architecture was designed modularly to provide
flexibility to test each microscope element independently and allow easy replacement
without compromising the rest of the system. To that end, each component of the micro-
scopes was implemented on a separated printed circuit board (PCB) carrier. All the key
elements of the setup (LEDs, the drivers, and the CMOS sensor) were connected to an
FPGA board. The FPGA controls the microscope operation, with all the routines such as
image acquisition, calibration, and test procedures implemented at the hardware level,
relegating the computer to displaying images and selecting configuration settings through
the graphical user interface.

|

LED chip ! ‘____,_-——""

Sample Hoder /
Microfluidic chip

¥

|__ LED array

Connectors

LED drivers

Power Stage

Power Stage

Figure 2. Scheme diagram of the basic stack-up structure used in all the microscopes.

2.1.1. LED Chips

Three different planar GaN-based blue LED array architectures using direct and matrix
addressing were constructed. With direct addressing, each LED of the array is individually
driven through a specific contact line, requiring N x M connections for an N x M size
array. In contrast, in matrix addressing, each LED is selected through its row and column
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contact lines, reducing the number of control signals to N + M for the same array. The
emission peak for all the LED chips was centered at 450 nm.

The first LED array, named Led1, implemented a direct-addressing approach in an
8 x 8 array. The LEDs had a square shape with 5 um sides, regularly spaced with a 10 um
pitch (Figure 3a). The final chip had 8 n-contact pads running as a common n-GaN contact
and 64 p-contacts surrounding the LED array, and presented a cut size of 1 cm x 1 cm. The
fabrication process was the metal-oxide-GaN (MOGaN) process reported in [17], which
employed an insulating layer of SiO,, which was opened up via photolithography and
etching steps to define the p- and n-contact areas. The metal stacks of the n- and p-contacts
were optimized to ensure proper ohmic contact. Finally, each gold-terminated pixel was
connected to one p-contact pad via a gold lead. Since the Led1 presented a land grid
array (LGA) contact pattern, it was assembled to the carrier PCB using a low-temperature
bonding process based on standard industry stencil printing [19], but using a silver-based
conductive epoxy (CW2400 from Chemtronics Circuit Works, Kennesaw, GA, USA) instead
of solder paste. The procedure adopted avoided the stress generated on the contact pads by
the different expansion rates of the sapphire and the PCB, produced in a standard flip-chip
reflow soldering [20], which may damage the contact pad.

Figure 3. (a) Led1: direct addressing LED array chip with 8 x 8 5 um pixels regularly spaced at 5 pm. (b) Led2: 2 x 32 direct-
addressing linear array LED chip with pixels sized 200 nm. (c) Led3: 32 x 32 matrix-addressing LED array of 20 um pixel

size and pitch.

The second LED chip, Led2, consisted of 2 x 32 direct addressable 200 nm nanoLEDs
with a 400 nm pitch. The array configuration illustrated in Figure 3b presented a shift of
200 nm in the alignment of the columns of the different rows to give an effective pitch
of 200 nm when a sample crossed perpendicular to the array. The final chip size was
7.1 x 8.5 mm with 64 p-pads and 4 n-pads located on the chip’s sides, at a distance of
6 mm. The fabrication process was the same as that of Led1, but using electron beam
lithography (EBL) instead of photolithography, which was necessary to achieve submicron
LED structures as detailed in [21].

The third LED chip (Led3) followed a completely different architecture. It consisted of
32 x 32 matrix-addressable 20 pm LEDs spaced 20 pm. The fabrication process relied on
deep-etching parallel fins into a GaN-wafer down to the underlying sapphire, ensuring
electrical insulation between the fins, which functioned as n-contact lines [22]. To do so, a
Cr hard mask was deposited to define the fin structure. Next, the n-contact openings were
defined at the ends of the fins by an additional etching step. Before applying orthogonal
metal lines on top of the fins, the space between the fins was filled with benzocyclobutene
(BCB), which acted as an insulating polymer. A mechanical polishing was performed down
to the Cr mask to ensure good planarity of the surface. After the planarization step, the
chip surface was insulated with an SU-8 with openings directly over the array area and at
the larger end of the fins, where n-contact pads were subsequently created by etching the
BCB down to the n-GaN and applying Ti/ Au metal stack. Finally, orthogonally running
p-contact lines were done by the usual lift-off process, applying Pd and Au for ohmic
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p-contacts (a semitransparent metal stack), and a final insulating SU-8 layer to protect the
metal contact lines. The Led3 chip (Figure 3c) was designed to have the same configuration
as the Led2 chip, the same dimensions, and pad layout, placing all the p-contacts on the
right side and the n-contacts on the left.

2.1.2. LED Array Driver

In order to control the different LED arrays, a specific driver chip (from here on, called
the driver) was fabricated in a 0.35 um HV-CMOS process. The driver consisted of 64 anode
and 32 cathode driving circuits arranged in a single chip of 1.76 mm x 7.32 mm (Figure 4).
The driving circuits were distributed in three rows across the chip, where the outer ones
were the anode drivers and the central row the cathode. Thus, the driver chip could manage
up to 64 direct addressable or 32 x 32 pixels with a matrix-addressing scheme. Both drivers
could generate pulses (from an external trigger signal) with selectable amplitude from 3.3 V
up to 10 V and widths down to 700 ps and 10 ns at full width half maximum (FWHM) for
the anode and cathode driver, respectively. The cathode driver was designed to maintain
a positive voltage (between 3.3 V to 10 V) to the unselected LEDs, preventing them from
turning on while generating a reverse pulse (from bias voltage to 0 V) on the selected LED.

Figure 4. Integrated HV-CMOS LED driver chip, wire-bonded in a matrix-addressing configuration.

2.1.3. Optical Detector

As a further component, a CMOS SPAD camera was designed in a 0.35 um HV-CMOS
process. The camera was composed of an array of 16 x 16 pixels, with each pixel including
the 10 um diameter sensor, the readout, and control electronics. Each pixel’s output was
connected to a dedicated 8-bit counter per pixel and bridged directly to one common
output for all the pixels. The designed pixel presented a dark noise of 200 Hz and a photo-
detection probability of 10% at 450 nm [23]. The low profile provided by the bare die
directly wire-bonded on a custom PCB (Figure 5) allowed us to place the image sensor as
close as possible to the sample.

Alternatively, a commercial CMOS image sensor was also used as a light sensor due
to the advantages it provided: a bigger FOV for searching the area of interest, relaxation of
the system alignment, and the possibility to define the sensing area size and position. The
used sensor was the Aptina MT9V024 camera module (from OnSemiconductor®, Phoenix,
AZ, USA). The sensor has a monochromatic array of 744 x 488 pixels of 6 um with an
8-bit dynamic range, resulting in a 4.55 mm X 2.97 mm sensing area. The pixel array
implemented a global shutter that could provide 76 fps at full resolution. The sensor was
mounted on a commercial board (DMM-22BU, C03-ML, from The Imaging Source Europe
GmbH, Bremen, Germany) and was controlled through a USB interface.



Micromachines 2021, 12, 527

6of 14

(a)

Figure 5. CMOS SPAD camera with a detail of the 10 pm circular pixels.

2.2. Microscope Operation
2.2.1. Transmission Image Reconstruction

The transmission images of the sample region directly over the LED array were
generated as follows. The LEDs were sequentially switched on and off, scanning the
sample. One frame of the image sensor was acquired per each LED. The same sensing area
of N x N pixels of each frame was selected to measure the total intensity emitted per LED
through the sample. Finally, the measured intensities were arranged to create an N x M
(the size of the LED array) transmission image that offered information about the shape of
the object under investigation at these particular LEDs-on positions. Figure 6 illustrates
the transmission image reconstruction using Led1 and the MT9V024 CMOS image sensor.
Figure 6b shows the composition of raw lensless shadow images of the structure (Figure 6a)
under study generated by each LED (with the common sensing area highlighted in red),
and Figure 6¢ shows the reconstructed transmission image by integrating the intensity in
the sensing area (9 x 9 pixels) for each LED and arranging them according to their position
within the LED array.

Figure 6. Transmission image reconstruction of the intersection of two lines of 5 um width using the Led1 and MT9V024

image sensor