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Abstract

(In)GaN microLEDs have reached a high degree of maturity due to their devel-
opment in the lighting industry. Their robustness and high efficiency make
them ideal candidates for high-brightness, high-resolution micro-displays.
Beyond display applications, microLEDs are being explored for non-display
uses, including wireless Visible Light Communication (VLC) and parallel
communication via multicore fiber. This study investigates short-range chip-
to-chip optical communication using InGaN/GaN microLEDs and micro Pho-
todiodes (microPDs). Leveraging processes developed for micro-displays, we
address the challenges of integrating GaN microLEDs and microPDs on ASICs.
We outline the main figures of merit, including expected energy efficiency,
optical coupling to multicore fibers or waveguides, and the spectral efficiency
of InGaN/GaN microPDs correlated with TCAD simulation and experimental
transmission results. Our study highlights the potential of GaN microLEDs
and microPDs for massively parallel, energy-efficient data transmission, paving
the way for innovative short-range and energy-efficient optical communication
solutions.

KEYWORDS
characterization, communication FDTD, GaN, microLED, microPD, TCAD, VLC

GaN microLEDs, due to their unique brightness charac-
teristic, are also considered for various non-display appli-

Since the lighting revolution began after the successful
industrialization of blue LED, considerable progress has
been made over the past 10 years to scale down GaN
pixels while mitigating the efficiency loss," making their
availability for the industrial display market imminent.
While being intensively studied for display applications,

cations® such as wireless Visible Light Communication
(VLC), as reviewed by.’ Furthermore, the idea of using
microLEDs for parallel communication through a
multicore fiber was explored 15 years ago.*> Now, with
advancements in microLED fabrication techniques
originally developed for the display industry, commercial
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applications of these methods are actively being pur-
sued.>” GaN microLEDs have also been explored as a
high-speed photodetector® ' or as a full duplex device
combining emitter and receptor functionalities.''*
Although the RF bandwidth of GaN microLED devices is
relatively small compared to photonics devices used in
near-IR optical communication, their ability to be scaled
down to a very low pitch, between 1 pm and 10 pm, their
high luminosity and their ability to operate at high tem-
perature make them interesting devices for short-range
optical communication. Applications such as artificial
intelligence (AI) or high-performance computing (HPC)
are pushing forward the development of higher perfor-
mances, better energy efficiency, and low latency short-
range interconnects. Indeed, as reported in,'> hardware
performance required for AI development is scaling
much faster than the interconnect and memory data
rates. As a consequence, inter- or intra-chip communica-
tion is expected to become the main limiting factor in the
advancement of AI technology, which strengthens
the interest in new short-range optical interconnects such
as GaN microLEDs.

We address recent work conducted at CEA-LETI
focused on developing short-range chip-to-chip optical
communications, as illustrated in Figure 1, using InGaN/
GaN microLEDs and micro Photodiodes (microPDs).
This work leverages epitaxy, device, and integration pro-
cesses originally developed for micro-displays and
adapted for 200 mm ASICs. After outlining the expected
advantages of microLEDs for communication and com-
paring them to alternative technologies, we will briefly
introduce an integration process developed to assemble a
dense matrix of microLEDs above a controlling ASIC.
The main figures of merit will be highlighted to assess

Imaging Fiber
_~ bundle (N cores)
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- single
fibre core

LED and PD
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b

FIGURE 1 Communication system composed of two matrices
of GaN microLED and microPDs over ASIC linked via an imaging
fiber bundle.

the overall link performance. The coupling of microLEDs
to waveguides or optical fibers will be discussed, based
on FDTD simulation results. Additionally, we will exam-
ine the performance of InGaN/GaN microPDs based on
TCAD simulation results correlated with experimental
measurements. Finally, experimental results obtained in
transmission and reception using a 200 mm GaN micro-
LED process compatible with ASIC integration will be
presented, along with future perspectives.

2 | CHIP-TO-CHIP
COMMUNICATION

2.1 | Technologies for short-range
communication

Several technologies can be considered for high-speed
and energy-efficient short-range interconnects. Silicon
photonics is a good candidate. It is energy-efficient when
transmitting a huge amount of data through a serial link.
Data rates over 100 GB/s per link have been demon-
strated.'® However, it requires the heterogeneous integra-
tion of analog, high-speed digital, RF, laser, and photonic
IC. Optical communication through VCSEL (Vertical-
cavity surface-emitting lasers) is another promising
candidate, with full link transmission up to 40 Gb/s at
3.4 pI/bit reported.'”” Both technologies require data
Serialization/Deserialization (SerDes), which takes a sub-
stantial circuit area and contributes to half of the power
budget in a 2 pJ/bit photonic link.'®

Matrix of microLEDs is an alternative way to achieve
data transmission at a short range. Instead of creating a
high-speed optical serial link, parallel communication
between a matrix of microLEDs and a matrix of microPDs
is proposed. In such integration, each microLED transmits
a digital signal at a lower data rate than a serial link, pres-
ently targeted at 1 Gb/s. The aggregated data rate is pro-
portional to the number of pixels, which makes it
theoretically possible to achieve a high level of data rate
density (data rate per surface area of emitting area) up to
20 Tb/s/mm? with microLEDs at a pitch of 8 um. Micro-
LEDs and microPDs are built directly over a CMOS ASIC
by processing 200 mm GaN-on-Si Silicon wafer reported
on ASIC. In order to enable emission and reception on the
same chip, GaN microPDs, and GaN microLEDs should
be made from the same epitaxial GaN wafer. An alterna-
tive system would be to have emission and reception sepa-
rated, which would make it possible to optimize epitaxy
separately for each device. MicroLED driver that converts
digital signals into current excursions and a Trans-
Impedance Amplifier (TIA), that converts small photocur-
rent into digital voltage, must be placed underneath each
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microLED in the CMOS ASIC (Figure 2). MicroLEDs are
biased at a constant voltage value, and a current excursion
is applied. MicroPDs are biased in reverse voltage.

Communication using microLEDs may offer a good
solution for chip-to-chip communication across various
system integrations: at chip-scale, between two chips on
an interposer, between chips on a single board, or across
different boards. Figure 3 shows a non-exhaustive list of
system considerations for which microLED communica-
tion may be considered. For ultra-short-reach intercon-
nects (in the millimeter range), communication between
a microLED and a photodiode could be done through an
on-chip waveguide optimized for visible light transmis-
sion. This requires optimization of the LED structure
to enhance lateral emission. As the communication link
distance increases slightly, such as between chiplets in a
large interposer, vertical coupling between the microLED
and an optical interposer may be considered.

J'* core

Fiber

GaN

ASIC

FIGURE 2

chip chip
l waveguide l

GaN wafer on Si

GaN wafer as an optical interposer

\
4
\

waveguide

For medium-reach (cm to m), multicore fibers may be
used to transmit optical signals from the emitter to the
receiver. Fiber bundles, originally developed for endos-
copy applications, could enable a very high density of
communication channels to transmit light between
matrices of microLEDs and microPDs, as described in
Figures 1 and 2. Such fibers, for example, the Sumita lea-
ched image bundle (ref 126F0910-7.4), can contain up to
16,000 cores of 4.4 pm diameter at a pitch of 7.4 pm over
a 1mm?® surface, arranged in a hexagonal pattern.
Achieving such high data rate density presents a chal-
lenge in the packaging of the fiber above the microLED
or microPD matrix. It requires precise alignment of the
fiber core directly and a spacing of 1-10 pm between
the microLED and the fiber end to prevent crosstalk.
Considering a solution that eases fiber alignment
constraints while slightly reducing the data rate density
target may be a viable tradeoff. Utilizing leached imaging

Chip-to-chip communication, with CMOS driving and receiving circuit.

er Multicore fiber
ﬁ
ASIC ASIC
N |

— *Ip

Sael, Monolithic integration of ASIC

' . . and GaN
Chiplet ChipCom ChipCom  Chiplet Mg,
waveguide LED PD
optical interposer
Cmos Asic R
. . GaN communication chip “
Intra-chip communication to transmit signal N
Intra-chip Package Chiplet based Board Rack level
0.01m 0.1m
FIGURE 3 Example of system integration that may be considered for chip-to-chip communication with microLED and microPD.
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fiber for optical communication has limitations regarding
the communication length; to our knowledge, such fibers
are not currently produced for distances exceeding 1 to
2 m. Additionally, spectral dispersion is expected over
longer distances.

3 | 200 MM FABRICATION
PROCESS OF GAN MICROLED AND
MICROPD

Achieving high data rate densities, above 10 Tb/mm?,
requires integrating a matrix of microLEDs and
microPDs along with their drivers and TIAs in a very
dense way, at pitches under 10 um, assuming a data rate
of 1 Gbps per microLED. Therefore, building microLEDs
and microPDs directly above an ASIC is highly desirable
for achieving a high density of emitters and receptors.
However, directly growing GaN on a CMOS ASIC is not
feasible due to thermal constraints. Consequently, several
approaches have been considered for the monolithic inte-
gration of GaN microLEDs with an ASIC. One approach
involves the hybridization of a GaN chip with a CMOS
ASIC. To achieve high densities of microLEDs, tradi-
tional packaging techniques such as bump flip-chip tech-
nology are impractical. Hybridization using microtube
technology has been successfully developed in the past,
enabling the fabrication of 10 pm pitch microdisplays."’
Several actors have developed technologies that involve
the micro-transfer of individual microLEDs for displays™
and micro-transfer technology was recently employed to
create GaN on ASIC microLED demonstrators with a
50 pm pitch for optical communication.” Lastly, hybrid
bonding of Sapphire GaN wafers above a 300 mm CMOS

Si or Sapphire

Si or Sapphire
GaN epitaxial wafer on Si/Sapphire

Si CMOS
1 - Si 100 standard wafer

Si CMOS
2 - Metal deposition

ASIC wafer has been demonstrated,”' enabling the fabri-
cation of a 3 pm pixel pitch microdisplay. An alternative
approach to hybridization presented in this work consists
in realizing GaN epitaxial wafer bonding before pixel
definition.

Leveraging technology originally developed for
microdisplay applications,”® a process illustrated in
Figures 4 and 5 has been developed to integrate a GaN
microLED matrix onto a CMOS ASIC specifically to
study optical communication applications. Unlike hybrid
bonding, the process outlined does not necessitate precise
alignment between the ASIC and GaN wafers and makes
it possible to realize a very dense matrix at a pitch of
2.5 pm. Initially, an LED epitaxial wafer is transferred
onto a conventional Si 100 substrate, which may serve as
the ASIC in the final integration, using non-aligned
metal-metal bonding. Subsequently, LED mesas are
etched to define the emissive areas. Following this, a
dielectric passivation layer is deposited to minimize dan-
gling bonds and associated non-radiative recombination.
An aluminum mirror is then deposited around the
microLEDs to enhance light efficiency. After planariza-
tion, openings are created for n-GaN and p-GaN contacts,
which are then covered with 300 nm of aluminum to
define metal routing and test pads. In this integration
approach, the GaN features nitrogen polarity facing
upwards, a configuration that is reversed compared to
conventional integrations.

The experimental measurements presented in this
work were conducted on batches fabricated using a
commercial 200 mm epitaxial GaN-on-Si wafer optimized
for display applications. Building on the results detailed
in this work, as well as findings from previous studies®>**
on a non-reported GaN process, future studies could

Metal Sauddes 101\S

Metal ‘

Si CMOS
3 - Wafer Bonding

i A A A A

A x A x|A x[A x|F
Metal “

Si CMOS

4 - Grinding

Si CMOS

5 - LED process

FIGURE 4 Integration process of a 200 mm Gan-on-Si reported on a standard 200 mm Si 100 wafer.
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Dielectricl

Dielectric2
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FIGURE 5

focus on optimizing the GaN-on-Si epitaxial wafer to
enable LEDs with higher RF bandwidth. Currently,
200 mm GaN-on-Si epitaxial wafers optimized for data
communication are not commercially available today.

4 | MAIN FIGURES OF MERITS

41 | Emission: energy efficiency and
luminosity

The power consumption per bit of microLEDs is directly
proportional to the microLED current density (J;zp) and
surface of the microLED (Sygp), and inversely propor-
tional to the chosen data rate (DR, in bit/s).

Electrical power Vs J1Ep-SLED
DR B DR

P(pJ /bit) = )

Here, we consider a two levels, On-Off Keying
(OOK), and modulation. The maximum data rate a
microLED can reach is assumed to be the double of
optical 3 dB bandwidth. Experimental measurements
show that the bandwidth of a microLED increases with
current density nearly linearly.** In order to reach suffi-
cient bandwidth, it is possible to increase current density.
However, this requires higher bias voltage, which is in
the end limited by electronic circuits and the maximum
electric field handled by the device. In Figure 6, the
power consumption in pJ/bit is evaluated for three differ-
ent data rates, in the function of current density, using
the experimental IVL of a 9 pm® microLED fabricated.
This graph indicates the minimum current density for
which the microLED should be able to reach the band-
width BW = 0.5*DR at a certain energy efficiency target.
For instance, to reach an efficiency of 0.1 pJ/bit at a data
rate of 1 Gb/s, the microLED should have a bandwidth of

Anode

(B)

(A) GaN microLED on Si 200 mm cross-section; (B) 1.5 pm microLED with GSG (ground-signal-ground) electrical access.
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FIGURE 6 Theoretical estimation of energy efficiency in

function of current density, for three different data rates, using
experimental data of a 9 pm? LED.

500 MHz at a current density of 400 A/cm?® Carrier
recombination in LEDs is dominated by different mecha-
nisms depending on the current density: Shockley-
Read-Hall (SRH), radiative, and Auger recombination.
The external quantum efficiency (EQE) as a function of
current density, as shown in the inset of Figure 6, can be
modeled using the ABC model,* which indicates which
mechanism is dominant depending on the current den-
sity. The optimal operating point of a microLED would
naturally be at the maximum efficiency. However, it is
essential to consider the number of photons per period
required to achieve an acceptable Signal-to-Noise Ratio
(SNR) and the device bandwidth as a function of current
density. This consideration often leads to operating out-
side the radiative-dominated regime.

The number of photons generated per period (Np) is
proportional to the injected current I gp=Sigp-JrED
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and to EQE, which combines light extraction (LEE) and
internal quantum efficiency (IQE). To reach a sufficient
SNR number of photons per period must be well above
quantum shot noise, approximated as the square root
of Np.

_EQErsp (Jeep) -Jrep - SLED

N
P DR-g

)

Considering these factors of merit, it is clear that both
efficiency and RF bandwidth must be optimized to con-
struct a communication link with high power efficiency
without degrading the SNR. Once the light is emitted by
the microLED, it must be coupled into the optical guide
(waveguide or fiber) with minimal loss.

4.2 | Light transmission: coupling
microLED to fiber or waveguide

Unlike lasers, microLEDs are spatially and temporally
incoherent sources. Coupling such incoherent sources to
a waveguide or fiber presents significant challenges due
to physical limitations imposed by thermodynamic
laws.’®?” A substantial portion of the light produced by a
microLED will not couple into the fiber or waveguide,
regardless of the optical system used, due to the conserva-
tion of radiance. Given these constraints, it is worthwhile
to explore the coupling of microLEDs into waveguides or
fibers and to develop structures that can maximize this
coupling efficiency.

4.2.1 | Light transmission through
waveguide

In order to build intra-chip optical communication with
microLED, coupling a microLED to a waveguide is neces-
sary. Single-mode waveguides are very convenient for
transmitting light as they allow a small curvature radius.
Waveguides suitable for blue light communication may
be built with various material®®: GaN, SiN, AlL,O;, TiO,.
However, as expressed in the introduction of this chapter,
coupling light emission from a microLED into a single-
mode waveguide (Figure 7) with acceptable loss is chal-
lenging, due to the non-coherent nature of light emission.
It requires good optimization of the LED stack to
enhance lateral emission.

The coupling of microLEDs into waveguides has
already been demonstrated, as illustrated in reference
(29). In this document, we present a specifically designed
structure aimed at optimizing the coupling of a micro-
LED into a GaN waveguide. We conducted 3D FDTD
incoherent simulations using ANSYS Lumerical® to
estimate the light transmission from a small source posi-
tioned at the focus of a parabolic mirror into a single-
mode waveguide (as shown in Figure 7), assuming perfect
refractive index matching between the waveguide and
GaN. We tested two orientations of dipoles, achieving an
average transmission efficiency of 12.5%, with the highest
efficiency reaching 20% for one dipole orientation and 5%
for the other (illustrated in Figure 8). It is anticipated that
this transmission efficiency may decrease as the size of
the microLED increases, relative to the size of the

PD

""""""""" FIGURE 7 MicroLED to microPD
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Average transmission is 12.5%.

Non-coherent 3D FDTD simulation of a microLED coupled to a single-mode waveguide, in the two axes of emission.
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parabola. Additionally mirror non-uniformity and loss, or
discrepancies between the refractive indices of GaN and
the waveguide will decrease this efficiency. These simula-
tions demonstrate the potential for successfully coupling
a GaN microLED into a waveguide, highlighting critical
design considerations for enhancing device performance.

4.2.2 | Light transmission through a
multimode fiber

For chip-to-chip communication on a larger scale, cou-
pling a microLED to a fiber is essential. Multimode fibers
can be arranged in a dense configuration with pitches as
small as 50 pm. The vertical coupling efficiency between
a microLED and a multimode fiber depends on the light's
directivity and the Numerical Aperture (NA) of the fiber.
MicroLEDs typically exhibit a Lambertian or sub-Lam-
bertian emission pattern, described by I=1I0-cos"(0)
(Figure 9A). Experimentally, the directivity factor, n, has
been measured to be between 2 and 5 when the

(A)

Experimental
Measurement

10 09 03 07 06 05 o¢ 03 02 o1 o0 Normalized Light Intensity

(B) 104 —

0.8 1

2 0.6 -
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§ 04136%
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4.8%

0.0 4 =

microLED is surrounded by a mirror. Fiber bundle
makers, such as Lightguide or CeramOptec, propose fiber
bundles composed of 50 pm core multimode fibers with
NA between 0.22 and 0.37. From microLED emission
diagram (Figure 9A), the light coupling -efficiency
between a microLED and the fiber can be estimated
between 4.8% (n=1, NA=0.22) and 36% (n=>5,
NA =0.37) (Figure 9B).

4.2.3 | Light transmission through an
imaging fiber

Imaging fiber as described in section 1 and presented in
Figure 10 contains a very dense arrangement of small
diameter fibers, width core diameter below 5 pm. With
such imaging fibers, it would theoretically be possible to
reach a density of data rate up to 16Tbs/mm?, considering
that each core of the fiber is addressed and that each
microLED and microPD has a data rate of 1 Gbs. Unfortu-
nately, as fiber core size is scaled down toward single-

0.3 0.4 0.5 0.6 0.7 0.8 0.9
NA

o=

0.0 0.1 0.

FIGURE 9 (A) Experimental measurement of emission diagram of a 25 pm microLED, fitted to a sub-Lambertian curve with n = 3.27;
(B) coupling ratio between a fiber and a microLED for different directivity in function of numerical aperture (NA) of the fiber.

FIGURE 10 Sumita leached image bundle
(ref 126F0910-7.4) observed through a
microscope. The fiber has 16,600 cores, an inner
diameter of 1 mm, and an outer diameter of
1.275 mm. Each fiber is arranged in a hexagonal
pitch, each core being 4.4 pm.
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mode transmission conditions (core size around 3 pm), the
light coupling is reduced due to optical mode selection.

Experimentally, the coupling of a matrix of micro-
LEDs and single microLEDs of various sizes has been
demonstrated by positioning an imaging fiber close to the
emission surface, with a gap estimated to be between
0 and 5 pm, facilitated by a probe positioner (Figure 11).
This experiment confirms the feasibility of the approach.
However, the coupling efficiency between a single micro-
LED has been experimentally estimated in such condi-
tions to be less than 1%.

To precisely estimate light coupling in one core of the
single-mode fiber, we simulate, using ANSYS Lumerical
FDTD,*® a simplified version of a GaN microLED with or
without a GaN lens on top (Figure 12). Two optical
power monitors are needed to extract the total coupling
efficiency defined as the fraction of light converted by the
quantum well that actually couples into the propagating

Mode Expansion monitor Pp,pqa1

4um 0.14

mode of the fiber. First, a modal decomposition of the
optical power coupled into the fiber is needed to isolate
the part coupled in the propagating mode from the eva-
nescent coupling. Then we must place a box calculating
the optical flux emitted by the source as it is disturbed by
the Purcell effect. The light source is a quantum well
traditionally represented by a continuous surface of inco-
herent electric dipoles. One must compute several inde-
pendent simulations with a discrete dipolar grid and sum
the results to approximate such an incoherent source.
Ultimately, that incoherent behavior also means that
no symmetry can be used to reduce the simulation
size and we are forced to perform expensive 3D FDTD
computations.

We have shown that one way to improve the coupling
into single-mode transmission fiber is by increasing the
directivity (e.g., with a microLens integrated on top of
the pixel) or diminishing the pixel size. To further improve

FIGURE 11
imaging fiber bundle from

Coupling an

Sumita with a matrix of
microLEDs. (A) matrix of 10 pm
microLED displaying the
Japanese ideogram, YUME,;

(B) resulting image through the
imaging fiber bundle.

(C) Coupling a single 2 pm
microLED.

Fiber Core

Ipm

4pm

microlens

n-GaN
|
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Mirror Al

Pmodal

Pcoup g = Fsource

FIGURE 12

0.12

Light Coupling in single mode fiber

Source monitor Psoyrce
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® 4pm diameter lens
® nolens

0.5 1.0 1.5 2.0 2.5 3.0 3.5
LED size (um)

FDTD 3D simulations of the light coupling from a microLED in the spontaneous emission regime to a single-mode fiber.

More than 50% of the light is reaching the fiber but the optical mode selection is important due to poor emission directivity.

85UB017 SUOLULLOD 9AITE.1D) 3(cfedt|dde au Ag peusencb ale o e YO ‘8sn Jo Sa|n 1oy ARld ) 8U1IUQ AB]1/M UO (SUO N IPUOD-PUE-SLUIBIALI0D A8 | AReIq 1 Ul|uo//SdNY) SUONIPUOD pUe sWie | 841 88s *[z02/TT/90] Uo Arlq)Tauljuo AB|iMm ‘uossiuwod ABsuZ aAeuB) Y PUY JILONY Yousid Ad ZT0Z PSI/Z00T 0T/10p/wod A8 | im Ake.d 1 |Buluo'pis//sdiy Woly pepeojumoq ‘0 '/G9E8E6T



LE MAITRE ET AL.

WILEY_L_°

the directivity of emission and thus coupling into the fiber,
microLED with a resonant cavity could be particularly
beneficial. Besides the challenge of coupling efficiency, a
substantial amount of crosstalk between adjacent chan-
nels is expected on the emission and reception side,
depending on the distance from the microLED to the sur-
face of the fiber, pitch between fiber cores, and flatness of
the fiber assembly. These elements are critical in deter-
mining the efficiency of emission and reception and must
be carefully handled to optimize system performance.

4.3 | Reception efficiency of InGaN/GaN
microPD

After discussing the main factors influencing emission
and light transmission, we now turn to the final element
of the transmission link: the photodiode. In this work, we
have considered a microPD made from the same material
as the microLED. Photocurrent in the photodiode can be
simply expressed as the function of the coupling factor of
the microLED into the fiber or waveguide (K), quantum
efficiency (QE) of the photodiode, emission EQE, current
density, and LED area.

iph =K -QEpp(Arep) - EQErgp(Jrep) - JrEDp - Step - (3)

The QE of (In)GaN quantum well is strongly
wavelength-dependent.*! Emission wavelength and maxi-
mum reception wavelength are not usually matched in
c-plane grown GaN microLEDs, which is called the
Stokes shift.>?> Indeed, the internal electric field in

c-plane GaN, referred to as the Quantum Confined Stark
effect (QCSE) induces a red shift of the emission wave-
length. Increasing the current density in the microLED
has the opposite effect, which can partially compensate
the Stokes Shift in certain conditions of quantum well
thickness and material strain.

To better understand the response of a microPD made
out of a typical InGaN/GaN LED-epistructure, we used
two different simulation software: Nextnano++>° to
explore the impact of the 1D active region design on
incident light absorption properties and ATLAS device
simulator by Silvaco® to perform quasi-3D modeling of
the complete device.

The structure we chose to model with Nextnano con-
tains a single InGaN/GaN QW located in the middle of a
pin junction. The wavelength dependence of the optical
absorption of the single QW is calculated with Fermi's
Golden Rule by means of 8-band k.p method after solving
the Schrodinger and Poisson equations. We focused on
the transitions induced by the transverse electric
(TE) mode (parallel to the QW plane). We investigated
the evolution of the absorption curve when changing the
Indium composition and the thickness of the QW,
the reverse bias applied to the pin junction, and the
thickness of the depletion region. The simulations con-
firm some rather intuitive trends: each absorption curve
is mainly controlled by the Indium composition and
thickness of the QW and the total internal electric field.
The absorption coefficient's dependence on wavelength
evolves like a staircase pattern controlled by the quan-
tized nature of electron and hole states in the QW as can
be seen in the example of Figure 13A. We can confirm

Absorption vs. Wavelength : impact of the Indium content

and the applied reverse bias

(A) 6e+a \

+0.2

Absorption[cm-1]

Indium Content
+0.15

(B)

Photon
absorption
rate(/cm3)
.,1.0x102°
7.7x108
6.0x10"7
4.6x1015

400 410 420 430 440 450
Wavelength[nm]

FIGURE 13

(A) Example of the absorption coefficient of a single InGaN QW of 3 nm located in the middle of a GaN pin junction,

plotted as a function of the wavelength of the incident light. The blue and red curves correspond to different QW indium compositions and
the six curves of each color to the reverse bias applied on the junction: 0, —1, —2, —3, —4, -5 V following the arrow direction. (B) Zoom of
the photo-absorption rate in quantum wells simulated by Silvaco at -1 V under illumination at £ = 415 nm and 10 mW/cm?.
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that increasing the Indium concentration shifts the
absorption to a longer wavelength. We can also explain
the blue shift and the rise in amplitude of the first stair-
case as the reverse bias goes up (0 to -5 V) as the result of
compensation of the internal electric field by this applied
bias. We decided to use these results as an entry in the
TCAD simulations by attributing the right absorption
curve to QWs of a given composition and thickness after
estimating their internal electric field (Figure 13B).

Quasi-3D TCAD (Technology Computer Aided Design)
simulations of a GaN microLED in reception were then
performed using the ATLAS device simulator by Silvaco™*.
We simulated the photocurrent of the microLED biased in
reverse voltage (-1 V) and under illumination at different
wavelengths from 380 nm to 460 nm.

The simulated structure shown in Figure 14 corre-
sponds to the fabricated microLED structure shown in
Figure 5A. In order to save computational time, we
defined a half 2D structure with a cylindrical symmetry
to model a quasi-3D structure.

Specific models for multi-quantum wells InGaN/GaN
devices were implemented such as a three-band wurtzite
model based on k.p modeling and a spontaneous and pie-
zoelectric polarization model. Schrodinger equation is

FIGURE 14 2D half cylindrical structure of the simulated
GaN photodiode (L = 50 pm) used for quasi-3D TCAD simulations.
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Z
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380 390 400 410 420 430 440 450 460
Wavelength (nm)

FIGURE 15

solved in quantum wells to obtain bound state energies
and carriers wave functions. Non-radiative SRH and
Auger recombinations were also considered. Modeling of
optical cavity effects was performed using the transfer
matrix method (TMM) to calculate the interference
effects. From the simulated photocurrent we calculated
the responsivity of the microPD, which is the ratio of
the output photocurrent to the input optical power.
Indeed, responsivity is a key metric of photodetector
performance.

We studied the impact of the optical cavity on absorp-
tion. Figure 15A shows that the interference effects play
a major role in the simulated responsivity of the
microPD. The interference effects increase the absorption
in the structure up to a factor of 3 and generate respon-
sivity peaks at wavelengths that can be tuned by chang-
ing the cavity layer thicknesses.

Based on a TEM analysis of the fabricated device, we
adjusted the structure layer thicknesses. Then, we tuned
the internal polarization and Indium content to modulate
the photocurrent as a function of the wavelength to get
closer to experimental results. Finally, we observe in
Figure 15B that simulated responsivity is in the same
order of magnitude as the experimental one. Moreover,
the TMM accurately reproduces well the position of the
responsivity peak as a function of wavelength.

5 | EXPERIMENTAL
PERFORMANCES OF GAN
MICROLED AND MICROPD

An experimental setup, as shown in Figure 16 has been
developed to perform DC and RF characterization of
fabricated microLEDs and microPDs on 200 mm
wafers. This includes measurements of current-voltage-
luminance (IVL), emission spectrum, spectral responsiv-
ity, opto-electrical S-parameters, and transient responses.
Additionally, a small signal photoluminescence

o
o
e

—e—Experimental

——Simulations

o
o
@

Responsivity (A/W)
o o
o o
= ]

0.00
380 390 400 410 420 430 440 450 460
Wavelength (nm)

(A) Simulation of the responsivity of the microPD with and without the optical cavity effects (L = 50 pm, V=-1V,

P = 10 mW/cm?). (B) Experimental and simulated responsivity of the microPD (L = 50 pm, V = -1V, P = 10 mW/cm?).
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technique has been implemented to evaluate the epitaxial
quality and carrier lifetime within the quantum wells
before processing the epitaxial wafers.

The newly developed process enables the fabrication
of microLED and microPD devices in a variety of shapes
and sizes. A comprehensive mask set has been designed,
which includes test structures to model both the RF
(radio frequency) and DC (direct current) performances
of microPDs and microLEDs ranging in diameter from
1.25 pm to 100 pm. This mask set facilitates a detailed
assessment of their performance capabilities for data
communication applications. The entire system has been
characterized at the wafer level. The microLEDs and
microPDs have been fabricated in both matrix con-
figurations (Figure 17) and as individual microLED

FIGURE 16 A 300 mm probe station showing a 200 mm
Gan-on-Si wafer being characterized, using an RF probe and a
200 pm multimode fiber placed above the microLED.

fad Amd s &
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configurations (Figure 5B) featuring RF pad access for
enhanced connectivity.

5.1 | Characterization of GaN microLED

To quantify the frequency response of microLEDs,
S-parameter measurements were conducted. The experi-
mental setup used is shown in Figure 18. A DC bias is
applied to the microLED and a Vector Network Analyzer
(VNA) provides small signal modulation. The emitted
light was collected by an optical fiber and the signal was
transmitted to a high-speed photodiode connected to the
second port of the VNA. S-parameters were measured for
circular microLEDs with diameters ranging from 3 pm to
100 pm. The bandwidth, extracted from the S21 parame-
ter, was plotted as a function of current density as shown
in Figure 19, revealing an almost linear increase in cur-
rent density across all sizes. Two main factors may limit
bandwidth: the recombination lifetime in the wells and
the resistance-capacitance (RC) time constant.>> Small
signal modeling indicated that recombination lifetime is
the limiting factor in the measured samples, identifying it
as the primary focus for improvement. The use of GaN
on Si(111) epitaxy inherently introduces an internal elec-
tric field that separates electron and hole wavefunctions
in the wells, thereby increasing the recombination life-
time and limiting bandwidth at low current densities. To
mitigate this effect, several approaches are possible. For
instance, optimizing the epitaxy structure can reduce this
field. Alternatively, using semi-polar or non-polar GaN
could be considered, though availability on large sub-
strates remains a challenge. Using S-parameters to

j P=15.8um

FIGURE 17 Microscope photography of circular blue microLED at various sizes.
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FIGURE 19 Bandwidth as a function of current densities for

microLEDs with different diameters ranging from 3 pm to 100 pm
and for a square LED with a width of 12,5 pm.

calculate the maximum data rate and IVL measurements,
power consumption can be estimated as described in
Section 3. For example, a 3 x 3 pm” microLED operating
at a data rate of 600 Mbit/s with a current density of
3 kA/cm? has an energy efficiency estimated at 4.5 pJ/bit.
To enhance the energy efficiency of the transmission, it is
essential to improve the bandwidth of the microLED at
low current densities.

Eye diagram measurements were also performed on
several microLED sizes at a data rate of up to 1 Gb/s
using NRZ OOK (Non-Return to Zero On-Off Keying)
modulation, demonstrating open eyes as shown in
Figure 20. The best results were obtained with a micro-
LED of 25 pm diameter, which benefited from a better
adaptation of the input impedance. Indeed, in experi-
mental bench conditions, all devices under test are

Multimode ?é’
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v
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Wafer
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i |
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Tektronics extronics
Power
AWG5000 M50648

—_—

PRBS ~E——

Experimental setup used to measure S parameter of microLEDs on the left and eye diagram for an OOK-NRZ emission on

expected to be 500hm adapted. LED fabricated with the
process described in Figure 5 have high input resistance
Rs due to poor GaN/metal contact quality (Rs = 1 k< for
a 12.5pm diameter microLED, Rs = 2500hm for a
25 pm diameter microLED). Contact resistance scale with
device size and is inversely proportional to contact area.
Larger devices also benefit from a higher signal-to-noise
ratio at the reception side, a consequence of greater opti-
cal power. These measurements highlight the critical tra-
deoff between device optical power, device size, and data
rate performance.

51.1 | RF characterization of GaN microPD
S-parameter measurements were also performed on the
same microLEDs, used as microPDs, by applying a
reverse bias. A small signal generated by a Vector Net-
work Analyzer (VNA) was applied to a Thorlabs laser
diode, LP405-MF300, emitting at 405 nm. The light out-
put was directed to the microPD through an optical fiber
positioned above the device. The modulated photocurrent
was measured, amplified by a Transimpedance Amplifier
from Femto (HSA-X-1-40) with a gain of 5 kV/A and RF
bandwidth of 1.2 GHz, and then fed back to the VNA
(Figure 21). In this setup, the maximum bandwidth is
limited by the laser diode RF bandwidth, measured at
1GHz. Currently, the absence of blue lasers that can be
AC-modulated at GHz frequencies presents a challenge
for performing small signal analysis on GaN photodiodes.
An alternative solution is to use a pulsed laser. However,
small signal measurements offer the advantage of main-
taining a constant average optical power, facilitating the
extraction of an RF model.
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Eye diagram measurement with an OOK NRZ modulation using a 700 mV peak-to-peak digital signal generated by an

AWG. a, b, and c are eye diagrams measured on a 12 pm width microLED at a current density of 4.4 kA/cm2 and voltage of 6 V. d) as been

measured on a 25 pm diameter microLED at a current density of 500 A/cm?>at 6 V.
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MicroPDs with diameters ranging from 10 pm to
50 pm were measured, and bandwidth results are shown
in Figure 22. The measured bandwidth increased as the
size of the microPD decreased, indicating that the main
limiting factor is the capacitance of the microPD. Values
up to 600 MHz were measured at a reversed bias of 6 V
for a 10 pm diameter microPD. An eye diagram of a
36 pm microPD using OOK-NRZ modulation was also
measured, showing an eye open at data rates up to 1 Gb/s
(Figure 23). These results are promising for the use of
such microLEDs as both emitters and receivers in a
communication link.
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Experimental setup used to measure S parameter of microPD on the left and eye diagram for an OOK-NRZ reception on

5.2 | Quantum efficiency of GaN
microPD

The quantum efficiency of these devices as photodetec-
tors was evaluated using the experimental setup shown
in Figure 24. A tunable light source from Zolix connected
to a monochromator directs a light signal of a specific
wavelength and optical power onto the microPD via an
optical fiber coupled with a Thorlabs multimode coupler.
The power output from the tunable light source varies
with wavelength and requires measurement at each
wavelength. Additionally, the wavelength was monitored
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using a spectrometer that measures the light wavelength
reflected by the multimode coupler. Efficiencies above
20% were achieved at 400 nm, as shown in Figure 24, but
the efficiency was negligible at the center wavelength of
the emissive spectrum due to the Stokes shift effect. This
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FIGURE 22 Bandwidth of microPD of different size as a

function of voltage under a 405 nm laser diode excitation measured
on a 200 mm wafer. D10, D25, and D50 are circular microPDs with
respective diameters 10 pm, 25 pm, and 50 pm. SQ36 is a square
microPD with a 36 pm width.

highlights the need for a dedicated epitaxial structure for
photodiodes. For comparison, the spectral quantum effi-
ciency of two microPDs optimized for green emission at
420 nm was also tested and is presented in Figure 25. A
better overlap between the emission spectrum and

25%

—=&— microPD Blue QW 1
—e— microPD Green QW (die1)
20% —a— microPD Green QW ((die2]
= F 0.8
X —&— microLED blue QW
> 2
S 15% =
.4 3
S R=0.038 A/W ro6 3
x ©
£ S
3 10% =
= r 04 g
g S
g =4
5% F 0.2
0% 0
400 420 440 460 480 500
Wavelength (nm)
FIGURE 25 Quantum efficiency of a 25 pm diameter GaN

microPD at —5,2 V optimized for blue emission as a function of
wavelength (blue line). Quantum efficiency of two 25 pm diameter
GaN microPDs at —5,2 V optimized for green emission as a
function of wavelength (green lines). Typical normalized spectrum
for a blue microLED is shown for comparison (black line). The
corresponding spectral responsivity R in a/W is also indicated in
the graph, with R=QE-(q-4)/(h-c).
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Experimental setup used to measure microPD quantum efficiency and responsivity when used as a photodetector b).
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spectral quantum efficiency was observed. Moreover,
although the two microPDs were fabricated on the same
wafer, they showed variations in their efficiency peaks,
which can be attributed to differences in the n-GaN
thickness affecting the optical cavity height. The optical
cavity, which controls the peak of spectral efficiency,
must be precisely engineered to ensure that optimum
spectral responsivity coincides with the peak emission
wavelength.

6 | CONCLUSION

This work introduces the development and evaluation of
GaN microLEDs and microPD matrices integrated on
200 mm GaN-on-Si wafers for short-range, high-density
optical communications. The research confirms the via-
bility of GaN devices, originally developed for display
applications, as effective components for massively paral-
lel and energy-efficient data transmission systems. The
integration process, leveraging 200 mm ASIC technology,
along with the exploration of various communication sys-
tem integrations, highlights the potential of these devices
to meet the demands of high-performance computing
and artificial intelligence applications.

The future of GaN microLED and microPD
technology appears promising. On the transmitter side,
optimizing the epitaxial wafer design should lead to
lower power consumption and higher bandwidth at
reduced current densities, significantly improving the
energy efficiency of the system toward sub-pJ/bit energy
consumption and high data rate density. On the receiver
side, tuning the epitaxial stack is essential to maximize
quantum efficiency at specific emission wavelengths,
thereby optimizing the overall responsiveness of the sys-
tem. TCAD simulations of InGaN/GaN microPDs, corre-
lated with experimental measurements, show promise
for the optimization of these devices. We have explored
the coupling of microLEDs through multimode and
imaging fibers, and single-mode waveguides using FDTD
simulations to understand the limitations of chip-to-chip
communication architectures. We point out that while
optimizing the design of the devices is beneficial, some
optical losses are inevitable as the density of connections
increases.The ongoing development of the monolithic
integration of microLEDs with ASICs, using hybrid
bonding or non-aligned metal-metal bonding as pre-
sented in this work, and the industrialization of GaN
microLEDs present opportunities to achieve very high
data rate densities, potentially revolutionizing the future
of short-reach communication by allowing more flexibil-
ity in the system architecture of high-power computing
systems.

In conclusion, our work provides a solid foundation
for future exploration of chip-to-chip communication
with microLED and microPD matrices, paving the way
for efficient short-range guided visible optical communi-
cation using GaN devices.
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