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Abstract—In this work, we present a lateral carrier diffusion
simulation model for GaN-based micro-LEDs that enables the
study and comparison of devices built using different processing
methods. This one-dimensional transient model solves the
diffusion equation for both electrons and holes in a cylindrical
geometry in order to mimic the dynamics of carriers in the plane
of the active region. It incorporates carrier-dependent
recombination parameters to overcome the limitations of the
constant ABC model. The simulation is built using FiPy, an
object-oriented partial differential equation solver based on the
standard finite volume method approach.
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I. INTRODUCTION

Recent advancements in the gallium nitride (GaN)
technologies have created an enormous interest in the
micrometer-scale light-emitting structures known as micro-
LEDs. These micro light sources can be fabricated into very
dense arrays, which can be used as high-resolution displays
for applications such as Augmented/Virtual reality displays
[1] or for optical communication [2] and optogenetics [3].
Current technologies for producing the pLEDs include:
(1) etching the epitaxial structure to produce a micro-scale
mesa, which physically isolates and confines light emission,
but this comes with a major challenge of having sidewall
defects produced due to etching of the mesa. These defects
act as non-radiative recombination centers, which reduce the
efficiency of the uLED [4]. (ii) Ion implantation of a quantum
well using tailored ions to form controlled defects, which
isolate pixels by creating non-radiative recombination
centers, effectively reducing the light emission from the
implanted region without the need for complicated mesa
etching. [5] Unfortunately, this method introduces defects
directly into the active region, which reduces the efficiency
of the device. Another method is (iii) tunnel junction (TJ)
pLEDs [6], in which ion implantation in the tunnel junction
epitaxial layer is used to form a current aperture. Using this
method, we can avoid the sidewalls and their defects, and the
implanted ions do not go into the quantum well. As can be
seen, there exists a wide variety of methods to process
ULEDs, which introduces the need for a unified numerical
framework to study and compare the performance and
efficiencies of such kinds of pLEDs.

In this paper, we present a numerical simulation model
that can be used to simulate the lateral carrier diffusion within
the plane of the quantum well in three kinds of above-
mentioned pLEDs under a single framework.

II. THE MODEL

The proposed model solves the one-dimensional diffusion
equation within a cylindrical geometry. The model is
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developed as a flexible framework capable of accounting for
independent diffusion coefficients (1) for both electrons and
holes. Generalized recombination terms are introduced in
order to go beyond the limitation of constant coefficients used
in the ABC model. The Shockley-Red-Hall recombination is
calculated from the standard formula (2), and the Auger
coefficient for both electrons and holes is taken into
consideration (3). The model solves the diffusion equation in
progressive intervals of time separately for both electrons and
holes in a semi-implicit way using FiPy [7], a partial
differential equation solver based on the finite volume
method.
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Different boundary conditions were applied to study each
type of uLED. The sidewall defects in mesa-etched nLEDs
were implemented using (4).
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where L is the boundary of the simulation domain, S is the
sidewall recombination velocity term and it acts as a
parameter governing the non-radiative recombination of
carriers at the etched mesa edge. By changing this parameter
with our model, it is possible to simulate the effect of
passivated and un-passivated sidewall structures.

On the other hand, in the phLEDs with ion implantation in
the quantum well and in TJ-LEDs, the model assumes a
Neumann boundary condition (5) so that carriers are allowed
to diffuse laterally out of the injection area and recombine till
the end of the one-dimensional domain. However, in the case
of the ion implantation in the quantum well, an additional
scaled Shockley-Read-Hall recombination term is added,
shown in (6), where o is the scaling parameter, which
accounts for the increased point defects caused by the
implanted ions. A sigmoid term is added (7) to achieve a
slight spatial variation of the implantation profile. The value
of w controls the width of this profile, which helps to simulate
the smooth incremental transition in the point defects rather
than an abrupt jump.
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III. RESULT AND DISCUSSION

The simulation was allowed to run till the carriers reached
the steady state. In Fig. 1, we show the carrier density profile
at several time steps. It is clearly visible that the change in
carrier density profile is negligible after 100 ns, showing that
the steady state was reached. Fig. 2 shows the carrier
distribution for the three types of WLED. Interestingly, at
higher current densities, we observe a lower carrier spreading
outside of the current injection region.
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Fig. 1. Carrier density distribution of TJ-uLED with 10 um radius for
different simulation times at a current density of 10 A/cm?.

Within the model, we can calculate the emitted optical
power from each type of pLED as shown in Fig.3. This allows
us to compare the internal quantum efficiency (IQE) of the
differently processed pLEDs. Dependence of IQE on current
density for the three uLED with a radius of 10um are depicted
in Fig. 4. We can see that the ion-implanted pLED has the
lowest efficiency and that the mesa etched unLED has the
highest IQE at low current densities, while the TJ uLED
prevails at higher current densities.
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Fig. 2. (a). Carrier density distribution of the three types of pLED with
10 pm radius for current density of 10A/cm? (b). carrier density
distribution of the three types of pLED with 10 um radius for current
density of 15000A/cm?

10 / 3
3 | ]
s Z
5 10° ¢ g 3
3
o
Qo 3 4
©
O 10-7 L /
o Mesa etched
o L TJ ion implanted ]
—— QW ion implanted
10_9 L ! L 1 |
10% 10° 10* 103 102 107

Current (A)

Fig. 3. Dependence of optical power on current for three types of
ULEDs with a radius of 10 um.
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Fig. 4. Dependence of IQE on current density for three types of uLEDs
with radius of 10 um.
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