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Abstract—Next generation of microdisplays promise highly
efficient, high brightness and high contrast displays with wide
color gamut. These displays typically employ organic LEDs and
inorganic microLEDs as emissive pixels and CMOS image
sensors (CIS) in the image plane. In this paper we discuss
various aspects of optical modelling of LEDs using finite-
difference time-domain (FDTD) method. The goal of optical
modelling of LEDs is to maximize the light extraction efficiency
which in turn increases the power efficiency and determines the
maximum brightness of emission that can be achieved from the
device.
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1. INTRODUCTION

Inorganic light emitting diodes (LEDs) are made from group
M-V, direct bandgap semiconductor material systems such as
nitrides (GaN) or phosphides (AlGalnP). The efficiency of
the injection luminescence process that is responsible for
generating the visible radiation from the LEDs is defined as
a ratio of the number of photons emitted to the number of
electrons injected. This efficiency is also known as internal
quantum efficiency (IQE) and depends on the quantum yield
of the radiative recombination process in the active layer. IQE
is less than 1 due to energy losses through non-radiative
recombination processes. For the nitride or phosphide
material systems, the IQE can be increased by boosting the
radiative recombination through creation of double
heterostructure junctions and employing multiple quantum
wells (MQWs) in the active region. The well-designed
MQWs form potential wells and barriers that trap and control
the injected carriers in the active region ensuring a high IQE.
However, the external quantum efficiency (EQE) of the LED
that depends on the actual number of photons that are emitted
by the LED into air is determined not only by the IQE but
also by the light extraction efficiency (LEE) of the LED
materials and the structural details of the optical cavity.

One of the main challenges to achieving a high LEE arises
from the high refractive indices of group III-V semiconductor
material systems. The refractive indices of these materials
can range from ~2.5 -3.5 in the visible spectrum. Theoretical
computations show that the angular profile of the emitted
light in the far-field is Lambertian for a planar geometry.
When light travels from a high index medium to a low index
medium, a significant amount of incident light gets reflected
from the interface back into the denser medium. The total
transmitted output through such an interface is determined by
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the characteristic critical angle of total reflection for the two
media. The critical angle for the two media is calculated from
Snell’s law of refraction. For high index dielectric material
with typical refractive index ~3.5 the critical angle is as low
as 16.4°. Hence such interfaces transmit only about 12% of
the total light flux incident on it (considering all incidence
angles) [1]. Recent research [2-5], have indicated that one
way to enhance the transmission through such interfaces is to
integrate subwavelength nanostructures on them. This
suggests a way to enhance the output from commercially
available LEDs, luminous efficiency of which is lower than
that of fluorescent lamps.

The overall transmission through subwavelength structured
interfaces depends on different design parameters, such as,
profile, groove depth, and spatial period of surface
corrugation, wavelength of light and refractive index of the
dielectric material.

Another challenge with LED pixels used in displays is in the
complexity of the structure. For ordinary planar geometries
with device sizes large compared to wavelength analytical,
semi-analytical methods and ray-tracing techniques can be
used to analyze the LEE. However, when the pixel pitch
becomes smaller or unconventional, non-planar pixel
geometries need to be considered, rigorous, full-vectorial
methods are needed to compute LEE.

Rigorous optical modelling of LEDs is carried out by
solving Maxwell’s equations using numerical methods.
Finite-difference time-domain (FDTD) method is commonly
used to simulate light emission and propagation through LED
structure and compute LEE. The optical simulation only
considers the radiative part of the carrier-recombination
process and models this process with radiative dipoles.

NS-FDTD is a version of FDTD, which approximates the
space and time derivatives of Maxwell’s equations by
nonstandard finite-difference operators [6]. The error of NS-

FDTD is o ( h/ ,1)", where / is the minimum space step and

A is the wavelength of the incident light in freespace. This
fact enables NS-FDTD to obtain more accurate results
compared to standard FDTD [7].

In this paper we develop an LED simulation model based
on NS-FDTD primarily for teaching and training purposes

[8].



II. SIMULATION RESULTS

A. Surface structuring

Fig. 1 shows the light propagation across an interface
between high and low-index media and across the same
interface corrugated with nanostructures, computed using
NS-FDTD. The angle of incidence of light is bigger than the
critical angle. The results show how surface structuring at
nanoscale can help to boost the LEE.
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Fig.1. Light incident on an interface between high and low- index
media at an angle larger than the critical angle; a) plain, b)
corrugated with nanostructures

We used NS-FDTD to compute the enhancement of overall
transmission through interfaces due to subwavelength conical
Moth-eye corrugation [9]. The amplitude transmittance
through such subwavelength structured interfaces is
determined by solving Maxwell's equations for purely
dielectric medium (absorption coefficient zero).

B. Collimating the light output

MicroLEDs are made from the same inorganic materials.
What differentiates microLEDs from ordinary LEDs is the
device size (a few microns in the former case) and are most
promising candidates for the new emerging displays such as
augmented reality (AR) glasses. The brightness requirement
for these displays to function in bright sunlight conditions can
only be met by light sources such as microLEDs.
Microdisplays, used in AR glasses need to couple light from
microLEDs to the projection optics. Thus, for microLED
design a high total output matters as much as the fraction of
the total output that couples to the projection optics. The
projection lens has a specific capture angle implying that the
angular profile of the microLED output needs to be as
collimated as possible. Simulations indicate that even though
moth-eye style surface structuring can boost the overall
extraction efficiency, this type of extraction doesn’t help in
increasing light coupling into the projection optics. The
easiest way to achieve well-collimated light output from the
microLED is to integrate conventional, refractive microlens
on the surface of the microLED.

Fig. 2 shows a square array of conical pillars with varying
heights. This structure can work as an unconventional
diffractive lens type extraction optics.
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Fig.2. 2D array of conical pillars in a square lattice in air 300nm at
the base and maximum height is 500nm a) xy-cross-section at the
base; b) xz-cross-section.

ITII. CONCLUSION AND DISCUSSIONS

The optical modelling of LEDs, OLEDs and microLEDs
are carried out using NS-FDTD method with the goal of
boosting the output from the LED with the help of an
outcoupling structure. Nano- or micro- structures are seen to
be effective in boosting and determining the angular profile
of the LED output.

[1] E. Fred Schubert, Light-Emitting Diodes (Cambridge
university press, New York, 2006), 2nd ed.

[2] S. Fan et al, “High extraction efficiency of spontaneous
emission from slabs of photonic crystals,” PRL 78(17), 3294-
3297 (1997).

[3] A. A. Erchak et al, “Enhanced coupling to vertical
radiation using a two-dimensional photonic crystal in a
semiconductor light-emitting diode,” Appl. Phys. Lett. 78 (5),
563-565 (2001).

[4] K. Orita et al, “High-extraction-efficiency blue light-
emitting diode using extended-pitch photonic crystal,” Jpn. J.
Appl. Phys. 43 (8B) 5809-5813 (2004)

[5] H. Ichikawa and T. Baba, “Efficiency enhancement in a
light-emitting diode with a two-dimensional surface grating
photonic crystal,” Appl. Phys. Lett., 84 (2), 457-459 (2004).
[6] J. B. Cole and S. Banerjee, Computing the flow of light,
(SPIE Press, 2017), ISBN: 9781510604810.
http://spie.org/Publications/Book/2250613?SSO=1

[7] K. S. Yee, “Numerical solution of initial boundary value
problems involving Maxwell's equations in isotropic
media,” IEEE Trans. Antenna Propagation, AP-14, p. 302-
307 (1966).

[8] S. Banerjee, “Optical design and modelling of
wavelength-scale photonic devices for displays and
sensing”, accepted for oral presentation, ISOT, Miyajima,
Japan (2026).

[9] S. Banerjee, T. Yatagai, J. B. Cole, “Boosting light
transmission through interfaces using subwavelength Moth-
eye structuring: nonstandard FDTD simulations”, MOC,
Japan (2005)




