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ABSTRACT

A model of optical processes in LED's was created that takes into account device geometry, light absorption in contacts and
cladding layers, photon recycling, light randomization due to surface scattering and the benefit from encapsulation of the
device into epoxy. Based on the results of our modeling, an optimization of the LED was proposed.
Also, photoluminescence measurements of internal quantum efficiency were performed on the epi-layers used for LED
fabrication.

1.INTRODUCTION

Performance of light-emitting diodes is defmed to the great extent by two figures of merit, namely internal quantum
efficiency of the active region and light extraction efficiency. While the former quantity reflects the quality of an epitaxially
grown structure and normally lies in the range 20-90%, the latter strongly depends on the particular design and can be as
low as 2%. Improvement of the design performance of the requires extensive modeling of optical processes in the device.
Moreover, since extraction of light is related to the internal quantum efficiency, the optimal design of the device can vary
depending on the quality ofthe material that is used in the LED.
In this paper we report results of the light extraction efficiency modeling using the photon gas method and Monte-Carlo
simulations.

2. THEORETICAL MODEL

A photon gas model' based on the statistical properties of. the completely randomized photons in the bulk of the
semiconductor device allows one to make estimates of the dependence of the LED light extraction efficiency on quality of
the active layer material and geometric parameters such as aspect ratio and thickness of active layer. We consider a square
chip with dimensions width L and height H, with the active layer of thickness d in the middle and reflecting electrical
contacts on the top and bottom surfaces covering area Top and bottom surfaces are assumed to be polished while
four side edges are rough saw-milled. The design similar to that is used in fabrication of visible LED based on InGaAIP
quatemary allo? with L-2OOjtm, H—25Otm and d-ljim.

If there is a photon flux inside the LED

F4Density of photons inside LEDIX , (1)
n

where n is the refractive index of the semiconductor, there are four ways for a photon to disappear from the LED:
a) For the portion of photon whose direction lie in the escape cone, escape rate will be proportional to the surface area and
the escape fraction l/(4n2):

A(, (2L2 +4LH)TI(?) (2)
4n2
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Light Extraction Efficiency vs. Internal Quantum Efficiency

(LED with the epoxy interface)

Figure 1: The total efficiency is the product of the internal
quantum efficiency times the light extraction efficiency.
However the light extraction efficiency is itself dependent on
the internal quantum efficiency due to the inevitable re-
absorption of some of the light. In thin LED's the re-
absorption effect is less severe.

Light Extraction Efficiency vs. Height of the Chip
for LED with epoxy lens
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Figure 2: The extraction efficiency versus LED chip height.
For the highest internal quantum yield (IQE) material, the
LED should be a thin film, but for lower IQE a thick LED is
better because the light escapes more readily from the edges.
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b) There is a chance that photon traveling in the bulk of the device is absorbed in the cladding layers or in the current
spreading window due to free carrier absorption in the volume:

B(X)= L2Ha()I(X) (3)

c) Some of the photons can be reabsorbed in the active region. Some part of them, proportional to internal quantum
efficiency, can be re-emitted. The rest produce electron hole-pairs which recombine non-radiatively:

CQ) - fdc(1— ec0)cosO (1 - ifl)sine .I() (4)

where T is average transmission coefficient (within the escape cone), xfC free carrier absorption coefficient in the bulk
aQ) - absorption coefficient of the active layer and - internalquantum efficiency.
d. Finally, since contacts are not very good reflectors, there will be losses due to absorption in contacts. The absorption rate
due to this process is:

D(X) = Jdc�cose (1 —Rcontact)sinG .JQ) (5)

Light extraction efficiency iQ) is the ratio ofthe desired rate to the sum of all rates.

? A(X) 6i( ) - A() + B() + C(X) + D(X)
()

In a given device, different wavelengths have different escape probabilities, which means that result must be weighted by
spontaneous emission spectrum R() which can be derived from the absorption spectrum using the Shockley-van
Roesbrueck relation.3 Thus extraction efficiency is given by

(7)

Simulation, using second method, the Monte-Carlo approach, takes into account details of the LED design, such as the
properties of the surfaces of the device, position of the active layer within a device, reflectivity and configuration of
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