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ABSTRACT

We have demonstrated the ability to increase the luminous flux and luminous efficacy of white light-emitting diodes
(LEDs) by randomly patterning the surface of the yellow phosphor matrix. The phosphor was moved away from the
LED die by placing it on top of a silicone optic and then roughening the surface of the phosphor/resin mixture. It was
found that the roughening increases the luminous flux and efficacy by 10% over the smooth, non-pattermed phosphor
mixture. The roughened sample’s operating voltage, luminous flux, luminous efficacy, CCT, color coordinates, and
CRiwere 3.2V, 7.4Im, 115.6 Im/\W, 4244 K, (0.388, 0.448), and 61 at 20 mA, CW, and room temperature operation.
A brief presentation on phosphor scattering is introduced to help explain the effect of the roughening.
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1. Introduction

Solid state lighting has gained a large amount of
momentum in recent years due to its potential energy
saving benefits and reliability. With the cost of crude oil
reaching over $70 per barrel in 2006 in the U.S.? alternate
energy sources are becoming more attractive. The average
American household spends approximately 60% of its
monthly utility bill on electricity. From this nearly one-
quarter is due to lighting?. The possibility of using LEDs
for solid state lighting came with breakthroughs in GaN
LEDs. The achievement of p-type doping in GaN in 1990
by Amano et al? and the use of InGaN/GaN double
heterostructure in LEDs in 1994 by Nakamura et a/%led
to the GaN system as the bright blue light source for
white light in conjunction with the use of phosphors.
Using a phosphor as a wavelength converter was first
demonstrated by Bando ef al in 1996 9. This approach for
accomplishing white light emission, commonly referred to

as the down-conversion technique, has several advantages.

First, only one blue LED chip is required as compared to
using three LEDs (RGB) for color mixing, which in turn
lowers the production cost. Second, they are stable long
term unlike other wavelength converters such as dyes®.
Small size and the absence of mercury make LED lighting
more appealing than other illumination sources.
Considerations of the extraction problem in high
refractive index materials such as GaN have been shown
before. Roughening or nanotexturing the surface of an
LED919 g5 well as introducing V-shaped micropits on GaN
templates!? have been shown to increase emission
efficiency due to improved light extraction. It has also
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been previously reported that approximately 60% of the
luminous flux of a white LED is reflected back to the die
where the photons can be absorbed213, It is assumed that
these reflections can be reduced by randomly patterning
the phosphor matrix which would give a higher
probability for the photons to escape.

2. Experimental Setup

The LEDs used in this experiment were commercially
available dies that were 470 x 250 pm?. One LED die was
placed onto a silver plated TO-56 header (5.6 mm in
diameter) and affixed by silver loaded epoxy. It was then
wire bonded with 25 um diameter gold wire. Next, an
inverted truncated pyramid optic was placed on top of the
die. This optic was composed of a two part silicone resin
(GE Silicone RTV615) whose nominal index of refraction
is 1.406 with a thermal conductivity of 0.2 W m™ 'K ™ %,
Details of this optic are described elsewhered. The
purpose of this optic was two-fold. Firstly, the higher index
of refraction from the silicone helped to increase the light
escape cone by increasing the critical angle. Secondly, this
geometry allowed for the scattered photon extraction
method to be employed which also increases the light
output since not all of the backscattered light from the
phosphor layer is reabsorbed in the LED die.

Next a phosphor layer was placed on top of the flat
portion of the optic. The phosphor used in this experiment
was a commercial Y3Als O12 (yttrium aluminium garnet)
phosphor (subsequently referred to as YAG phosphor).
The phosphor was mixed with a ratio of 81% to 19%
phosphor to silicone. Once the phosphor mixture had been
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prepared, 0.25 g was placed onto the top of the inverted
pyramid. A schematic is shown in Figure 1(a). This
configuration was then measured in a 500 mm
integrating sphere with a spectrometer. This blue LED at
20 mA was 3.2V, 23.4 mW with a peak wavelength of 448
nm.
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Figure 1 Schematic of a roughened sample (b) and an un-

roughened sample (a)

After the smooth phosphor configuration was measured
the optic with the phosphor layer was removed from the
LED and another inverted pyramid was placed onto the
same LED die. The benefit in using the same die was to
help eliminate any variations to performance due to
differences in drive voltages and radiant flux from die to
die. Employing the same die would isolate the reason for
any increase in luminous flux and efficacy. The same
amount of phosphor mixture by weight was then placed
onto the cone optic however a roughened surface was
introduced on top of the phosphor mixture as shown by
Figure 1(b). The roughened surface was an aluminum
oxide 120-grit square piece of sandpaper (120 abrasive
particles per inch). The sandpaper gives a uniform and

randomly distributed patterning for the phosphor mixture.

Once the mixture is cured the sample is removed from the
paper and measured in an integrating sphere with a
spectrometer. Scanning electron micrograph images were
taken of the sandpaper and roughen phosphor layer after
curing and are shown in Figure 2. It can be seen that the
phosphor layer is smother then the sandpaper.

Figure 2 SEM (a) 120-grit sandpaper and (b) phosphor layer
roughened

The darker spots in the image are vacant of phosphor
material.
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3. Discussion and Results

The Iuminous flux and luminous efficacy is given in
Figure 3 for the two different configurations. The diode
was tested under DC conditions at room temperature.
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Figure 3 A comparison of luminous flux and efficacy between a
smooth phosphor surface and a roughen one

At 20mA DC a typical luminous flux, luminous efficacy,
correlated color temperature, color coordinates and color
rendering for the smooth sample were 6.7 Im, 104.8 Im/W,
4364 K, (0.379, 0.432), and 62 respectively. The roughen
sample was 7.4 Im, 115.6 Im/W, 4244 K, (0.388, 0.448), and
61 respectively. The increase in both luminous flux and
luminous efficacy was slightly over 10%.

The cause of the increase is believed to be due to two
reasons. First, as previously discussed, the roughen
surface allows for angular randomizations. This increases
the probability for the photons to make it into the escape
cone and out to free space. A second reason for the
increase is due to the scattering nature of the phosphor
particle. The absorption and scattering of light by
spherical particles is a classical problem in physics where
the mathematical formalism is given by the Mie-Debye-
Lorenz theory (or Mie theory for short). The key
parameters for this theory are the wavelength A of the
incident radiation, the size of the particle which is usually
expressed as a dimensionless size parameter a

i
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where Dy is the diameter of the particle, and the optical
property relative to the surrounding medium, the complex
index of refraction!®. For this experiment a>> 1 and Mie
theory can be simplified by geometrical optics (if a<< 1 we

62

NI | -El ectronic Library Service



The Il lum nating Engineering Institute of Japan

J. Light & Vis. Env. Vol.32, No.2, 2008

could simplify to Rayleigh scattering regime). Using the
Henyey-Greenstein formula (Puc) for approximating the
scattering phase functionl’® we are able to see the
scattering angle 6 of a broad size distribution of a particle
system by use of the asymmetry parameter g

1-g?
1+ g% -2gcosf)

HG 372 ----oooo.ooo-oooooa-oco(2)

The asymmetry parameter g is defined as the intensity-
weighted average of the cosine of the scattering angle.
When g =1 light is scattered totally at 8 = 0° (the forward
direction), for g = -1 light is scattered completely at 6 =
180° (backward direction). Isotropic light scattering is for g
= 0. It has been reported elsewhere!? that for a spherical
particle with an index of refraction of 1.85 (n=1.9 for our
experiment) embedded in a medium of index 1.41 (ours is
1.406) and a 4 pm diameter that g ~0.8-0.85 and increases
slowly as the size is increased (20 pm is the average size of
the particles here). Therefore assuming an asymmetry
parameter g ~0.85 Figure 4 shows the Pue as a function of
the scattering angle.

270

Figure 4 The Henyey-Greenstein phase function for a scattering
particle system as a function of scattering angle
Here it is assumed that the asymmetry parameter is 0.85.

As shown in Fig. 4 when light impinges upon a
phosphor particle most of the scattered light is in the
forward direction. Since this light is not being absorbed by
the phosphor the efficiency of the system is lowered. It is
believed that when the topmost surface of the phosphor
mixture is roughened then the scattered, unabsorbed light
has had more chances to come into contact with phosphor
particles and thereby be absorbed by them. Although this
is a rough estimate of what is happening, the 10%
increase assures that the roughening is helping to
improve the system’s overall performance.
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4. Concluding Remarks

White illumination by using a wavelength converter
such as a phosphor on a blue light emitting diode is one
means of achieving efficient and energy saving lighting.
We have demonstrated the ability to increase the
luminous flux and efficacy of the white LED by 10% by
randomly patterning the top layer of the phosphor
mixture. By placing a piece of sandpaper onto the uncured
phosphor mixture and then curing it, the sandpaper
leaves an imprint which randomly patterns the phosphor
layer. Due to the mainly forward scattering nature of the
phosphor particles this method is understood to help the
absorption process of the phosphor by an increase of
scattered photon impingement onto the particle. A brief
theoretical consideration was given to help confirm this
theory.

No optimization was done with the roughening
procedure and therefore further opportunities are
available to exploit this technique in order to increase the
efficiency and light output of these devices.

Acknowledgements

The authors would like to thank Matt Thomas for
useful discussion of this work. Support by the Solid State
Lighting and Display Center at UCSB is gratefully
acknowledged.

References

(1) Associated Press: Oil Prices Rally Again, Top $72 a
Barrel, [Online] 19 April 2006.

URL: http/www.msnbc.com/id/5612507

(20 U. S Department of Energy: Energy Efficiency,
[Online] 26 September 2007.

URL: http:/www.eia.doe.gov/kids/energyfacts/saving/
efficiency/savingenergy.html

(3 AMANO, H. KITOH, M., HIRAMATSU, K., and
AKASAKI, I, Gallium Arsenide and Related
Compounds, (eds) IKOMA, T, WATANABE, H.,
BRISTOL, H., UKIOP, p.725 (1989).

(49 NAKAMURA, S, MUKAL T, and SENOH, M.

- Candela-Class  High-Brightness InGalN/AlIGaN
Double-Heterostructure Blue-Light-Emitting Diodes,
Appl. Phys. Lett., Vol. 64 (13), pp 1687-1689, (1994).

(5) BANDO, K., NOGUCHI, Y, SAKANO, K, and
SHIMIZU, Y.: Tech. Digest, Phosphor Res. Soc., 264th
Meeting, November 29 (1996).

(6) SCHUBERT, E. F: Light-Emitting Diodes 2nd
Edition, Cambridge University Press, Cambridge,
p.350 (2003).

(0 Id.at 150 -153.

(8 MASUI, H., NAKAMURA, S., and DENBAARS,

The llluminating Engineering Institute of Japan

NI | -El ectronic Library Service



The Il lum nating Engineering Institute of Japan

114

S.P: Analytical Light-Ray Tracing in Two-
Dimensional Objects for Light-Extraction Problems
in Light-Emitting Diodes, Appl. Opt., Vol. 46(36), to
be published (2007).

(9 FUJI, T, GAO, Y, SHARMA, R, HU, E. L,
DENBAARS, S. P, and NAKAMURA, S.: Increase in
the Extraction Efficiency of GaN-Based Light-

Emitting Diodes Via Surface Roughening, Appl. Phys.

Lett., Vol. 84(6), pp.855-857 (2004).

(10) SCHNITZER, 1., YABLONOVITCH, E., CANEAU,
C., GMITTER, T J., and SCHERER, A.: 30%
External Quantum Efficiency From Surface
Textured, Thin-Film Light-Emitting Diodes, Appl.
Phys. Lett., Vol. 63 (16), pp.2174-2176 (1993).

(11) HAO, M., EGAWA, T, and ISHIKAWA, H.: Highly
Efficient GaN-Based Light Emitting Diodes with
Micropits, Appl. Phys. Lett., Vol. 89, pp.241907-
241909 (2006).

(12) YAMADA, K, IMAI, Y, ISHII, K.: Optical
Simulation of Light Source Devices Composed of
Blue LEDs and YAG Phosphor, J. Light Visual
Environment, Vol. 27 (2), pp.70-74 (2003).

- (13) NARENDRAN, N., GU, Y,, FREYSSINIER-NOVA

’ J.P, and ZHU, Y.: Extracting Phosphor-Scattered
Photons to Improve White LED Efficiency, Phys.
Stat. Sol., Vol.202, pp.R60-R62 (2005).

(149 FELLOWS, N., MASUL, H., SATO, H., ASAMIZU,
H., 1ZA, M., ZHONG, H., NAKAMURA, S., and

The Illluminating Engineering Institute of Japan

J. Light & Vis. Env. Vol.32, No.2, 2008

DENBAARS, S. P: Enhancement of External
Quantum Efficiency in GaN-Based Light-Emitting
Diodes Using a Suspended Geometry, presented at
the 7t International Conference of Nitride
Semiconductors, Las Vegas, NV, 2007 (unpublished).

(15) SEINFELD, J. H., and PANDIS, S. N.: Atmospheric
Chemistry and Physics: From Air Pollution to
Climate Change, John Wiley & Sons, Inc., New York,
pp.1114-1126 (1998).

(16) CHERVET, P, LAVIGNE, C., ROBLIN, A, and .
BRUSCAGLIONI, P: Effects of Aerosol Scattering
Phase Function Formulation on Point-Spread-
Function Calculations, Appl. Opt., Vol 41(30),
pp.6489-6498 (2002).

(17 DUGGAL, A., FOUST, D., HELLER, C., NEALON,
B., TURNER, L., SHIANG, J., BAYNES, N,
BUTLER, T, PATEL, N. OLEDs for General
Lighting, Final Report Contract No. DE-FC26-
00NT40989, Office of Science and Tech. Information,
US DOE, p.13 (2003).

This paper is based on the authors’ presentation
given at the 1st International Conference on White
LEDs and Solid State Lighting held in Tokyo, Japan,
on November 26th - 30th, 2007.

64

NI | -El ectronic Library Service



