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                        ABSTRACT
We  have demonstated the ability to increase the luminous fiux and  luminous eficacy of white  ljght-emiding diodes
(LEDs) by randomly  patteming the surfboe  of the yellow phosphor matrix. The phosphor was  moved  away  ftom the
LED  die by placing it on  top of a  $i]icone optic and  then roughening  the surlace  of the phosphotiresin mndure.  It was
found that the roughening  jncreases the luminous fiux and  eficacy by 1O%  over the smooth, non-pattemed  phosphor
mixture.  The roughened  sampleis  operating  vohage,  luminous flux, luminous efficacy CCI  color  ooordinates,  and

CRI were  3.2 V  7.4 lm, 115.6 lmAtV, 4244 K, (O,388, O.448), and  61 at 20 rnA  CW, and  room  temperature operation.

Abrief presentation on  phosphor scattering is intoduoed to he[p explain  the effbct of the roughening,
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1. inmiu(mi

 Solid state  lighting has gained a  large amount  of

momentum  in recent  years due to its potential energy

saving  benefits and  relial]ility  With the cost  of crude  oil

reaching  over  $70 per barrel in 2006 in the U.S.D alternate
energy  sources  are  becoming more  attractisre. The average

American housebold spends  approximately  60%  of  its

monfhly  ubi]ity  bM  on  electndy  From  tihis nearly  one-

quarter is due to lighting2). The possibility of  using  IIEDs
for solid state  lighting came  with breakthroughs in GaN
IIEDs, [[he achievement  ofp'type  dqping in GaN  in 1990
by Amano  et alsi and  the use  of InGaNIGaN  dDul)le
heterostmctJure in IEDs  in 1994 by Nakamura  et  alalled
to the GaN  system  as  the bright blue light souroe  for
white  light in corp'unction  witli the use  of  pbosphors,
Using a  pbospbor as  a  wavelength  converter  was  first
demonstrated by Bando et al  in 1996 S. [[1iis approach  for
a(x}omplishing  white  light emission,  eommonly  referred  to

as  the down'oonversion technique, has several  advantages.

First, only  one  blue LED  chip  is required  as compared  to

using  three LEDs  (RGIsi for coloT  mixing,  which  in turn
lowers the production cost.  Second, they are  stable  long
term  unlike  other  wavelengtih  converters  such  as  dyesel.
Small size and  tihe al)senee of  mercury  make  L[ED  lighting

more  appea]ing  than other  illumination sources.

 Considerations of  the extraction  prdblem  in high
refractive  index materia]s  such  as GaN  have been shown
before'}si, Roughening or  nanotexturing  the suiface  of  an

IEDsuiO as  well  as  imoducing  Vshaped  mic rcrpits  on  GaN
templatesiD have been shown  to increase emission

efiiciency due to improved dght extraction,  It has also

been pveviously weported  tihat approximately  60%  of the

luminous flux of a  white  IIED is refected  back to the die
where  the photons  can  be absorbediptisi. It is assumed  that
these refections  can  be reduced  by randomly  patJteming
the pbosphor  matrix  which  would  give a  higher

probelbMty for the photons to escape.

2. ExpemientaISetup

 The LII]Ds used  in this experiment  were  commercially

availtible dies that were  470 x  250 ym2. 0ne  IIED die was

placed onto  a  silver plated TO'56 header (5.6 mm  in
diameteD and  afiixed  by silver loaded epoxy  It was  then
wire  bonded with 25 pm  diameter gold wire.  Next, an
inverted tmcated  pyramid  optic  was  placed on  top of  the
die, This optic  was  composed  of  a  two  part sMcone  resin

(GE Silicone RTV615) whose  nominal  index af refraction

is 1.406 with a therrnal conductivit}T  of  O.2 W  m-  
iK

 
-
 
i.

Details of this qptic are  descrribed elsewherei4,  The

puTpose of tihis optic  was  two-fold. Firstl}l the higher index
of refraction  from the silicone helped to increase the light
escape  cone  by inereasing the cxitical  angle.  SecondlM tihis

geometry  allowed  for the scattered  photon  extraction

method  to be employed  which  also increases the liglrt
output  since  not  all  of  the backscattered light from the

phoqpbor  ]ayer is reabsorbed  in the asD  die.

 Next a  phDspbor layer was  p]aoed on  top of the flat
ponion  of tihe optic. 1[he phosphor  used  in this experimenf
was  a  commercial  YbAlsOi2 tsittrium aluminium gameO
phospbor (subsequently referred  to as  YAG  phospbori.
[IIhe pbospbor was  mixed  with a  ratio  of 81%  to 19%

phosph{llr to silicone. Once the phosphor  mixture  had been
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prepared, O.25 g was  placed onto  the top of  the inverted

pyramid. A  schematic  is shown  in Figure 1(al. [[[his
configuration  was  then measured  in a 500 mm

integrating sphere  witih a  spectrometer,  This bhie IED  at

20 mA  was  3.2 V 23.4 mW  with a  peak  wavelengtih  of  448

nm.

          phosphorlayer
          / x
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Figure 1 Sctiematic of a  roughened  sample (b) and  an  un-

     roughened  sample  ta)

 After the smooth  phosphar configuratiDn  was  measured

the qptic with  the phosphor  layer was  removed  lbom the
IED  and  another  inverted pyramid  was  placed orrto the
same  LED  die. [lhe benefu in using  the same  die was  to

help eliminate  any  variations  to perfbrmance due to

differences in drive voltages  and  radiant  flux ibom  die to
die. Emplcrying the same  die would  isolate the reason  for
any  increase in luminous flux and  ecacacy  [[he same

amount  af phoffpbor mixtuTe  by weight  was  then  plaoed
orito  tihe cone  optic  bowever a  roughened  surface  was

introduced on  tcrp of the phospbor mixture  as  shown  by
I]igure 1(tD. [[he roughened  surface  was  an  aluminum
oxide  120-grit square  piece of  sandpaper  (120 abrasive
panicles per indh), The  sandpaper  gives a  unifoum  and

randomly  distributedpatteming for tihe phoffphor mixture.
Once tlie mixture  is cured  the sample  is removed  from the

paper and  measured  in an  integrating qphere with a

spectrometer,  Scanning electron  micrograph images were
taken  of  tihe sandpaper  and  roughen  phDsphor  layer after
cumhg  and  are  shown  in Figure 2. It can  be seen  that the
phosphor layer is smother  then  the sandpaper

Figure 2 SEM  (a) 120-grk sandpaper  and  (b) ptiosphor layer

     rougheried

     The  darker spots  in the image are  vacant  of pliosphor
     material.
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3. Disc]sffionandResults

 [lhe luminous flux and  luminous efficacy  is given in
Figure 3 for the two  djffererrt configurations.  The diode
was  tested under  DC  conditions  at  room  temperature.
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Figure 3 A  comparison  of luminous flux and  ellicacy between a

     smocrtii phosphorsurlace and  a  roughen  one

 At 20rllA DC  a  typical luminous  flux, luminous  eficaqs

correlated  color  temperature, color  ooordinates  and  coIor

rendering  for the smcotih  sample  were  6.7 lm, 104.8 lm/ViT,
4364 K  (O.379, O.43pt, and  62 vespeodvely  [[he roughen
sample  was  7.4 lm, 115.6 lmlVV, 4244  K  (O,388, O,448), and

61 respecnively  The increase in both luminous flux and
luminous eficacy  was  slightly  over  10%.
 The cause  of  the inc rease  is believed to be due to two
weasons.  Flirst, as  previously discussed, tihe roughen

surface  allows  for angular  randomizations.  This inereases
the prcSbahility forr the photons  to make  ir into tihe escape

cone  and  out  to firee spaee.  A  second  reason  for the
increase is due to tihe scatteimg  nature  of tihe pbospbor
panicle, [[he al)serption and  scatteTing  of ]ight by
spherical  panicles is a  classical pr6blem  in physics where
the mathematical  formalism is given by the Mie-Debye'
lorenz theory (or Me  theory for sbord.  [[he key

parameters  for this theory aTe  the wavelengtih  X of the

incident radiation,  the size of  the partiele which  is usually
e)rpressed  as  a  dimensionless size parameter q

a=
 
cbP

 -t-----e--------e--e------------------  (1)
  1

where  Dp is the diameter of  the particle, and  tihe qptical
property relative  to the surrounding  medium,  the complex
index  of  refractioniS.  For  this experlrnerrt  a>>  1 and  Mie
theoTy can  be sirnplified  by geometrical optios  (if a<<  1 we
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could  simplify  to RaYleigh scatteiing  regime).  Using the
Henyey'Greenstein formula CPHal for appreximating  the

scatteimg  phase  furictioniet we  are  able  to see  tihe

seatteimg  angle  e of  a  broad size  distribution of a  pairticle
system  by use  of  the asymmetry  parameter  g

ll,, =:
1-g2

(1+g2-2gcose)3'2･･･････････････････････(2)

Tlie asymmetry  parameter g is defined as  the intensity'
weighbed  average  of the cosine  of  the scattering  angle.

When  g =  1 ]iglrt is scattered  tota]ly at e == OO (tihe forward
directionl, for g=  

-1
 light is scattered  completely  at e=

1800 foackward directionl. Isotropic ]ight scattering  is for g
=  O. It has been reported  e]sewherei7)  that for a  spherical

particle with an  index of refraction  of  1.85 (n=1.9 for our
expeiment)  embedded  in a medium  of  index 1.41 fours is
1,406) and  a  4 pm  diameter that g -"O.8'O.85 and  inereases
slowly as  the size  is inereased (20 pm  is the average  size of

the pa!rtiales here). TEherefore assuming  an  asymmetry

parameter g 
-O.85

 Figure 4 shows  the PHG as  a  fUriction of

the scattembg  angle.

4. Conclii{imgRemarlgs

 White Mumination by using  a wavelength  converter

such  as  a  phoqpbor on  a blue lighr emitting  diode is one
means  of  ac{hieving  efiicierrt and  energy  saving  lighdng.
We  have  demonstrated the abthty  to increase the
luminous

 
flux

 
and.efieacy

 of the white  IED  by 10%  by
randomly  pattermng  the top layer of  the phosphor
mixture.  By  placing a  piece ofsandPaper  onto  the uncured

phospbor  mixture  and  then  cutmg  it, the sandpaper

leaves an  imprint which  randomly  patterns the phosphor
layen Due  to the mainly  forward scattering  natJure of  the

phospbor  particles tihis method  is understood  to help the
absorption  process of  the phoqphor  by an  inerease of
scattered  photon  impingement onto  the particle. A  brief
theoretical consideration  was  given to help conlirm  this

theory

 Nb  optimization was  done with the roughening

prooeduTe and  therefore further crpportunities  are

available  to exploit  this teehnique in order  to inerease the
efieienqy  and  light output  ofthese  devices.
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Figure 4 The Henyey-Greensteln phase funedon for a scatbering

    panide system  as  a fundion of scattering  angle

    Here it i$ assumed  that the asymmetry  parameter is O.85.

 As shown  in Fig, 4 when  light irnpinges upon  a

phosphor  particle most  of the scattered  light is in the
forward direction. Since this ]ight is not  being al)sort)ed by
the phoqphor  the efficiency  af  the system  is lowered. It is
believed that when  tihe bepmost  surfaoe  of the phospher
mixture  is roughened  then  the  scatteved,  unabsorbed  ]ighr
has had  moTe  chanoes  to come  into eontact  with  phospbor
particles and  thereby be absorbed  by them.  Altihough tihis
is a  rough  estimate  of  what  is happening, the 10%
increase assures  that the roughening  is helping to
impTove the system's  crverall performance.

 Tlie autbors  would  1ike to thank Matt Thomas  for
usefu1  discussion of  this work.  Support by tihe Solid State
Lighting and  Display Cerrber at  .UCSB  is grateful]y
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