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*G00002*  Improvements in External Light Efficiency of
Light Emitting Diodes Field of the Invention 5 This
invention relates to improvements in external light
efficiency of light emitting  diodes and refers
particularly, though not exclusively, to light
emitting diodes with  surface texturing, include
micro-lenses and/or surface roughening, on a light
output  surface, and a method of such surface
texturing on a light output surface of light  emitting
diodes. 10 Background of the Invention Ga-N-based
light emitting diodes (LEDs) have been intensively
studied and  15 developed in recent years. High
efficiency, high power, GaN-based LEDs have
..attracted interest for applications such as
displays, traffic signals, back lighting for
mobile/cellular telephones and similar apparatus, and
white light sources.  Reducing cost and improving
light output efficiency are important factors to
enable  such GaN LEDs to succeed in the mainstream
lighting market. 20 In general, the internal quantum
efficiency (i7;) for GaN-based LEDs is significantly
less than 100% due to crystal quality and epitaxial
layer structure. A typical (q) can  reach about 70 to
80%. Further improvement has proven difficult to
achieve. The  external quantum efficiency (q,,) is
still much lower than internal quantum 25 efficiency.
This is because the light extraction efficiency of
conventional GaN-based  LEDs is limited by total
internal light reflection, which occurs at the
semiconductor- air interface due to the high
refractive index of GaN (n=2.5) compared to air (n=1).
The critical angle for the light generated in the
active region is only about 23. Most  of the light
generated is repeatedly reflected into the substrate
and eventually 30 absorbed. Assuming that light
emitted from sidewalls and the bottom is neglected,  



only a small fraction (4%) can be extracted from the
surface. Conventional GaN-based LEDs grown by
metalorganic chemical vapor deposition  (MOCVD) use a
nonconductive sapphire substrate. The epitaxial layers
on the  35 sapphire substrate consists of usually a
light-generating layer (active region) sandwiched
between a relatively thick n-type doped GaN layer and
relatively thin p- type doped GaN layer. The n-type
GaN layer is formed by a stack of multiple layers
(undoped or doped to n-type semiconductor made of GaN
related materials like  GaN, AGaN, or InGaN, or
AIGaInN, etc.) on the sapphire, while the p-type GaN
layer is formed by a stack of multiple layers (undoped
or doped to p-type  semiconductor made of GaN related
materials like GaN, AIGaN, or InGaN, or 5 AIGaInN,
etc.) away from the sapphire. The top p-GaN surface
epitaxial layer is  Ga-Polar which is often used as
light extraction surface. The poor thermal
conductivity of the sapphire substrate, and the
relatively high current densities,  combine to degrade
the device performance due to excessive heating from
the  active layer during operation. At the same time,
the relatively thin p-GaN layer 10 (usually less than
0.5 micrometer) and the high resisitivity of p-GaN, is
highly  sensitive to plasma damaging and is difficult
to use for dry surface texturing.  Furthermore,
Ga-polar GaN is chemically inert and is more difficult
to wet etch than  N-polar GaN. The other side of the
active region, i.e., the n-GaN layer of the active
region is usually much thicker ( 2 to 5 micrometers
thick) than the p-type GaN layer, 15 and is ideal for
making surface texturing due to its thickness.
However, this part is  below the active region and on
the sapphire. It is not able to be surface textured
unless the sapphire is removed. To address these
problems, vertical laser liftoff of GaN LEDs and other
methods  20 have been developed to detach the sapphire
from the GaN epitaxial films grown on  it. Flip-chip
or other bonding technologies have also been developed
to attach the  GaN films to a new substrate with good
thermal conductivity. Different surface  roughening
techniques on exposed LED N-polar n-GaN surface have
also been  developed, including ICP plasma etching and
wet etching. 25 



The formation of micro-lenses on an output surface of
a light emitting diode has  been proposed. However, in
the main it is not possible as the active region is
close  to the light emitting surface on the p-type GaN
layer and the forming of the micro- lenses or surface
roughing may damage the active region. 30 Summary of
the Invention In accordance with a first preferred
aspect there is provided a method to improve  35 the
external light efficiency of light emitting diodes,
the method comprising etching  an external surface of
an n-type layer of the light emitting diode to form
surface  texturing, the surface texturing reducing
internal light reflection to increase light  output. 3
According to a second preferred aspect, there is
provided a light emitting diode  comprising an
external surface of an n-type_layer of the light
emitting diode having  surface texturing formed by
etching, the surface texturing being for reducing 5
internal light reflection for increasing light output
and external light efficiency of the  light emitting
diode. According to a third preferred aspect, there is
provided a light emitting diode  comprising an
external surface of an n-type layer of the light
emitting diode, and  10 layer of another material
being formed on an external surface of the n-type
layer, an outermost layer of the layer of another
material being surface textured for reducing  internal
light reflection for increasing light output and
external light efficiency of the  light emitting diode
. 15 For all aspects the active layer may comprise of
one or more of: a quantum well,  quantum wells,
quantum dots, and quantum wires. The surface texturing
may be by  wet etching with a chemical solution. The
chemical solution may be an aqueous  solution of
potassium hydroxide at an elevated temperature for a
predetermined  period. Agitation of the light emitting
diode may be used during the etching. The 20 agitation
may be by ultraviolet illumination. Additionally or
alternatively, the surface  texturing may be by dry
etching. The dry etching may be plasma etching, plasma



bombardment or laser processing. The dry etching may
be before or after the wet  etching. 25 The surface
texturing may be at least one of: surface roughening,
micro-lenses,  and surface roughened micro-lenses,
holes, voids, pillars and vias. The micro- lenses may
be selected from: hemispherical, substantially
hemispherical,  hemispherical with a flat top, a
segment of a sphere, pyramidicial, cylindrical, and
cuboid. The micro-lenses may be of: 30 (a) a spacing
between the micro-lenses in the range 2 to 3pm;  (b) a
pitch of substantially 6pm; and (c) a radius of
substantially 2pm. The micro-lenses may be
substantially pyramidical and may have facets at an
angle  of substantially 58. The surface texturing may
be over a part of the external  35 surface. The
surface texturing may be in light spaces formed
between joining portions and an outer portion of a
current dissipation array on the external surface. 4
A first ohmic contact may be formed on the external
surface of the n-type layer and  a second ohmic
contact may be formed on p-type layer external
surface. The  second ohmic contact may reflect light
for enhancing light emission of the light  emitting
diode. The second ohmic contact may comprise a stack
of multiple layers 5 of metals and their alloys. The
metal may be silver, aluminum or another highly
reflective metal. The highly reflective metal may be
for a light reflection layer for  enhancing light
reflection of the light emitting diode. The second
ohmic contact may  cover the entire p-type layer
external surface. Alternatively, the second ohmic
contact may cover a portion of the p-type layer
external surface, with the remainder 10 of the p-type
layer external surface being at least partially
covered with at least one  reflective material for
reflecting light for enhancing light emission of the
light  emitting diode. The p-type layer, the active
layer and the n-type layer may be of one or more of a
15 GaN-related material such as, for example, GaN,
InGaN, AIGaN, AIGaInN, InN and  AIN. 



Surface texturing may also be on the p-type side by
surface texturing at least one  layer selected from:
the p-type layer, the ohmic contact layer, and the
contact layer.  20 Brief Description of the Drawings
In order that the present invention may be fully
understood and readily put into  practical effect,
there shall now be described .by way of non-limitative
example only  25 preferred embodiments of the present
invention, the description being with  reference to
the accompanying illustrative drawings. In the
drawings: Figure 1 is a vertical cross-sectional view
of a first preferred embodiment;  30 Figure 2 is an
enlarged view of a part of Figure 1; Figure 3 is an
enlarged view of the right-hand end of Figure 2;
Figure 4 is a top plan view of the embodiment of
Figure 1; Figure 5 is a photomicrograph of a portion
of a light emitting device according to the  first
preferred embodiment; 35 Figure 6 is a scanning
electron microscope image of a second preferred
embodiment: Figure 7 is a more detailed image of a
portion of Figure 6; 5  Figure 8 is a graph of L-I
characteristics for different etching times;  Figure 9
is a graph of I-V characteristics for different
etching times;  Figure 10 is an enlarged side view of
a third preferred embodiment;  Figure 11 is an
enlarged side view of a fourth preferred embodiment;
and 5 Figure 12 is an enlarged side view of a fifth
preferred embodiment.  Detailed Description of the
Preferred Embodiments To refer to Figures 1 to 4 there
is shown a first preferred embodiment being a light
10 emitting diode 100 having: a first contact layer
101 of conductive metal;  a seeding layer 102, a
reflective layer 103;  an ohmic contact layer 104; 



a p-type material layer 105 such as, for example, GaN;
15 a plurality of epitaxial layers forming an active
layer 106; and a conductive layer 107 of n-type
material such as, for example, GaN. Any layer may be a
stack of multiple layers. The n-type layer 107 is
relatively thick,  whereas the p-type layer 105 is
relatively thin. The active layer 106 may be one or
more of: a quantum well, quantum wells, quantum dots
and quantum wires. 20 The conductive layer 107 is for
the transmission of light generated in the active
layer 106, the light passing through an external light
output surface 108 of  conductive layer 107. The
external surface 108 is the external surface of the
air-n 25 GaN interface. A bonding pad 109 is formed on
the external surface 108. A current  dissipation array
110 may also be formed on the external surface 108.
The external surface is surface textured to improve
external light efficiency by  reducing total internal
reflection. Surface texturing may be by one or more of
30 surface roughening, micro-lenses, surface roughened
micro-lenses, holes, voids, pillars, and vias. One way
of surface texturing is to etch the external surface
108 to  form a plurality of micro-lenses 111 from
external surface 108. The micro-lenses  111 are
preferably hemispherical or close to hemispherical.
However, they may be  of any other suitable shape such
as, for example, hemispherical with a flat top, a  35
segment of a sphere, pyramidcial, cylindrical, cuboid,
and so forth. 6  The micro-lenses 111 may be of any
suitable size and spacing. For example, the spacing
between the micro-lenses 111 may be of the order of 2
or 3pm; the pitch (the spacing between  centres of
adjacent micro-lenses 111) may be of the order of
about 6pm; and each micro-lenses  may have a radius of
the order of about 2pm. 5 As shown on Figures 2 and 3,
arrows 211, 212 and 213 represent light generated in
active layer  106 and passing through layer 107. The
majority of the light will pass into micro-lenses 111
or  will be incident upon the internal surface 114 of
the air/GaN interface. When the angle of  incidence of
a light beam 211, 212, 213 contacting the internal
surface 114 between micro 



10 lenses 111, or the inner surface 113 of
micro-lenses 111, at an angle 215 less than the
critical  angle the light will pass through inner
surface 113 and internal surface 114 and will thus be
output from the LED 100. If the angle 215 is greater
than the critical angle, the light will be  reflected
by inner surface 113 and internal surface 114. The
angle 215 is the angle between the  incident light
beam 214 and a line 516 perpendicular to a tangent 517
at the point where beam 15 214 is incident upon
surface 113, 114. The critical angle is when angle 215
is such that light  beam 214 is reflected by inner
surface 113 or internal surface 114 rather than
passing through  inner surface 113 or internal surface
114 respectively. The critical angle will depend on
the  material of n-GaN layer 107 and the wavelength of
the light 214. If the angle 215 is 0, the beam  214
will pass through inner surface 113 or internal
surface 114 unaffected. If the angle 215 is 20 between
the critical angle and 0, the beam 214 will pass
through inner surface 113 or internal  surface 114 but
may be refracted. A likely range for the angle 21.5 is
20 to 35. As noted earlier,  for most n-GaN materials
and LEDs, the critical angle is about 23. Therefore,
by controlling the material, size, shape and spacing
of micro-lenses 111 it is possible  25 to control the
direction and extent of light output from the light
emitting diode 100. This may be  to the extent that
LED 100 could output a focused beam of light. Figures
4 and 11 show the arrangements of the micro-lenses 111
in a current dissipation array  109, 110 on the
external surface 108. The nature, purpose and
construction of array 109, 110  30 is fully disclosed
in our co-pending Singapore, patent application number
200606050-3 for an invention titled "Electrical
Current Distribution in Light Emitting Devices"; the
contents of which  are incorporated herein by
reference as if disclosed herein in its entirety. 7
The array 109, 110 comprises an outer portion 110
connected to the bonding pad  109 by joining portions
115. Between joining portions 115 and outer portion
110 are  a number of light spaces 421, 422, 423 and
424 in which the micro-lenses 111 are 5 located. The
light spaces 421, 422, 423 and 424 may each be of
substantially the  same size and shape, or may
different. The number of micro-lenses 111 in each
light space 421, 422, 423 and 424, and how they are
arrayed, may be the same, or  may differ from one
light space to the next. A reflective layer 116 may be
formed  under or within array 109, 110. 



10 The microlens can be formed by etching part of the
semiconductor LED. First,  photoresist is spun onto
the surface, and then patterns are formed on the
resist by  standard photolithography. These
photoresist patterns act as subsequent etching  mask
for microlens formation. Instead of the photoresist,
other materials can also 15 be used as an etching
mask. After etching and removal of any residual
photoresist,  the microlens is formed. In a second
embodiment the surface texturing is surface roughening
formed by  crystallographic wet etching of all or part
of external surface 108. This is by  20 subjecting the
n-GaN surface 108 to aqueous potassium hydroxide
etching at a temperature such as, for example, room
temperature to 2000 for a predetermined  period. The
period may be as small as a few seconds up to several
hours. For  example, the temperature may be 90C and
the predetermined period may be 7  minutes. The
aqueous potassium hydroxide solution may be a 2 Mole
potassium 25 hydroxide solution, but other
concentrations may be used. Figure 6 shows that the
surface 108 is roughened with small grains and Figure
7 shows that the surface  morphology of the n-GaN
surface 108 displays a high level of roughness at the
sub- micron scale with a dense, hexagonal pyramid
structure being formed. The facets  of the pyramids
are in planes inclined at about 584. 30 Agitation of
the light emitting diode may be used during the
etching. The agitation  may be by ultraviolet
illumination. Additionally or alternatively, the
surface texturing  may be by dry etching. The dry
etching may be plasma etching, plasma  bombardment or
laser processing. The dry etching may be before or
after the wet  35 etching. s Such dense nanotip
pyramidical structures can be used as nanolenses to
increase  the light extraction efficiency of GaN-based
LEDs. As shown in Figure 7, some of  the large
pyramids were broken and new small pyramids tips were
formed on the  top of them. The new, small pyramids
grow with time. In such way, the etching of  



5 the n-GaN surfaced 108 can continue. Figure 8 shows
the electrical luminescence ("EL") output power from
surface 108  versus the injection current (L-I) with
different etching times. The data was  obtained from
the same LED dies before and after KOH wet etching and
measured 10 on the wafer before dicing, so that any
factor other than the surface morphology  could be
neglected. The output power at a given current
increased significantly  after surface roughening.
After 7 minutes of KOH etching, the light output power
increased by a factor of 2.5 to 3. .15 Figure 9 shows
a comparison of the measured IN characteristic before
and after  KOH etching. The degradation of forward
voltage drop (Vf) after KOH etching is  mainly due to
N-metal deterioration. The aluminum inside the
Ti/Al/Ti/Au N-metal  will slowly deteriorate during
KOH etching. This problem may be solved by  depositing
N-metal after surface roughening. The reverse leakage
current does not  20 degrade with the increase of
etching time. Figure 10 shows a third preferred
embodiment which is a combination of surface
roughening 1001 on the outside surface 112 of micro
lenses 111. The surface  roughening 1001 may be over
all or part of surface 108 and/or all or part of micro
25 lenses 111. In this way the n-GaN surface 108 may
have an untreated surface  and/or a surface roughened
1001 surface and/or micro lenses 111 and/or micro
lenses 111 with surface roughening 1001. As shown in
Figure 12, a layer 1130 of another material may be
formed on the  30 external surface 108 of the n-type
layer. This may be before or after the surface is
surface textured. An outermost surface 1131 of the
layer of another material is  surface textured for
reducing internal light reflection for increasing
light output and  external light efficiency of the
light emitting diode. Surface texturing may be as
described above. 35 The ohmic contact layer 104 is
formed on the external surface of the p-type layer
105. The ohmic contact 104 may reflect light for
enhancing light emission of the 9  



light emitting diode. The ohmic contact layer 104 may
comprise a stack of multiple  layers of metals and
their alloys. The metal may be silver, aluminum or
another  highly reflective metal. The highly
reflective metal may be for a light reflection layer
for enhancing light reflection of the light emitting
diode. The second ohmic contact 5 layer 104 may cover
the entire external surface of the p-type 105.
Alternatively, the  ohmic contact layer 104 may cover
a portion of the external surface of the p-type  layer
105, with the remainder of the external surface of the
p-type layer 105 being  at least partially covered
with at least one reflective material for reflecting
light for  enhancing light emission of the light
emitting diode. 10 The p-type layer 105, the active
layer 106 and the n-type layer 107 may be of one  or
more of a GaN-related material such as, for example,
GaN, InGaN, AIGaN,  AIGaInN, InN and AIN. 15 In
addition to the surface texturing on the n-type layer
107, surface texturing may be  performed on the p-type
side. This may be on p-type layer 105 and/or contact
layer  101 and/or ohmic contact layer 104. Whilst
there has been described in the foregoing description
preferred  20 embodiments of the present invention, it
will be understood by those skilled in the  technology
concerned that many variations or modifications in
details of design or  construction may be made without
departing from the present invention. LLOYD WISE  10
THE CLAIMS 1. A method to improve the external light
efficiency of light emitting diodes, the method
comprising etching an external surface of an n-type
layer of the light emitting diode  to form surface
texturing, the surface texturing reducing internal
light reflection to  increase light output, wherein
the surface texturing is at least one selected from
the  group consisting of: micro-lenses and surface
roughened micro-lenses. 2. A method as claimed in
claim 1, wherein the light emitting diode has a layer
of p- type material and an active layer between the
n-type layer and the p-type layer. 



3. A method as claimed in claim 2, wherein the active
layer comprises at least one  selected from the group
consisting of: a quantum well, quantum wells, quantum
dots, and quantum wires. 4. A method as claimed in any
one of claims 1 to 3, wherein the surface texturing is
by  wet etching with a chemical solution. 5. A method
as claimed in claim 4, wherein the chemical solution
is an aqueous  solution of potassium hydroxide and
etching is at a temperature for a predetermined
period. 6. A method as claimed in any one of claims 1
to 5, wherein agitation of the light  emitting diode
is performed during the etching. 7. A method as
claimed in claim 6, wherein the agitation is by
ultraviolet illumination. 8. A method as claimed in
any one of claims 1 to 7, wherein the etching is by
dry  etching. 9. A method as claimed in claim 8,
wherein the dry etching is at least one selected  from
the group consisting of: plasma etching, plasma
bombardment or laser  processing. 10. A method as
claimed in claim 8 or claim 9, wherein the dry etching
is before or after  the wet etching. LLOYD WISE  11
11. A method as claimed in any one of claims 1 to 10,
wherein the micro-lenses are  selected from the group
consisting of: hemispherical, substantially
hemispherical,  hemispherical with a flat top, a
segment of a sphere, pyramidical, cylindrical, and
cuboid. 12. A method as claimed in any one of claims 1
to 11, wherein the micro-lenses are of:  (a) a spacing
between the micro-lenses in the range 2 to 3pm; (b) a
pitch of substantially 6pm; and  (c) a radius of
substantially 2pm. 13. A method as claimed in claim
11, wherein the micro-lenses are substantially
pyramidical and have facets at an angle of
substantially 58. 



14. A method as claimed in any one of claims 1 to 13,
wherein the surface texturing is  over a part of the
external surface. 15. A method as claimed in claim 14,
wherein the surface texturing is in light spaces
formed between joining portions and an outer portion
of a current dissipation array  on the external
surface. 16. A method as claimed in any one of claims
2 to 15, wherein a first ohmic contact is  formed on
the external surface of the n-type layer and a second
ohmic contact is  formed on p-type layer external
surface. 17. A method as claimed in claim 16, wherein
the second ohmic contact is able to  reflect light for
enhancing light emission of the light emitting diode.
18. A method as claimed in claim 16 or claim 17,
wherein the second ohmic contact  comprises a stack of
multiple layers of metals and their alloys. 19. A
method as claimed in claim 18, wherein the metal is a
highly reflective metal  including at least one of:
silver and aluminum. 20. A method as claimed in claim
19, wherein the highly reflective metal is for a light
reflection layer for enhancing light reflection of the
light emitting diode. 21. A method as claimed in any
one of claims 16 to 20, wherein the second ohmic
contact covers the entire p-type layer external
surface. LLOYD WISE  12 22. A method as claimed in any
one of claims 16 to 20, wherein the second ohmic
contact covers a portion of the p-type layer external
surface, with the remainder of  the p-type layer
external surface being at least partially covered with
at least one  reflective material for reflecting light
for enhancing light emission of the light emitting
diode. 23. A method as claimed in any one of claims 2
to 22, wherein the p-type layer, the  active layer and
the n-type layer are at least one selected from the
group consisting  of: a GaN-related material, GaN,
InGaN, AIGaN, AIGaInN, InN and AIN. 24. A light
emitting diode comprising an external surface of an
n-type layer of the light  emitting diode having
surface texturing formed by etching, the surface
texturing  



being for reducing internal light reflection for
increasing light output and external  light efficiency
of the light emitting diode, wherein the surface
texturing is at least  one selected from the group
consisting of: micro-lenses and surface roughened
micro-lenses. 25. A light emitting diode as claimed in
claim 24, wherein the light emitting diode has a
layer of p-type material and an active layer between
the n-type layer and the p-type  layer. 26. A light
emitting diode as claimed in claim 25, wherein the
active layer comprises at  least one selected from the
group consisting of: a quantum well, quantum wells,
quantum dots, and quantum wires. 27. A light emitting
diode as claimed in any one of claims 24 to 26,
wherein the micro- lenses are selected from the group
consisting of: hemispherical, substantially
hemispherical, hemispherical with a flat top, a
segment of a sphere, pyramidicial,  cylindrical, and
cuboid. 28. A light emitting diode as claimed in any
one of claims 24 to 27, wherein the micro- lenses are
of: (a) a spacing between the micro-lenses in the
range 2 to 3pm;  (b) a pitch of substantially 6pm; and
(c) a radius of substantially 2pm. LLOYD WISE  13 29.
A light emitting diode as claimed in claim 27, wherein
the micro-lenses are  substantially pyramidical and
have facets at an angle of substantially 58. 30. A
light emitting diode as claimed in any one of claims
24 to 29, wherein the surface  texturing is over a
part of the external surface. 31. A light emitting
diode as claimed in claim 30, wherein the surface
texturing is in light  spaces formed between joining
portions and an outer portion of a current
dissipation array on the external surface. 32. A light
emitting diode as claimed in any one of claims 25 to
31, wherein a first ohmic  contact is formed on the
external surface of the n-type layer and a second
ohmic  



contact is formed on p-type layer external surface.
33. A light emitting diode as claimed in claim 32,
wherein the second ohmic contact is  able to reflect
light for enhancing light emission of the light
emitting diode. 34. A light emitting diode as claimed
in claim 32 or claim 33, wherein the second ohmic
contact comprises a stack of multiple layers of metals
and their alloys. 35. A light emitting diode as
claimed in claim 34, wherein the metal is a highly
reflective  metal including at least one of: silver
and aluminum. 36. A light emitting diode as claimed in
claim 35, wherein the highly reflective metal is  for
a light reflection layer for enhancing light
reflection of the light emitting diode. 37. A light
emitting diode as claimed in any one of claims 32 to
36, wherein the second  ohmic contact covers the
entire p-type layer external surface. 38. A light
emitting diode as claimed in any one of claims 32 to
36, wherein the second  ohmic contact covers a portion
of the p-type layer external surface, with the
remainder of the p-type layer external surface being
at least partially covered with  at least one
reflective material for reflecting light for enhancing
light emission of the  light emitting diode. 39. A
light emitting diode as claimed in any one of claims
25 to 38, wherein the p-type  layer, the active layer
and the n-type layer are at least one selected from
the group  consisting of: a GaN-related material, GaN,
InGaN, AIGaN, AIGaInN, InN and AIN. LLOYD WISE  14 40.
A light emitting diode as claimed in any one of claims
24 to 39 further comprising  surface texturing on the
p-type side. 41. A light emitting diode as claimed in
claim 40, wherein the surface texturing on the p- type
side is on at least one layer selected from the group
consisting of: the p-type  layer, the ohmic contact
layer, and the contact layer. 42. A method as claimed
in any one of claims 1 to 23 further comprising
surface  texturing on the p-type side by surface
texturing at least one layer selected from the  group
consisting of: the p-type layer, the ohmic contact
layer, and the contact layer. 


