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20 The conversion efficiency of individual LEDs is an important factor in addressing the
cost of high power LED light sources. The conversion efficiency of an LED is defined to be
the electrical power dissipated per unit of light that is emitted by the LED. Electrical power
that is not converted to light in the LED is converted to heat that raises the temperature of the
LED. Heat dissipation places a limit on the power level at which an LED operates. In

25  addition, the LEDs must be mounted on structures that provide heat dissipation, which, in
turn, further increases the cost of the light sources. Hence, if the conversion efficiency of an
LED can be increased, the maximum amount of light that can be provided by a single LED
can also be increased, and hence, the number of LEDs needed for a given light source can be
reduced. In addition, the cost of operation of the LED is also inversely proportional to the

30  conversion efficiency. Hence, there has been a great deal of work directed to improving the

conversion efficiency of LEDs.



For the purposes of this discussion, an LED can be viewed as having three
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In Ahe t?alnggasreanboﬁr?&aw]{sqypelcs:ally covered by a material having a much lower index of

refraction than that of the LED structure. Light striking this boundary at angles greater than
the critical angle with respect to the normal at the boundary is reflected back into the LED
structure. The critical angle depends on the difference in the index of refraction between the
LED layers and that of the surrounding medium, which is typically air or a material such as a
25  plastic. For LEDs constructed from GaN or similar materials, the difference is sufficient to
result in a significant fraction of the light being reflected. This reflected light becomes
trapped between the planar boundaries of the LED where it will be continually reflected until
the light is lost due to absorption. In the case of conventional GaN-based LLEDs on sapphire
substrates approximately 70% of the light emitted by the active layer remains trapped within
30  the LED.

Several techniques have been described to improve light extraction from LEDs, and

hence, improve the light conversion efficiency of these devices. In one class of techniques,
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20

Summary of the Invention

The present invention includes a light emitting device and method for making the

same. The light-emitting device includes an active layer disposed between first and second

25  layers. The first layer has top and bottom surfaces. The top surface includes a first material
of a first conductivity type, including a plurality of pits in the substantially planar surface.
The active layer overlies the top surface of the first layer and conforms to the top surface, the
active layer generating light characterized by a wavelength when holes and electrons
recombine therein. The second layer includes a second material of a second conductivity

30 type, the second layer overlying the active layer and conforming to the active layer. In one
aspect of the invention, the pits have a dimension that is greater than the wavelength of light
generated by the active layer. In another aspect of the invention, the device includes a

substrate on which the first layer is constructed, the substrate having a lattice constant



aspect of the invention, the pits have a dinension that is greater than the
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enbodi nent of an LED according to the present invention. 20 Detail ed
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cross-sect i Gigdre 2iieWs@iplaicAleidds-sédtifon2Si&adf hpsecarl EBD th&ltififed Sroagmst r uct ed
by growing three layers on a sapphire substrate 24. The first layer 21 is
IR- t ysﬂéf%@atﬂ ippgieithg lightgstracsion sHiqienesof the I -t ype GaN | ayer 23. The
third layer 22 is an active layer that emts |ight when holes and el ectrons
fromlayers 21 and 23 conbine therein. As noted above, each of these |ayers

may i ncl ude [AgiyBaetrood-seatbndl a8Y 6f a Sirl6€ of HELEDRCEraing (©bnd Heb&RliSUR- | ayer s

are well known in the art and are not central to
of the present invention.

15 Figures 4A and 4B are cross-sectional views of a portion of the GaN layers through

the n-cladding layer.

Figure 5 is a cross-sectional view of another embodiment of an LED according to the
present invention.
20

Detailed Description of the Preferred Embodiments of the Invention

The manner in which the present invention provides its advantages can be more easily

understood with reference to Figure 1, which is a simplified cross-sectional view of a prior art
25  GaN-based LED. LED 20 is constructed by growing three layers on a sapphire substrate 24.

The first layer 21 is an n-type GaN material. The second layer is a p-type GaN layer 23. The

third layer 22 is an active layer that emits light when holes and electrons from layers 21 and

23 combine therein. As noted above, each of these layers may include a number of sub-

layers. Since the functions of these sub-layers are well known in the art and are not central to
30  the present discussion, the details of these sub-layers have been omitted from the drawings

and the following discussion.



30t he present discussion, the details of these sub-layers have been omtted
fromthe drawi ngs and the foll ow ng discussion. As not ed above,
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the surface. Exemplary scattering centers are shown at 32 and 33; however, it is to be
understood that surface 31 is covered with such scattering centers. When light leaving layer
22 strikes surface 31, part of the light will strike the surface at angles greater than the critical
angle and escape. The remaining light will be scattered back into layer 23 at a number of

25  different angles and will be reflected from boundaries 29a or 29b back toward surface 31.
One such ray is shown at 34. When ray 34 strikes surface 31 at scattering center 33, the light
will again be scattered with part of the light exiting through surface 31 and part being
scattered back toward boundary 29a. Hence, at each reflection, part of the light that strikes
surface 31 is extracted. Hence, a significant improvement in the light extraction efficiency

30  can be obtained.



WO 2011/ 0221286PCT/ US2010/ 041356 In such prior art devices, the
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active layer 44 and the p-cladding layer 45 are deposited. These layers follow the contours of
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20 light trapped in either the active layer or the cladding layer.

An electrode 46 is then deposited over p-cladding layer 45 to provide one of the
electrodes that will be used to power the LED. If light is to be extracted through the p-
cladding layer, electrode 46 is constructed from a transparent material such as indium tin
25  oxide. If the light is extracted through substrate 41, electrode 46 includes a reflecting layer to

redirect light striking electrode 46 toward substrate 41.

LED 40 can be viewed as having a layered structure that includes planar sections that
are interrupted by the angled sections formed in the pits. In one aspect of the invention, the
30 layers above the active layer extend into the pits. Light that is trapped in the planar sections
because that light strikes one of the planar sections at an angle greater than the critical angle
will strike the regions in the pits at angles less than the critical angle, and hence, escapes

through layer 46 in the case in which layer 46 is transparent. In the case in which layer 46 is a
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The above-described embodiments of the present invention require an n-cladding
layer that is pitted and that acts as the substrate that is coated to provide the active layer and
p-cladding layers. In one aspect of the present invention, the pitted substrate is created by
20  making use of the dislocations in the n-GaN layers that result from the difference in the lattice
constants between the GaN layers and the sapphire substrate on which the GaN layers are

deposited.

Refer now to Figure 4A, which is a cross-sectional view of a portion of the GaN
25  layers through the n-cladding layer discussed above. The GaN layers are deposited on a
sapphire substrate 41 whose lattice constant differs from the GaN layers. The difference in
lattice constant gives rise to dislocations that propagate through the various layers as the
layers are deposited. An exemplary dislocation is labeled at 51. The density of such
dislocation is typically 10 to 10'® per cm® in a GaN LED deposited on a sapphire substrate.
30  The present invention utilizes these dislocations to selectively form pits such as pit 52 into the

surface of n-cladding layer 43.
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20 rate is much higher than the facet growth rate. Each of these 3 parameters has a strong effect
on the surface mobility of the atoms on the growing surface, and hence, can be manipulated to
cause the pit size to increase as the layer is grown. Similarly, these 3 parameters can likewise
be optimized for the pAlGaN and pGaN layers in order for the pit to continue growing in size
as these layers are deposited, as opposed to filling them in with material.

25

The pits can also be created by using an etchant that etches facets 65 at a rate greater
than that of facet 63. For example, the etching operation can be accomplished in the same
growth chamber by introducing H, into the growth chamber after the growth of the n-cladding
layer is completed. The growth conditions can be set to enhance etching of the facets by

30  utilizing a growth temperature that is greater than or equal to 950 °C using an ambient
containing NH3 and Ho. In the absence of any group III materials, this ambient will etch the
facets at a much higher rate than the c-plane material. Over time, the pits will open up due to

the difference in etch rate between the facets and the c-plane material.
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or otherwise redirected at the pits. If pits are much smaller than the wavelength of light, the

efficiency with which the light is scattered is significantly reduced. The pits also preferably
have a depth sufficient to assure that the top surface of the ITO layer extends into the pit so
25  that light reflected at the interface between the ITO and the p-cladding layer escapes through

the portion of surface of the ITO layer that is formed over the pit.

The above-described embodiments of the present invention utilize the dislocations in
the n-cladding layer and underlying layers to guide the etching of the pits. However,
30  embodiments in which the pits are created by conventional lithographic directed etching
could also be constructed. Refer now to Figure 5, which is a cross-sectional view of another
embodiment of an LED according to the present invention. LED 50 utilizes “pits” 57 that are

generated lithographically. In such embodiments, a lithographic map is generated on the n-
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Por on, O SR YO PARL B LRIRCLLR RS BRI ERLRRF o PR i,
absor bage WEDDI A thBGedskl of pits increases, the efficiency of light extraction also increases;
however, the improvement obtained by increasing the density of pits decreases once the
density of pits reaches some predetermined level. As the density of pits is increased, the
amount of absorbing material through which the light must travel before being extracted from
25  the LED decreases. Once the absorption becomes small compared to the amount of light that
escapes the LED, further improvements are less valuable. In addition, the pits can reduce
light output because the active layer in the pitted regions may not generate light with the same
efficiency as the portions of the active layer that underlie the planar regions. Accordingly, the
density of pits is preferably set such that the amount of light that is absorbed within the LED

30 structure is less than some predetermined value. In practice, a pit density in the range of 10

to 10" pits per cm? is sufficient.
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15 layers of the structure. Normally, these parameters are chosen to reduce the density of
dislocations; however, the present invention can utilize these parameters to increase the level

of dislocations.

The optimum density will, in general, also depend on the thickness of the LED layers.
20 Light that is reflected from the top surface of the LED at an angle that is greater than the
critical angle and misses a pit will, in general, pass through the active layer and be reflected
from one of the layer boundaries under the active layer. This light will then return to the top
surface and be reflected again. Hence, the path length depends on the thickness of the LED
layers as well as the density of pits.
25
The above-described embodiments of the present invention utilize layers that overlie
another layer. For the purpose of this application, it is to be understood that a first layer that
overlies a second layer may or may not be in direct contact with the second layer. Similarly,
the above-described embodiments utilize layers of transparent material. For the purposes of
30  this application, a layer will be defined as being transparent if the layer transmits light of the
wavelength generated in the active layer with a transmittance of greater than 90%. A mirror
layer is defined to be a layer that reflects light of the wavelength generated by the active layer

with a reflectance of greater than 90%.
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p-cl addi ng | ayer on the substrate foll owed by the deposition of an active

| ayer aleaths vallgddiprryideayrovergisver, it is to be understood that the
present invention could be used to generate LEDs in which the p-cladding
| ayer is deposited first if these technical problens are not determ native

for the partTHeWréden@iRPériteatha®Been described in terms of embodiments in which the n-

type cladding layer is deposited first on the substrate. Such embodiments are currently

20  preferred because of technical problems associated with the deposition of a p-cladding layer
on the substrate followed by the deposition of an active layer and n-cladding layer. However,
it is to be understood that the present invention could be used to generate LEDs in which the
p-cladding layer is deposited first if these technical problems are not determinative for the
particular application.

25

The above-described embodiments are described in terms of “top” and “bottom”

surfaces of the various layers. In general, the layers are grown from the bottom surface to the
top surface to simplify the discussion. However, it is to be understood that these are merely
convenient labels and are not to be taken as requiring any particular orientation with respect

30 to the Earth.

The above-described embodiments of the present invention have been provided to

illustrate various aspects of the invention. However, it is to be understood that different



25 The above-descri bed enbodi nents are described in terns of "top"
and "bottont surfaces of the various |ayers. In general, the |ayers are
grown fr owoeha/tet28om surface to the tdp surface to si nmplirfus2a1041356
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2011/ 02212814PCT/ US2010/ 041356 WHAT IS CLAIMED | S: 1. A device
conprising: 5a first |ayer having top and bottom surfaces, said top surface
conprising a first material of a first conductivity type and including a
plurality of pits in a substantially planar surface; an active

| ayer overlying said top surface of said first layer and conformng to said
top 10surface, said active |layer generating light characterized by a

wavel engt h when hol es and



el ectrons reconbi ne therein; and a second | ayer conprising a second
material of a second conductivity type, said second |ayer conprising a top
surface awoO2a1gaet28m surface, said bot4om surface overl pCagiS2EoABSQCt | ve
| ayer and conformng to said active layer, said top surface having

depressions therein that extend into said pits. 2. The device of
a ai m WikHer B GLARYIEDSt s have a dinension that is greater than said
wavel ength of |ight generated by said active |ayer. 3. The

device of Caiml further conprising a |ayer of electrically conducting
mat eri al havi. ng daviteporaptidiace and a bottom surface, said top surface of
said |l ayer of electrically conducting material overlying said top surface
of said second |layer and conformng to said top surface of said second

| ayer . h A [ er.ein. sail . electrically
conducti ng &QAg}%g%*ﬁg%gﬁgn%%g%%%?P%%ﬁ%%%5l?ggﬁﬁﬂgg%§¥§@gﬁLﬁ%h§gid active
| ayer . material of a firsteondiR@vHR Wipe @an@inclldada Aluvdiey &ff plissaladubsgnilady plangf sai d
| ayer of electrically 30conducting naterial extends into said pits.

mat er i &feee:gi ve rise to dislocations in said first layer, said bottom
surface of said first |layer overlying said substrate. 7. The
device of Claim6 wherein said substrate is chosen fromthe group

consi sting S@facEapRiErerlFinGsai@itdp aoface H\ai@Nt BgbithnllicosformBigabisaid top
conprises a material fromthe GaN fam |y of materials. 8. The device

of 168l aiswfecaana aftivedayay semasptgedighy alaregterized by aryavalengthgeipgiholesgpdat er t han

107 di sl o i r . 9. The device of Claim2 wherein said
top Iafgﬁ%%béggﬁﬁBgféﬁ HPC%%Hy conducting material is substantially planar

bet ween said pits.
a second layer comprising a second material of a second conductivity type, said
second layer comprising a top surface and a bottom surface, said bottom surface overlying
15 said active layer and conforming to said active layer, said top surface having depressions

therein that extend into said pits.

2. 'The device of Claim 1 wherein said pits have a dimension that is greater than said

wavelength of light generated by said active layer.

20
3. The device of Claim 1 further comprising a layer of electrically conducting
material having a top surface and a bottom surface, said top surface of said layer of
electrically conducting material overlying said top surface of said second layer and
conforming to said top surface of said second layer.
25

4. 'The device of Claim 3 wherein said layer of electrically conducting material is

transparent to said light generated in said active layer.

5. The device of Claim 4 wherein said top layer of said layer of electrically

30  conducting material extends into said pits.

6. The device of Claim 1 further comprising a substrate on which said first layer is

constructed, said substrate having a lattice constant sufficiently different from that of said first



10. A nethod of fabricating a light emtting device conprising: 15

provi ding a substrate having a top and bottom surface;

deposi ti /yoaofimet28l ayer of a first cbhductivity type oRCTAISAISOIMSES at e;
20generating pits in an exposed surface of said first |ayer;

depositing an active layer on said first layer, said active |ayer

gener atm#griglitgBveviie fo diglosaionnn eidBrst bwer, sad Satpmeutirerasisaid fapidayer

25depos Iayer of a second conductivity type on said active

| ayer, (%ébggggggﬁgﬁﬁayer having a bottom surface adjacent to said active

| ayer and a top surface overlying said bottomsurface, said top surface
extending into said pits 11. The nmethod of C aim 10 wherein
said pits hakelhs devieews Clnmthaherein sgidesabatrate hahosodeing theesrerreengetitiog | i ght
genegr ato?(si g&%m%aél% g‘flu)n eﬁl}\IaXﬁd’ said f1 st age%al (Fﬁ ERE RO C!Jtte?lal ﬁ:lo | 2391}\1]: urt her
conprisin ayer r cal con er|a overlying
sai d seﬁmﬂgofam&ﬁmm 13. The nethod of Caim12 mherein said | ayer
of electrically conducting material is transparent to said |light generated
in said active layer, said |ayer of electrically conducting material having
a bottom sur e e G | [ n I d ce that
5ext ends |nﬁ%aghfgvggggkﬁ&ﬁlg%%gfﬁgagH§S§§¥%n%%%f &lu%f%g%@ﬁégmg?sald
first loayero’idgsldeposd p@dnon a substrate having a lattice constant
sufficiently different fromthat of said first material to give rise to
di dMocations in sald first layer and wherein said plts are generated by
etehing sai q) Il | BYLLIARY WAL AN AR, FAEPANLid fakiBAG BRELLE! | v etene
said first layer |ons erm ne 2?

The rretrhaemgfls Qb@!aﬁhéll%f W@eﬂwes@gﬂd@ubst rat e i's chosen f romthe group
consi sting of sapphire, SiC, silicon, AN and said first material conprises
a material fromthe 15GN famly of materials. 16. The net hod of

daim 14 "‘hefoe'/{'m%ﬁ{o‘a ogééon%ﬁﬁ%g' PR ALRRE RGN cAhpdifgnsi ty greater than

107 di sl ocations per

15

15
providing a substrate having a top and bottom surface;
depositing a first layer of a first conductivity type on said substrate;
20 generating pits in an exposed surface of said first layer;
depositing an active layer on said first layer, said active layer generating light when
holes and electrons recombine therein; and
25 depositing a second layer of a second conductivity type on said active layer, said

second layer having a bottom surface adjacent to said active layer and a top surface overlying

said bottom surface, said top surface extending into said pits.

11. The method of Claim 10 wherein said pits have a dimension that is greater than

30  said wavelength of light generated by said active layer.

12. The method of Claim 10 further comprising depositing a layer of electrically

conducting material overlying said second layer.



2017. The nethod of Claim 10 wherein said pits are generated by

phot ol i t hographically etching said first |ayer. 18. The net hod of
Claim 14 wberaia2eai d first |layer is teposited on a fireCTaSysakifacet ,
wherein di sl ocati ons expose a second crystal facet, and wherein said first
material is 25deposited under conditions in which growh on said first
crystal facet is faster than growh on said second crystal facet.

13. The method of Claim 12 wherein said layer of electrically conducting material is
transparent to said light generated in said active layer, said layer of electrically conducting
material having a bottom surface in contact with said second layer and a top surface that

S extends into said pits.

14. The method of Claim 10 wherein said first layer is deposited on a substrate
having a lattice constant sufficiently different from that of said first material to give rise to
dislocations in said first layer and wherein said pits are generated by etching said first layer

10 utilizing an etchant that preferentially etches said first layer at locations determined by said

dislocations.

15. The method of Claim 14 wherein said substrate is chosen from the group
consisting of sapphire, SiC, silicon, AIN and said first material comprises a material from the

15 GaN family of materials.

16. The method of Claim 14 wherein said dislocations are present at a density greater

than 10’ dislocations per cm®,

20 17. The method of Claim 10 wherein said pits are generated by photolithographically

etching said first layer.

18. The method of Claim 14 wherein said first layer is deposited on a first crystal
facet, wherein dislocations expose a second crystal facet, and wherein said first material is
25  deposited under conditions in which growth on said first crystal facet is faster than growth on

said second crystal facet.



