LI GHT EM TTI NG DI ODES W TH SMOOTH SURFACE FOR
REFLECTI VE ELECTRODE BACKGROUND Fi el d [0001] The
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(LED) structure, and nore plarticularly to a LED
structure with a snooth surface for a reflective
el ectrode. Background [0002] Light emtting diodes
LI&W%&%MMJ&WTH&SWAE&FQR&EELECHVE
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SUMMARY

[0004] In an aspect of the disclosure, a light emitting diode includes an epitaxial layer
structure, a first electrode, and a second electrode. The first and second electrodes are
separately disposed on the epitaxial layer structure, and the epitaxial layer structure has a
RMS (root-mean-square) roughness less than 3 nm on a surface wherein the second electrode

is formed.

[0005]  In another aspect of the disclosure, a method for manufacturing a light emitting
diode includes forming an epitaxial layer structure, and separately depositing a first electrode
and a second electrode on the epitaxial layer structure. The epitaxial layer structure has a

RMS roughness less than about 3nm on a surface whereon the second electrode is formed.



RMS roughness | ess than about 3nmon a surface whereon
the second el ectrode is forned.[0006] It is understood
wo baw/1zober aspects of the present invention wdT/US2009/038695

becone readily apparent to 2hose skilled in the art
fromthe follow ng detailed description, wherein it is

shown and descri bed only exenplary aspects of the .
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[0008] Fig. 1A is a cross sectional view of a vertical

LED st r uct uBRIEFOBESCRIPEIONOF THE FIpURESy of a

vertical LED structure, in which a patterned n contact
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a kl.ip-¢hi dlateral. LED struciure with netal joints
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Fig. 3 illustrates an exenplary light extraction )
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showr.S & schematic diagram of a rough interface between a

p-GaN | ayer and a silver (Ag) layer, show ng that the

rough interface scatters ap jhcident  |i s wel |
o010, 0\ ki, A B s et o o o ibrepep et St i metal
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connection with the appended drawings is intended as a
structigescr i ption of various aspects of the present
invention and is not intended to
[0013]  Fig. 4 is a schematic diagram of a rough interface between a p-GaN layer and a

silver (Ag) layer, showing that the rough interface scatters an incident light as well as couples
the light into the surface plasmon mode.

[0014]  Figs. 5A-5C illustrate a process for manufacturing a vertical LED that has a
smooth surface for forming reflective electrode.

[0015]  Figs. 6A-6C illustrate a process for manufacturing a flip-chipped lateral LED

structure that has a smooth surface for forming reflective electrode.
DETAILED DESCRIPTION

[0016]  The detailed description set forth below in connection with the appended drawings
is intended as a description of various aspects of the present invention and is not intended to

represent all aspects in which the present invention may be practiced. The detailed



represent all aspects in which the present invention
may be practiced. The detail eddescription includes
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1B shgm ndom viesv of thaserteabHED of Fig. 1A, in which an n-type contact with four

fingers and a crossbar is shown. It will be recognized by those of ordinary skill in the art that
the electrode pattern of the n-type contacts is not limited to the electrode pattern as illustrated.

[0020]  Fig. 2A illustrates a cross-sectional view of a flip-chipped lateral LED device 200.
As shown, the flip-chipped lateral LED device 200 is formed as a lateral LED device 200
having a lateral current injection configuration that is flipped over and mounted on a sub-



[0020] Fig. 2Aillustrates a cross-sectional view of a
flip-chipped |ateral LED device 200. As shown, the

WO paopaz3asoped | ateral LED device 200 is formedP@BUSR009/038695
| ateral LED device 200" having a lateral current
injection configuration that is flipped over and
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[0024]  Light extraction for an LED device will be described with reference to Fig. 3. The
LED device 300 in Fig. 3 is a vertical LED device that includes a GaN-based material
structure 310, including an n-type GaN-based layer 302, an active region 303, a p-type GalN-
based layer 304, an n-type electrode 301, and a p-type electrode 305 mounted on a substrate



is random y roughened to break up the limtation of

the TIR [0024] Light extraction for an LED device
waowdob/1tee3descri bed with reference to Fig. 3. TPeI/LED09/038695

device 300 in Fig. 3 is a vertical LED device that

i ncludes a GaN-based material structure 310, including
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the reflectivity of the reflective electrode 305 is
shownipig. 8o be as high as possible to reduce reflection
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. Wavelength range of interest (i.e. 0- 700 nra), and
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cont |

e oRRRE, Sk oS3 BB R 420
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coupled in the surface plasnmon (SP) node 420 t(%/pl cal ly

can hgye |2 gignifigantasffect: on ctbe afsdeetprrec meatusemeny. wiJndepeexperimental
measu}eﬂise}lts, e rsﬁgﬁﬂtﬁ ‘of ! t'ﬂg S%PaB?osf'Bﬁtﬁlt 'ggﬁlerally correlates to the degree of

interface roughness. Even though the SP absorption peak may be below 400 nm, the width of

the absorption may still be wide enough to significantly reduce Ag reflectance for
wavelengths of around 460 nm.

[0027]  The p-type electrode (e.g., Ag electrode) may be deposited on the p-type GaN-
based layer by a physical (e.g., electron-beam or thermal) evaporation process, and Ag will
conform to the p-type GaN-based layer surface without voids if the deposition is performed



can have a significant effect on the reflectance

nmeasur enent. Under experinental neasurenents, the
WQ20engpope of t he SP absorption general ly corr ePGE/ES2009038695

t he degree of interface roughness. Even t hough the SP
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[0032]  After depositing the p-type GaN-based layer with RMS roughness less than about
3 nm, the p-type electrode 505 is formed on the p-type GaN-based layer 504, as shown in Fig.
5B. Alternatively, prior to depositing the p-type electrode 505, a transparent ohmic contact
layer (not shown) may be formed on the p-type GaN-based layer 504. The transparent ohmic
contact layer may be formed by, for example, electron-beam evaporation, sputteting,
MOCVD, etc., with doped metal oxides, such as indium tin oxide (ITO) or aluminum doped
zinc oxide (AZQ). Similarly, when the transparent ohmic contact layer is presented, the



and magnesiumin a reactor chanber wth controlled
pressure and tenperature. Furthernore, the growth

wWo egopae@sare in the deposition process is prefBCHDE2009/038695
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[0036] Next, in Fig. 6B, a transparent ohmic contact layer 609 and a reflective p-type
electrode 605 are formed on the p-type GaN-based layer 604. As described above, the
transparent ohmic contact layer 609 is optional and does not limit the scope of the invention.
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6. The light emitting diode of Claim 35, wherein the first electrode is an n-type
electrode, and the second electrode is a p-type electrode.

7. The light emitting diode of Claim 3, wherein the second epitaxial layer is
deposited viaa MOCVD (Metal-Organic Chemical Vapor Deposition) using a metal-organic

compound solution.

8. The light emitting diode of Claim 7, wherein the second epitaxial layer is
formed at a temperature no less than 950 °C at a growth rate no more than 150 A/mim.

9. The light emitting diode of Claim 3, further comprising a transparent ohmic
contact layer formed between the second epitaxial layer and the second electrode.
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17.  The light emitting diode of Claim 15, wherein the first electrode and the

second electrode are mounted on a substrate.

18.  The light emitting diode of Claim 15, wherein the first electrode and the
second electrode are mounted on the substrate via one of a solder weld and metal

interconnect.

19.  The light emitting diode of Claim 15, wherein the substrate is selected from a

group consisting of a metal, a semiconductor material, and a ceramic.
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25.  The method of Claim 21, wherein the second electrode is formed on the
second epitaxial layer and a surface of the second epitaxial layer where the second electrode
is formed has a root-means-square (RMS) roughness less than about 3 nm.

26,  The light emitting diode of Claim 24, wherein the first epitaxial layer is an n-
type epitaxial layer and the second epitaxial layer is a p-type epitaxial layer.

27.  The method of Claim 26, wherein the first electrode is an n-type electrode and

wherein the second electrode is a p-type electrode.

28.  The method of Claim 26, further comprises forming an active layer between
the n-type epitaxial layer and the p-type epitaxial layer.



26. The light emtting diode of Caim24, wherein the
first epitaxial layer is an ntype epitaxial |ayer and
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3349 uct Theanethod of Claim 35, wherein the substrate is selected from a group

consisting of a metal, a semiconductor material, and a ceramic.

37.  The method of Claim 36, wherein the metal includes at least one selected from
a group consisting of Cu, Mo, W, and Al, wherein the semiconductor material includes at
least one selected from a group consisting of Si, GaAs, GaP, InP, and Ge, and wherein the
ceramic includes at least one selected from a group consisting of Al,O5 and AIN.

38.  The light emitting diode of Claim 22, wherein the first and second electrodes
are deposited on one side of the epitaxial layer structure.

39.  The method of Claim 38, wherein the light emitting diode is a flip-chipped
lateral light emitting diode device.



39. The nmethod of Claim 38, wherein the light emtting

diode is a flip-chipped lateral light emtting di ode
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44,  The method of Claim 41, wherein the substrate is formed by depositing one

selected from a group consisting of a metal, a semiconductor material, and a ceramic.

45,  The method of Claim 44, wherein the metal includes at least one selected from
a group consisting of Cu, Mo, W, and Al, wherein the semiconductor material includes at
least one selected from a group consisting of Si, GaAs, GaP, InP, and Ge, and wherein the
ceramic includes at least one selected from a group consisting of Al;O3 and AIN.



