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Plaintiffs Koninklijke Philips Electronics N.V. (“Philips’) and Philips
Lumileds Lighting Company LLC (“Lumileds,” and together with Philips
“Plaintiffs’) allege upon knowledge as to themselves and their own actions, and
upon information and belief as to all other matters, against Defendants Seoul
Semiconductor Company, Ltd. (*SSC”) and Seoul Semiconductor, Inc. (“SSI,” and
together with SSC the “Defendants’) as follows:

Jurisdiction and Venue

1. Thisis an action for patent infringement arising under the patent laws
of the United States, 35 U.S.C. 88 1, et seq. The Court has subject matter
jurisdiction over patent infringement clams pursuant to 28 U.S.C. 88 1331 and
1338(a).

2. This aso is an action for a declaration of patent invalidity and patent
non-infringement under the Declaratory Judgment Act, 28 U.S.C. 88 2201, et seq.,
and the patent laws of the United States, 35 U.S.C. 88 1, et seq. This Court has
subject matter jurisdiction under 28 U.S.C. 88 1331, 1338(a), 1367, 2201, and
2202.

3. This Court has persona jurisdiction over each Defendant. On
information and belief, each Defendant conducts and has conducted business within
the State of California and within this District. Each Defendant, directly and/or
through intermediaries—including subsidiaries, distributors, retailers, third party
administrators, and/or others—offers for sale, sells, advertises, ships, distributes,
and/or imports infringing light-emitting diode (“LED”) products and related devices
in the United States, the State of California, and within this District. On
information and belief, each Defendant also offers for sale, sells, advertises, ships,
distributes, and/or imports infringing LEDSs that are incorporated into products that
use LEDs that are sold in the United States, the State of California, and within this
District.  On information and belief, Defendants have established a distribution
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chain to purposefully direct their infringing LED products to the State of California
with the expectation that those products will be purchased by consumers in this
District. Each Defendant, directly and/or through intermediaries, has committed the
tort of patent infringement directly, jointly, contributorily, and/or by inducement
within the State of California and within this District.

4.  Venueis proper in this Digtrict pursuant to 28 U.S.C. 8§ 1391(b) and
(c), and 1400(b) because Defendants have committed acts of infringement within
this District giving rise to this action, Defendants have and continue to conduct
business in this District, including one or more acts of making, selling, using,
offering for sale, and/or importing infringing products in this District, and at |east
one Defendant resides in this District.

5. An immediate, real, and justiciable controversy exists between
Plaintiffs and SSC with respect to the validity and infringement of the claims of
United States Patent No. 5,075,742, which, based on information and belief, SSC

owns by assignment.

The Parties

6. Philips is a Dutch corporation having its registered office in
Eindhoven, The Netherlands.

7. Lumileds is a Delaware limited liability company having a place of
business at 370 West Trimble Road, San Jose, California 95131.

8. On information and belief, Defendant SSC is a company organized and
existing under the laws of the Republic of Korea, having its principle place of
business at 148-29, Gasan-dong, Geumcheon-gu, Seoul, South Korea. On
information and belief, Defendant SSC aso maintains a regular and established
place of business in this District at 5856 Corporate Ave., Suite 240, Cypress,
California 90630.

9. On information and belief, Defendant SSI is a California corporation
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having its principle place of businessin this District at 5856 Corporate Ave., Suite
240, Cypress, California 90630.
10. Oninformation and belief, SSC wholly owns and controls SSI.

Background of the Patent | nfringement Action
11. Lumiledsisaworldwide leader in the field of LEDs. A pioneer in the
use of solid-state lighting solutions for everyday purposes, Lumileds markets LED

solutions designed for automotive applications, genera lighting, portable
applications, signs, traffic signals, and other segments. Lumileds aso supplies core
LED material and LED packaging, manufacturing billions of LEDs annually, and
ranks as the producer of the world’'s brightest red, amber, blue, green, and white
LEDs.

12.  Lumileds, through its predecessors Hewlett Packard Company and
Agilent Technologies, Inc—and through its own work—is an innovator in the field
of LEDs. Lumileds has expended many millions of dollars researching and
developing such LEDs and their applications. These research and development
efforts have made Lumileds a leader in LED technology, having been the first to
combine the brightness of conventional lighting with the small footprint, long life,
and other advantages of LEDs. The United States Patent and Trademark Office
(“USPTO”) has recognized Lumileds and its predecessors achievements by
awarding numerous patents to Lumileds and its inventors for product and process
innovation in LED technology.

13.  Lumiledsis a Philips subsidiary. Philips and Lumileds jointly own by
assignment the Lumileds-developed patents.

14. On information and belief, Defendants are engaged in the business of
supplying and importing LEDs into the United States, including LEDs that infringe
one or more patents owned by Plaintiffs. On information and belief, Defendants
have established a global distribution and sales network for selling and importing
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infringing LEDs into the United States.

15. On information and belief, Defendants, directly and/or through
intermediaries—including subsidiaries, retaillers, distributors, third party
administrators, and/or others—offer for sale, sell, advertise, ship, distribute, import,
and/or otherwise introduce LED products into commerce within the United States,
including, but not limited to, LEDs with brand, trade, product, and/or model names
such as Acriche (e.g., A2, A3, Ad), Top View (e.g., KWT801-S, SFT-722N-S),
High Flux, Side View (e.g., SWAAOQ7, SWAAO05), and Z-Power (e.g., Z1, Z5, P4,
P7, P9).

16. On information and belief, Defendants’ distributors include such
companies as Avnet, Inc., Digi-Key Corporation, and Mouser Electronics, Inc. On
information and belief, one or more of the Defendants sells and/or offers to sell
infringing LEDs to distributors—including Avnet, Inc., Digi-Key Corporation, and
Mouser Electronics, Inc.—in the United States. Those distributors then offer to
sell, sell, advertise, ship, distribute, import, and/or otherwise introduce infringing
LED products in the State of California and in this District. On information and
belief, one or more of the Defendants sell and/or otherwise provide infringing LEDs
that are incorporated into products that use LEDs that are sold in the State of
Californiaand in this District.

17. By and through their actions in the State of California and this District,
Defendants have infringed and continue to infringe directly, jointly, contributorily,
and/or by inducement United States Patent Nos. 5,779,924; 6,274,924; 6,547,249,
6,590,235; and 6,717,353.

The Asserted Patents
United States Patent No. 5,779,924
18. Plaintiffsjointly own by assignment all right, title, and interest in and
to United States Patent No. 5,779,924 (“the '9924 Patent”), titled “Ordered
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Interface Texturing for a Light Emitting Device.” The USPTO duly and legally
issued the 9924 Patent on July 14, 1998. A true and correct copy of the '9924
Patent is attached as Exhibit A.
19. By virtue of their ownership of the ' 9924 Patent, Plaintiffs maintain all
rights to enforce the ' 9924 Patent.
United States Patent No. 6,274,924
20. Pantiffs jointly own by assignment all right, title, and interest in and
to United States Patent No. 6,274,924 (“the '4924 patent”), titled *“Surface
Mountable LED Package.” The USPTO duly and legally issued the ' 4924 Patent
on August 14, 2001. A true and correct copy of the '4924 Patent is attached as
Exhibit B.
21. By virtue of their ownership of the ’4924 Patent, Plaintiffs maintain all
rights to enforce the * 4924 Patent.
United States Patent No. 6,547,249
22. Plantiffs jointly own by assignment all right, title, and interest in and
to United States Patent No. 6,547,249 (“the '249 Patent”), titled “Monoalithic
Series/Parallel LED Arrays Formed On Highly Resistive Substrates.” The USPTO
duly and legally issued the 249 Patent on April 15, 2003. A true and correct copy
of the’ 249 Patent is attached as Exhibit C.
23. By virtue of their ownership of the '249 Patent, Plaintiffs maintain all
rights to enforce the ’ 249 Patent.
United States Patent No. 6,590,235
24. Plantiffs jointly own by assignment all right, title, and interest in and
to United States Patent No. 6,590,235 (“the '235 Patent”), titled “High Stability
Optica Encapsulation and Packaging for Light-Emitting Diodes in the Green, Blue,
and Near UV Range.” The USPTO duly and legally issued the ' 235 Patent on July
8, 2003. A true and correct copy of the’ 235 Patent is attached as Exhibit D.
25. By virtue of their ownership of the '235 Patent, Plaintiffs maintain all
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rights to enforce the ’ 235 Patent.
United States Patent No. 6,717,353

26. Plantiffs jointly own by assignment all right, title, and interest in and
to United States Patent No. 6,717,353 (“the '353 Patent”), titled *Phosphor
Converted Light Emitting Device.” The USPTO duly and legally issued the 353
Patent on April 6, 2004. A true and correct copy of the '353 Patent is attached as
Exhibit E.

27. By virtue of their ownership of the '353 Patent, Plaintiffs maintain all
rights to enforce the ’ 353 Patent.

Background of the Declaratory Judgment Action

28.  Oninformation and belief, SSC is the owner by assignment of United
States Patent No. 5,075,742 (“the ’ 742 Patent”), titled “ Semiconductor Structure for
Optoelectronic Components with Inclusions.” A true and correct copy of the ' 742
Patent is attached as Exhibit F.

29. SSC has engaged in a course of conduct that shows a preparedness and
willingnessto sue on ' 742 Patent.

30. On information and belief, in 2007, SSC sued LED manufacturers
Nichia Corporation and Nichia America Corporation in the Eastern District of
Texas for alleged patent infringement of the ' 742 Patent. See Seoul Semiconductor
Co., Ltd. v. Nichia Corp., Case No. 9:07-cv-273 (E.D. Tex. Nov. 6, 2007).

31. Oninformation and belief, on or about February 26, 2009, SSC issued
a press release (@) claming that “companies manufacturing or packaging blue,
green, white, or UV light emitting devices made from the semiconductor indium
gadlium nitride may be subject to patents owned by Seoul,” (b) specificaly
referencing the ’ 742 Patent and Seoul’s belief that “the patent is fundamenta to
indium gallium nitride-based light emitting device technology,” and (c) threatening
that “Seoul will also take the necessary steps to protect its intellectual property
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rights against those who fail to respect itsintellectual property rights.”

32.  On information and belief, on or about March 6, 2009, the head of
SSC’s research and development center, Sang Min Leg, stated in an interview that
“l1 would like to emphasize that we also have patents that can be referred to as
fundamental. One of them is our US patent 5,075,742 (patent 742). Just recently,
the US District Court for Texas judged it impossible for LEDs that use InGaN in
their active layers to avoid using the patent 742 because of their structural
characteristics. This technology is also patented in Japan, Germany, the UK and
France.” Mr. Min Lee went on to threaten the entire LED community, stating that
“From now on, we will be proactive in exercising our patent rights against the
companies that infringe on our intellectual property rights.”

33.  On information and belief, on or about July 17, 2009, during the
course of discussions between SSC and Philips, SSC wrote to Philips Lighting
B.V.—a Philips subsidiary and Lumileds affiliate—specifically mentioning the
patent “EP 437 385 B1 (registered in United States, Germany, Japan, France, and
UK),” and stating that “it is[SSC’s] strong belief that this patent is fundamental to
the operation of light emitting diodes (LEDs) and covers all blue, white, green, and
UV LEDs.” On information and belief, both EP 437 385 B1 and the ' 742 Patent
claim priority to the same French parent application.

34. Lumiledsis in the business of manufacturing and selling LEDs in the
United States and el sewhere.

35. The totality of SSC's conduct evidences that an actual controversy
exists between SSC and Plaintiffs.

36. Plaintiffs reasonably apprehend that they will be improperly sued by
SSC on the’ 742 Patent.

Il
Il
Il
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First Cause of Action

Infringement of the 9924 Patent

37. The dlegations contained in Paragraphs 1 through 36 are incorporated
here by reference with the same force and effect asif set forth in full.

38. Oninformation and belief, Defendants have directly infringed, jointly
infringed, actively induced the infringement of, and/or contributorily infringed one
or more clams of the '9924 Patent, including but not limited to Claim 1, in
violation of 35 U.S.C. § 271 by (a) making, using, selling, offering for sale, and/or
importing into the United States and this District products including, but not limited
to, the Acriche (A2, A3, A4), Top View (KWT801-S; SFT-722N-S), Side View
(SWAAO7, SWAAOQ5), and Z-Power (Z1) LEDs; and/or (b) actively inducing
others to make, use, sell, offer for sale, and/or import into the United States and this
District products including, but not limited to, the Acriche (A2, A3, A4), Top View
(KWT801-S; SFT-722N-S), Side View (SWAAQ7, SWAAO05), and Z-Power (Z1)
LEDs, or products incorporating those infringing LEDs.

39. As adirect and proximate result of Defendants' infringement of the
'9924 Patent, Plaintiffs have suffered monetary damages in an amount not yet
determined, and will continue to suffer damages in the future unless Defendants
infringing activities are enjoined by this Court.

40. Unless a permanent injunction isissued enjoining Defendants and their
officers, agents, servants, employees, and those persons acting in active concert or
participation with them from infringing the ' 9924 Patent, Plaintiffs will be greatly
and irreparably harmed.

41. To the extent that facts learned in discovery show that Defendants
infringement is, or has been, willful, Plaintiffs reserve the right to request such a
finding at trial.

Il
Il
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Second Cause of Action

Infringement of the’4924 Patent

42. The alegations contained in Paragraphs 1 through 41 are incorporated
here by reference with the same force and effect asif set forth in full.

43. On information and belief, Defendants have directly infringed, jointly
infringed, actively induced the infringement of, and/or contributorily infringed one
or more clams of the '4924 Patent, including but not limited to Claim 1, in
violation of 35 U.S.C. § 271 by (a) making, using, selling, offering for sale, and/or
importing into the United States and this District products including, but not limited
to, the Acriche (A3, A4) and Z-Power (Z5, P4, P7, P9) LEDs; and/or (b) actively
inducing others to make, use, sell, offer for sale, and/or import into the United
States and this District products including, but not limited to, the Acriche (A3, A4)
and Z-Power (Z5, P4, P7, P9) LEDs, or products incorporating those infringing
LEDs.

44. As adirect and proximate result of Defendants infringement of the
4924 Patent, Plaintiffs have suffered monetary damages in an amount not yet
determined, and will continue to suffer damages in the future unless Defendants
infringing activities are enjoined by this Court.

45.  Unless a permanent injunction isissued enjoining Defendants and their
officers, agents, servants, employees, and those persons acting in active concert or
participation with them from infringing the '4924 Patent, Plaintiffs will be greatly
and irreparably harmed.

46. To the extent that facts learned in discovery show that Defendants
infringement is, or has been, willful, Plaintiffs reserve the right to request such a
finding at trial.

Il
Il
Il
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Third Cause of Action

I nfringement of the’ 249 Patent

47. The alegations contained in Paragraphs 1 through 46 are incorporated
here by reference with the same force and effect asif set forth in full.

48. On information and belief, Defendants have directly infringed, jointly
infringed, actively induced the infringement of, and/or contributorily infringed one
or more claims of the’249 Patent, including but not limited to Claim 1, in violation
of 35 U.S.C. 8§ 271 by (a) making, using, selling, offering for sale, and/or importing
into the United States and this District products including, but not limited to, the
Acriche (A2, A3, A4) LEDs; and/or (b) actively inducing others to make, use, sdll,
offer for sae, and/or import into the United States and this District products
including, but not limited to, the Acriche (A2, A3, A4) LEDs, or products
incorporating those infringing LEDs.

49. As adirect and proximate result of Defendants infringement of the
'249 Patent, Plaintiffs have suffered monetary damages in an amount not yet
determined, and will continue to suffer damages in the future unless Defendants
infringing activities are enjoined by this Court.

50. Unless apermanent injunction is issued enjoining Defendants and their
officers, agents, servants, employees, and those persons acting in active concert or
participation with them from infringing the 249 Patent, Plaintiffs will be greatly
and irreparably harmed.

51. To the extent that facts learned in discovery show that Defendants
infringement is, or has been, willful, Plaintiffs reserve the right to request such a
finding at trial.

Fourth Cause of Action

I nfringement of the’ 235 Patent
52. The allegations contained in Paragraphs 1 through 51 are incorporated
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here by reference with the same force and effect asif set forth in full.

53. Oninformation and belief, Defendants have directly infringed, jointly
infringed, actively induced the infringement of, and/or contributorily infringed one
or more claims of the’235 Patent, including but not limited to Claim 1, in violation
of 35 U.S.C. 8§ 271 by (a) making, using, selling, offering for sale, and/or importing
into the United States and this District products including, but not limited to, the
Acriche (A2, A3, A4) and High Flux LEDs; and/or (b) actively inducing others to
make, use, sell, offer for sale, and/or import into the United States and this District
products including, but not limited to, the Acriche (A2, A3, A4) and High Flux
LEDs, or products incorporating those infringing LEDs.

54. As adirect and proximate result of Defendants' infringement of the
'235 Patent, Plaintiffs have suffered monetary damages in an amount not yet
determined, and will continue to suffer damages in the future unless Defendants
infringing activities are enjoined by this Court.

55. Unless apermanent injunction is issued enjoining Defendants and their
officers, agents, servants, employees, and those persons acting in active concert or
participation with them from infringing the 235 Patent, Plaintiffs will be greatly
and irreparably harmed.

56. To the extent that facts learned in discovery show that Defendants
infringement is, or has been, willful, Plaintiffs reserve the right to request such a
finding at trial.

Fifth Cause of Action

I nfringement of the’ 353 Patent
57. The alegations contained in Paragraphs 1 through 56 are incorporated
here by reference with the same force and effect asif set forth in full.
58. Oninformation and belief, Defendants have directly infringed, jointly
infringed, actively induced the infringement of, and/or contributorily infringed one
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or more claims of the’353 Patent, including but not limited to Claim 1, in violation
of 35 U.S.C. 8§ 271 by (a) making, using, selling, offering for sale, and/or importing
into the United States and this District products including, but not limited to, the
Acriche (A2, A3), High Flux, Side View (SWAAO05), and Z-Power (Z1, Z5, P4, P7,
PO) LEDs; and/or (b) actively inducing others to make, use, sell, offer for sae,
and/or import into the United States and this District products including, but not
limited to, the Acriche (A2, A3), High Flux, Side View (SWAAOQ5), and Z-Power
(Z1, Z5, P4, P7, P9) LEDs, or products incorporating those infringing LEDs.

59. As adirect and proximate result of Defendants' infringement of the
'353 Patent, Plaintiffs have suffered monetary damages in an amount not yet
determined, and will continue to suffer damages in the future unless Defendants
infringing activities are enjoined by this Court.

60. Unless apermanent injunction isissued enjoining Defendants and their
officers, agents, servants, employees, and those persons acting in active concert or
participation with them from infringing the *353 Patent, Plaintiffs will be greatly
and irreparably harmed.

61. To the extent that facts learned in discovery show that Defendants
infringement is, or has been, willful, Plaintiffs reserve the right to request such a
finding at trial.

Sixth Cause of Action

Declaratory Judgment of Invalidity

62. The allegations contained in Paragraphs 1 through 61 are incorporated
here by reference with the same force and effect asif set forth in full.

63. The’'742 Patent and each of every claim of the’ 742 Patent are invalid
because they fail to comply with the requirements of 35 U.S.C. 88 1, et seq.,
including, but not limited to, 88 101, 102, 103, and/or 112.

64. Based on the foregoing, Plaintiffs seek a declaratory judgment that the
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' 742 Patent and each and every claim of the ' 742 Patent are invalid.
65. Thisis an exceptional case under 35 U.S.C. § 285, entitling Plaintiffs

to an award of their attorneys’ fees incurred in connection with this action.

Seventh Cause of Action

Declaratory Judgment of Non-infringement

66. The allegations contained in Paragraphs 1 through 65 are incorporated
here by reference with the same force and effect asif set forth in full.

67. Pantiffs LED products have not infringed, do not infringe, and arein
no way liable for any party’s infringement of any valid and enforceable claim of the
'742 Patent.

68. Plantiffs seek a declaratory judgment that they have not infringed any
valid and enforceable claim of the ' 742 Patent, either directly or indirectly, jointly,
literaly, or under the doctrine of equivalents, or in any way, willfully or otherwise.

69. Thisis an exceptional case under 35 U.S.C. § 285, entitling Plaintiffs

to an award of their attorneys’ fees incurred in connection with this action.

Prayer for Relief
WHEREFORE, Plaintiffs pray for:
a A judgment that Defendants have directly infringed, induced the

infringement of, and/or contributed to the infringement of, and directly
infringe, induce the infringement of, and/or contribute to the
infringement of the ' 9924 Patent, the ' 4924 Patent, the ' 249 Patent, the
' 235 Patent, and the ' 353 Patent;

b. A permanent injunction enjoining Defendants, their officers, agents,
servants, employees, and those persons acting in active concert or
participation with them or any of them from directly infringing,
inducing the infringement of, or contributorily infringing the 9924

-13-
COMPLAINT




Case ¢

© 00 N O 0o A W DN PP

N N D DN DNDNNNDNRERRRR R R R R
W N o 08 W N EFPF O O 0N O o0 w NP O

:11-cv-00356-AG -RNB Document 1l Filed 03/04/11 Page 15 o0f 92 Page ID #:15

I
I
I
I
I
I
I
I
I
I
I
I
I
I

Patent, the ' 4924 Patent, the ' 249 Patent, the ' 235 Patent, and the 353
Patent;

An award of damages adequate to compensate Plaintiffs, together with
pre-judgment and post-judgment interest, costs, and a judgment that
the damages so adjudged be increased by the Court pursuant to
35U.S.C. § 284;

That the ' 742 Patent be declared invalid;

That the Court declare that Plaintiffs have not infringed, are not
infringing, and are in no way liable for any party’s infringement,
directly or indirectly, of any valid and enforceable claim of the ' 742
Patent;

A judgment that this is an exceptional case and that Plaintiffs be
awarded their attorneys fees, costs, and expenses incurred in this
action pursuant to 35 U.S.C. § 285; and
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g. That the Court award Plaintiffs any other relief as the Court deems just

and proper.

Dated: March 4, 2011 MAYER BROWN LLP

Edward D. Johnson W%%)
wjohnson@mayerbrown.com
Cliff A. Maier (SBN 248858)
cmaier@mayerbrown.com
Andrew M. Holmes (SBN 260475)
andrew.holmes@mayerbrown.com
MAYER BROWN LLP

Two Palo Alto Square, Suite 300
3000 El Camino Real

Palo Alto, CA 94306-2112
Telephone: (650) 331-2000
Facsimile: (650) 331-2060

Attorneys for Plaintiffs Koninklijke Philips
Electronics N.V. and Philips Lumileds
Lighting Company LLC
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8
9
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19
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[57} ABSTRACT

This method relates to the fabrication of semiconductor
light-emitting devices having at least one ordered textured
interface. Controlled interface texturing with an ordered
pattern is provided on any or all interfaces of such a device
to enhance light extraction from these interfaces and thus
improve the performance of the device,

Ordered interface texturing offers an improvement in light
extraction by increasing the transmission of total optical
power from the device into the ambient. This improvement
is possible because ordered interface texturing can provide:
1) a reduction in Fresnel losses at the interface between the
device and the ambient and. 2) a change or increase in the
angular bandwidth of light which may transmit power into
the ambient. This latter effect may be thought of a change or
increase in the escape cone at an interface. Both effects can
result in an overall increase in total light extraction effi-
ciency for the LED.
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ORDERED INTERFACE TEXTURING FOR A
LIGHT EMITTING DEVICE

FIELD OF THE INVENTION

This invention relates to the manufacture of semiconduc-
tor light-emitting devices. In particular. the invention is
directed towards improving light extraction from such
devices.

BACKGROUND OF THE INVENTION

Light extraction from a semiconductor light-emitting
device (LED) is typically limited due to the large optical
refractive index. (n~2.2-3.8) of the semiconductor material
relative to the surrounding ambient. typically air (n~1) or
transparent epoxy (n~1.5). The amount of extraction
depends heavily on the macroscopic geometry of the LED
and the three-dimensional emission profile of light generated
within the active region. The light emitting capability of the
active region is defined by the structure of the surrounding
materials such as the epitaxial layers. confining regions, etc..

The problem of light extraction from a semiconductor
may be understood using an example from eclementary
electromagnetics: an electromagnetic plane wave that is
incident from one medium (I) to another (I) must satisfy a
phase-matching condition at the interface between the two
media in order to be transmitted. Waves that do not meet this
condition undergo total internal reflection (TIR) and do not
propagate into medium II. For conventional semiconductor
LEDs, when the speed of light in medium I is significantly
slower than that of medium II, n>>n,. and the interface
between these media is planar or untextured. the phase-
matching condition restricts transmission to rays which are
incident from medium I at a narrow range of angles centered
about normal incidence.

For a gallium-phosphide. GaP (n,~3.3) interface with
transparent epoxy (n,~1.5). TIR occurs for angles of
incidence, O;, greater than the critical angle, 6 _=arcsin(n,/
n,)=27.0°. Only light incident within the escape cone. 6,<6_.
will be transmitted. For an isotropic point-source of light
within the GaP, the fraction of light emitted into the escape
cone at the interface is only

1 —cosB,

3 =5.5%

of the available emitted light. When Fresnel losses at the
interface are included. approximately 4.7% of the available
emitted light will be transmitted through the interface into
the epoxy. For a cubic-shaped device having a completely
reflective bottom surface. no top contact, and no internal
absorption, there are six such interfaces and the fraction of
total emitted light escaping the LED is 6x4.7%=28.2%.
The effect described above severely limits the extraction
efficiency of LEDs. Typical devices generate photons at the
p-n junction that are emitted into a wide range of directions
(nearly isotropic emission). As a result, a large percentage of
emitted light rays may be incident at the device/ambient
interface at large. oblique angles. If the interface is planar or
untextured. these rays undergo TIR and will not escape upon
first pass and are susceptible to absorption within the device.
Several methods for improving the light extraction from
an LED have been proposed. One method is to change the
macroscopic geometry of the LED to allow all or most of the
light generated within the device to enter an escape cone at
the interface with the ambient. A preferred shape is a
spherical device with a point-source active region located at
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the center of the sphere. All of the emitted light strikes the
interface at normal incidence and escapes into the ambient
with minimal Fresnel loss and no TIR. Dierschke. et al. in
Applied Physics Letters 19. 98 (1971) noted large improve-
ments in extraction efficiency for a hemispherical device.
Carr in Infrared Physics 6. 1 (1966) observed that other
shapes. such as truncated cones. truncated pyramids. etc.
also improve extraction efficiency. Macroscopic shaping
methods are costly and have associated manufacturability
issues such as inefficient material utilization and compli-
cated fabrication processes and techniques.

Another approach is to use an anti-reflective coating on
the top surface of the device. The coating results in reduced
Fresnel losses for light rays near normally incident at the
interface. However. since the thin film coating typically
maintains planarity with respect to the semiconductor
surface. the effective escape cone at the device/ambient
interface is not increased and this technique provides a
limited improvement in light extraction.

Another prior art approach is random texturing or rough-
ening of the surfaces of the semiconductor LED. as shown
in FIG. 1 and taught by Schnitzer. et al in Applied Physics
Letters 63. 2174 (1993). A random surface texture random-
izes the angular distribution of light rays within the device.
This randomization increases the overall probability that
light will enter an escape cone after many multiple passes
through the device structure. Light emitted from the active
region strikes the top surface many times before entering an
escape cone. In Applied Physics Letters 62, 131 (1993),
Schnitzer. et al. noted that very high total external quantum
efficiencies (>72%) could be realized in optically pumped
structures by the extraction of multiple-pass light. In this
case, careful attention was made to minimize absorption
within the device. In a practical, electrically pumped device.
lossy or absorptive regions within the device (e.g.. absorbing
substrate, active layer. defects, doped regions. etc.) or at its
extremities (e.g.. metal contacts, die-attach epoxy. etc.)
significantly reduce the intensity of multiple-pass light rays
and thus limit the extraction efficiency gains. Thus, multiple-
pass light extraction techniques provide only a modest
improvement since in practical devices photons are not
allowed many passes through the device before being
absorbed.

Another prior art method is to couple photons into surface
plasmon modes (within a thin film metallic layer on the top
surface) which are subsequently out-coupled into radiated
modes into the ambient. Kock, et al.. in Applied Physics
Letters 57, 2327 (1990) taught that a periodic surface
structure, shown in FIG. 2, used in combination with a thin
metal film to enhance the plasmon mode coupling can
improve the quantum efficiency of LEDs. These structures
rely on coupling photons from the semiconductor into
surface plasmons in the metallic layer which are further
coupled into photons which are finally extracted. The peri-
odic structure is a one-dimensional ruled grating with shal-
low groove depths (<0.1 pm). The overall external quantum
efficiencies are low for these devices (1.4-1.5%) likely due
to inefficiencies of photon-to-surface plasmon and surface
plasmon-to-ambient photon conversion mechanisms.

An efficient method for improving light extraction from a
semiconductor by favorably altering the reflection and trans-
mission properties of the semiconductor interfaces is highly
desirable.

SUMMARY OF THE INVENTION

An LED having an ordered interface texture that is
periodic in at least one dimension on any or all interfaces of
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an LED will improve the extraction of first-pass light.
Patterning the interfaces is controlled to direct more light
into the ambient without requiring many multiple passes
through the device in order to escape. In addition, ordered
interface texturing can reduce Fresnel loss for light rays
escaping into the ambient. The regularly-patterned textured
interface may have feature spacings comparable to a single
wavelength of light in the device. The shapes and dimen-
sions of the texture features are chosen to optimize light
extraction for the application of interest.

An ordered. controlled interface texturing can result in
light extraction gains by changing or increasing the effective
escape cone at the device/ambient interface. Compared to
macroscopic shaping techniques. ordered texturing involves
simpler fabrication processes. Fresnel losses may be reduced
in much the way reflections are minimized by anti-reflective
coatings. Finally. light extraction gains are provided imme-
diately for first-pass light and do not require that light make
many multiple passes within the device structure before
escaping.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a prior art example.

FIG. 2 illustrates another prior art example.

FIG. 3 illustrates a k-space diagram.

FIG. 4 illustrates a periodic texture along an interface.

FIGS. 5a-c illustrate ordering arrangements for the peri-
odic texture.

FIG. 6 illustrates a conventional semiconductor light-
emitting diode.

FIGS. 7a—c illustrate a method for texturing the top
surface of an LED.

FIG. 8 illustrates a textured transparent substrate device.

FIG. 9 illustrates another embodiment for a textured
transparent substrate device.

FIG. 10 illustrates another embodiment for a textured
transparent substrate device.

FIG. 11 illustrates another embodiment for a textured
transparent substrate device.

FIG. 12 illustrates another embodiment for a textured
transparent substrate device.

FIG. 13 illustrates a resonant cavity LED chip. comprised
of two DBR mirror stacks. with ordered textured interfaces.

FIG. 14 illustrates a resonant cavity LED chip, comprised
of one DBR stack and one metal mirror, with an ordered
textured interface on the transparent substrate surface.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The electromagnetic phase-matching conditions for a
planar interface are altered when the interface is textured. An
ordered textured pattern may be designed to increase first-
pass light extraction and to increase power transmitted from
a semiconductor into the ambient. The effects of ordered
texturing of a semiconductor LED may be understood by
referring to FIG. 3 which illustrates a wave-momentum or
k-space diagram for an interface of GaP (n,~3.3) with a
transparent epoxy (n,~1.5). The two media at the interface
are represented by their allowed wavenumber surfaces:
half-circles of radii k; and k.. respectively. where k=k_n=
20n/A,. n is the material index of refraction, and A, is the
free-space wavelength of interest. Without texturing. a ray I
from within the device is incident on the interface at a large,
oblique angle greater than 6, and does not satisfy the
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necessary phase-matching condition to allow transmission
of power into the epoxy. Therefore, ray I undergoes total
internal reflection and transmits its power into a reflected
ray. r,,. back into the GaP.

In the present invention. the periodic spacing of the
ordered texturing is chosen to be sufficiently small in order
to alter the phase-matching condition at the interface. In
FIG. 3. a periodic texture along the interface. with wave-
number K=2m/A along the plane of incidence. imparts
momentum to the incident ray and couples energy into the
epoxy via transmitted modes t,. t,. and t,. Energy is also
transmitted into reflected modes r;. 1,. . . . . back into the
GaP. The periodic spacing and the shape and depth of the
individual topical features of the texturing are chosen to
favor power transfer into the transmitted modes.

Since light emission from the active layer is essentially
three-dimensional, the interfacial texturing should prefer-
ably provide a wave-vector component along the plane of
incidence for any azimuthal angle. Thus. the texturing
arrangement is preferably two-dimensional along the
interface. as opposed to one-dimensional like a simple ruled
grating. The two-dimensional nature of the texture arrange-
ment offers considerable flexibility. For example, the peri-
odicity in two orthogonal directions along the plane of the
interface are allowed to be different. in which case an
anisotropic beam pattern may be generated. Such a beam
pattern may be useful in certain applications.

The period of the ordered texturing should be short
enough in order to transmit power into the ambient from rays
that would normally undergo TIR at the interface. but not so
short that it redirects significant amounts of light from near
normally incident rays (which would otherwise escape) into
TIR meodes back into the device. For this same reason,
“sharp” texture may be less desirable than “soft” texture
features. Textures with “sharp” features are those that react
with light to produce several higher-order diffracted modes.
This increases the probability that significant amounts of
light may be coupled into TIR modes back into the device.
On the other hand, textures with “soft” features are those
that redirect light primarily into lower-order diffracted
modes, which should escape into the ambient in a proper
texture design. A typical texture profile with “sharp” features
might be a square-wave profile (with sharp corners), while
an example of one with *“soft” features might be a sinusoidal
profile with a smooth variation along the plane of the
interface.

For purposes of the present invention, an interface shall be
defined as any region between dissimilar media, or any
contiguous combination of such regions. Furthermore, an
interface shall be specified by not only these dissimilar
media, but also by its location and orientation relative to the
rest of the device geometry.

FIG. 4 shows an LED with an ordered textured top
surface. A light ray y that would normally undergo TIR
instead transmits power into the ambient upon reaching the
top surface. This power transfer occurs upon first pass, and
reduces the probability for optical loss at absorptive regions
within or at the edges of the device. The light rays (y') within
the angular bandwidth defined by the critical angle of an
untextured surface are also allowed to escape. The overall
effect of the ordered texturing should be to match the active
layer emission with the device geometry and surrounding
ambient so as to result in a significant increase in total
extraction efficiency.

Ordered texturing at the interface may also result in
significantly reduced reflection losses for light rays trans-
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mitted from the device into the ambient. Gaylord et. al.. in
Applied Optics 25. 4562 (1986) noted that ordered surface
textures will exhibit good anti-reflective characteristics over
large angular bandwidths. The abruptness of the refractive
index step between the device and the ambient is reduced to
provide an intermediary region with an effective refractive
index value graded between that of the device material and
that of the ambient.

The texture pattern for optimal light depends upon the
angular distribution of the light emission incident at the
interface and upon the shape of the interface. both of which
largely define the probability that a light ray strikes the
interface at a given angle. If an LLED active region consists
of many (nearly) isotropic emitters. then the texture design
must be such that light incident at a flat interface must be
efficiently transmitted over a large range of angles. i.c.. the
textured-interface transmission must have a large angular
bandwidth. If the emission from the active region is
anisotropic, e.g. micro cavity emission. the ordered texturing
should transmit efficiently within the angular bandwidth
resulting from the anisotropic emission and the orientation
of the interface(s).

The geometry or shape of the LED structure defines the
angular light distribution that will strike any interface. In a
cubic structure. a reasonable maximum angle of incidence at
a top planar surface might be

tan™ ( AP

where o is the width of the cube and h is the distance from
the active layer to the top surface (e.g.. =10 mil, h=2 mil.
0,,..=82°). However, light within the critical angle at the
side surfaces will escape out the side surfaces, so 8,,,,=90—
0,=63° (if n,=3.3, n=L5). Thus. the ordered texturing
should be designed to transmit efficiently over an angle
bandwidth of —63°<0<63°.

In addition. the three-dimensional nature of the angular
light distribution should be taken into account. For example,
for an isotropic emitter below a planar interface. the per-
centage of light emitted for 101<20° is

1-cos20.

3 =3%.

This is less than that emitted for 20°<81<40°. which is

cos20 —cos40

=8.7%
3 =8.7%.

For 40°<I01<60° . the percentage is

12&9%96_6'; - 13.3%.

The ordered texturing of the interface can be designed to
transmit light more efficiently at the larger oblique angles at
the expense of smaller ones. if desired. This may be impor-
tant due to the trade-off generally inherent between diffrac-
tion efficiency and angular bandwidth in diffractive struc-
tures. As a result. it may be desirable to tune the grating for
maximum extraction efficiency at large oblique angles
(where the majority of light is incident).

The active layer and the surrounding structures can also
effect the angular light distribution incident at a interface.
For a thick, absorbing active layer. light emission at larger
values of § is less likely. due to the longer probable path

10

15

20

25

30

35

45

50

55

65

6

length within the absorbing active layer. The angular band-
width of light incident at the top surface would be reduced
relative to a thin active layer device or an active layer with
high internal quantum efficiency (high probability of photon
recycling).

In resonant cavity LED structures (see for example.
Schubert et al.. Science 265. 943 [1994]). the active layer
and cavity design have strong cffects in the angular light
distribution. The active layer is positioned within a small
vertical cavity defined by highly reflecting mirrors. which
may be reflective metals. dielectric distributed-Bragg-
reflector (DBR) stacks. or semiconductor DBR stacks. If the
active layer is positioned at a cavity-field antinode and the
DBR(s) are tuned to maximum reflectivity at normal
incidence, much of the emitted light is clustered within a
narrow range of angles about 0°. However, if the active layer
is positioned away from a field antinode or the cavity is
detuned, the angular light distribution is confined to a
narrow range of off-axis angles. The percentage of total
emitted light increases at more oblique angles (relative to the
top surface) for a given angular light distribution. as stated
earlier. If 80% of the upward emitted light could be con-
tained narrow range of angles. for which an ordered textured
interface might provide transmission at 60%, then the result-
ing upward extraction efficiency would be 0.8x0.6=48%.

The particular shapes. dimensions, and arrangement of the
ordered texturing necessary for optimum performance are
application dependent. A feature shape might be cone-like
protuberance or indentation. A typical ordering arrangement
might be a square. rectangular. or hexagonal-close-packed
(HCP) array. These arrangements are illustrated in FIGS.
Sa—c, each of which show a plan-view of an ordered textured
interface. The periodic spacings are preferably comparable
to or less than a wavelength of light within the device.
Cross-sectional profiles of the textured interface will exhibit
peaks and valleys according to the protuberances or
indentations. and the extent of any individual feature along
the plane of the interface. as defined by its full-width-at-
half-maximum (FWHM) height or depth. may also be com-
parable to several multiples or less than a wavelength of
light within the device. The maximum height or depth of a
protuberance or indentation may be comparable to one or
several wavelengths of light within the device. The spacing
of the ordered pattern is wavelength dependent. It is there-
fore critical to optimally alter the electromagnetic phase-
matching condition at the interface to increase total power
transmitted into the ambient. The extent and depth of the
topical features of the pattern effects the efficiency of the
phase condition alteration to transmit light. Also. the pattern
may be chirped or otherwise interspersed with respect to its
individual topical feature sizes and/or shapes in order to
maximize total optical transmission and device perfor-
mance.

As an example. consider visible-wavelength LEDs for
which A~400-700 nm. In this case, for the interface
described in FIG. 4. the ordered texturing might exhibit a
square or HCP arrangement. Features are potentially 0.1-0.9
pm in extent and on a spacing of 0.1-5.0 um. with feature
depths on the order of 0.2-15.0 pm. The period or spacing
must be short enough to couple light at large oblique angles
into the ambient. For typical visible-wavelength LED
structures. the period will be less than 1.0 pm. The maximum
depth of the features may be 0.5 pm or greater in order to
achieve higher extraction efficiencies. Since the interfaces of
interest are two-dimensional. the grating pattern must be
two-dimensional. not one-dimensional like a simple grating.

A conventional semiconductor light-emitting device is
shown in FIG. 6. It is comprised of semiconductor epitaxial
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layers (1) containing a p-n junction active region (2) on a
substrate (3) with electrical contacts {(4) provided for current
injection. The electrical contacts as shown in FIG. 6 are
made on both the top and bottom surfaces of the device. but
it is possible to put both contacts on one side of the device
to increase light extraction efficiency out the other side. In
this latter case. the substrate (3) need not be conductive nor
even be a semiconductor. provided that the epitaxial layers
(1) may be grown upon or attached to the substrate in a
satisfactory manner.

FIGS. 7a—c illustrate process flow steps for texturing the
top surface of a light-emitting device. An eleciro-or photo-
sensitive thin film (5) is applied to the top of the device (FIG.
7a). This film is exposed using electron-beam lithography.
laser beam interference. or UV radiation. etc.. and the
desired pattern is developed (6) (FIG. 7b). After developing.
the remaining masking pattern protects areas of the device
material from a subsequent etching or milling process (e.g..
ion milling. reactive ion etching, wet chemical etching.
electrochemical etching. photochemical etching. chemical
assisted ion beam etching. or combinations thereof, etc.) to
transfer the desired pattern (7) into the device material., and
the masking layer (6) is removed (FIG. 7c). The metal
contact acts as a mask against the etching or milling process
and is itself not textured. The photo-sensitive masking film
(5) may be eliminated by utilizing a self-patterning etching
technique (e.g.. photo electrochemical etching, local laser
melting and selective etching of melted regions. etc.).
wherein the chemical. mechanical. or electrical state of the
device material is altered according to the pattern and
material is subsequently or simuiltaneously selectively
removed to create an ordered textured interface.

Alternatively, a dielectric masking film or other thin film
(metal. polymer. etc.) is applied before the photo-sensitive
film. The type and thickness of this mask is selected to
achieve the necessary etch ratio between the masking mate-
rial and the device material in order to achieve deeply etched
texturing which may be desirable for optimum light extrac-
tion. Additionally, this film may comprise part of the fin-
ished device since it is a suitable transparent window layer
which may be textured to improve light extraction into the
ambient. This may be useful if the index of the dielectric is
greater than that of the ambient since the resulting structure
will provide an increase in the effective escape cone out of
the device.

FIG. 8 illustrates another embodiment wherein the top
and back surfaces of a transparent substrate device are
textured. Because the active region is typically heavily
absorbing at the emission length, the back surface is textured
(8) to redirect light that is reflected from the back surface
towards the sides of the device to avoid a second pass
through the active region and the top metal contact. The
texturing of the top and bottom surfaces may be different
since light is being redirected differently at either surface. In
the case of a thin-active-layer device or one with high
internal quantum efficiency (>80%), with little absorption
occurring in that layer, the bottom surface texture may
instead be designed to re-direct light into an escape angle at
the top surface.

FIG. 9 illustrates an embodiment where the back metal
contacts are put down on top of the textured surface.
Alternatively, the front and/or back contacts may be applied
outside the textured regions. In the case of FIG. 9. the
corrugation of the back metal contacts (9) offers increased
surface-area for a given contact dimension and these con-
tacts will exhibit reduced electrical resistance as compared
to flat contacts of the same dimension. The corrugated
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contacts may be smaller in dimension relative to flat contacts
for an equivalent contact resistance. They may be less
absorbing than conventional flat contacts because the cor-
rugation may act as an efficient reflective or diffractive
barrier to incident light. Patterning within the contact
regions may be optimized independently of the patterning on
the rest of the device interfaces for increased TIR or Fresnel
reflection in the contact regions in order to reduce absorption
at the contacts. The optimal patterning in these regions may
or may not be similar to the optimal patterning for other
regions of the device.

FIG. 10 illustrates an embodiment that combines macro-
scopic shaping and interface texturing. Surface texturing is
provided on either or both the top and the bottom of a
truncated-cone-shaped light-emitting device. This transpar-
ent substrate device is mounted upside-down relative to the
device of FIG. 9 to exploit the extraction gains provided by
the thick cone-shaped window. Texturing may be performed
on the back and designed to redirect light towards the sides
of the device to avoid its passing through the absorbing
active region. Alternatively. both the top and back metal
contacts may be corrugated or “flat”. The cone-shaped
window helps to direct much of the light emitted from the
active region towards the top surface at near normal inci-
dence. This reduces the angular bandwidth of light incident
at the top surface. and allows for a more efficient texturing
design since, in general, there is a trade-off between diffrac-
tion efficiency and bandwidth in diffractive structures. The
reverse case also holds, wherein an increase in the effective
escape cone at the top surface (due to texturing) may allow
relaxed design constraints in chip-shaping. leading to less
costly designs. The top-surface texturing provides maximum
light extraction at the wavelength and angles of interest,
while the contact-area texturing may be designed to maxi-
mize reflectivity in order to reduce absorption at the metal
contacts.

FIG. 11 depicts an embodiment that combines ordered
interface texturing with chip-shaping. A truncated-pyramid
shape is chosen for its similarity to a hemisphere. Texturing
is provided on at least one of the exposed surfaces.
Preferably, it is performed on the beveled sides (10) of the
device as well as the top and bottom to reduce Fresnel loss
and increase extraction efficiency. The patterning on the
beveled surfaces (10) is best effected by non-contact pat-
terning techniques such as photochemical etching using a
laser. Additional variations may include some type of
ordered texturing on the extreme edges of a device as well,
to alter the emission patterns and/or to further enhance
extraction efficiency.

FIG. 12 illustrates a device having an ordered textured
interface near the active layer. A transparent window layer
(12) is attached to the textured interface. This window layer
may be provided to increase current spreading from the top
contact for uniform injection into the active layer. The
sandwiched interface between the window layer and the
textured interface would normally consist of voids (13) but
these voids may be filled with a suitable material (e.g..
dielectric, semiconductor material, native oxide) before win-
dow layer attachment in order to provide structural integrity
and to favorably modify the current pumping geometry of
the device. The texturing and choice of “sandwiching”
material should be chosen to optimize the electrical and
optical characteristics of the device for the application of
interest. The proximity of the ordered texturing to the active
layer may result in improved light emission characteristics,
wherein light is forced to emit upward from the active layer
at near normal incidence to the top surface. In this latter
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case, the grating should be placed within ~5A of the active
region and preferably within less than ~2A. The grating may
also be placed below the active layer to redirect light upward
or preferentially towards the edges of the LED.

FIG. 13 shows an LED with a resonant cavity (RC)
structure (20) consisting of an active region (2) sandwiched
between two DBR mirror stacks (22A. 22B). The cavity is
detuned to result in anisotropic emission from the active
layer (off-axis emission). The ordered textured top surface is
designed to efficiently couple this light out into the ambient.
If the device is mounted on a transparent substrate. the
bottom surface may be textured to preferentially direct light
into escape cones at the sides of the device. Additionally. the
textured interfaces may be instead embedded within the
device at interfaces nearer the active region.

FIG. 14 shows an RCLED where one side of the cavity
(20) is defined by a high-reflectivity metal mirror (24) and
the other side is a DBR stack (22). The device is mounted
with the (transparent) substrate on top. The cavity is detuned
for off-axis emission and the top surface is textured to
provide efficient coupling of the emission into the ambient.
Additionally, the RCLED devices of FIGS. 13 and 14 may
be shaped (in addition to texturing) to optimally out-couple
light from the off-axis emission.

What is claimed is:

1. A light emitting device comprising:

a device that includes.

a substrate.

a p-n junction region having multiple layers, wherein
subsets of the multiple layers have opposing polarity
such that a p-n junction is formed. one of the layers
being adjacent the substrate,

a transparent window layer. positioned adjacent the p-n
junction region, and

electrical contacts. connecting to the p-n junction
region. being operative to forward bias the p-n
junction; and

a primary interface, positioned in the device, that is

textured with repeated features in at least one selected
direction, having an associated periodicity in each of
the selected directions to increase light extraction and,
within a period, having a cross-sectional profile having
at least one peak and at least one valley.

2. A light emitting device, as defined in claim 1, wherein
the primary interface has repeated features in at least two
selected directions that have identical periodicities.

3. A light emitting device, as defined in claim 1, wherein
the primary interface has repeated features that form a
rectangular array.

4. A light emitting device. as defined in claim 1. wherein
the primary interface has repeated features that form a
hexagonally close-packed pattern.

5. A light emitting device. as defined in claim 1, wherein
the maximum peak-to-valley depth is between 0.2 and 15
microns.

6. A light emitting device. as defined in claim 1. wherein
the periodicities have associated periods between 0.1 and 5.0
microns,

7. A light emitting device, as defined in claim 1., wherein
the valley is within 2 microns of the p-n junction region.

8. A light emitting device. as defined in claim 1. wherein
the peaks and valleys of the cross-sectional profile of the
primary interface have full-width-at-half-maximum of
10-90% of one period of the textured arrangement.

9. A light emitting device. as defined in claim 1, wherein
a portion of the primary interface is electrically conducting.

10. A light emitting device. as defined in claim 1. further
comprising a metallic film at a portion of the primary
interface.
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11. A light emitting device. as defined in claim 1. wherein
at least some portion of the valley is filled in by a material
having an index of refraction less than 2.0.

12. A light emitting device. as defined in claim 1L
wherein:

the material having an index of refraction less than 2.0 is
a dielectric material: and

the device further including a layer of metal positioned
over the dielectric material.

13. A light emitting device. as defined in claim 1. further

comprising:

N secondary interfaces (where N2 1), positioned in the
device. wherein each of the secondary interfaces is
textured with repeated features in at least one selected
direction. having a periodicity in each selected direc-
tion to increase light extraction and, within any period.
having a cross-sectional profile having at least one peak
and at least one valley.

14. A light emitting device, as defined in claim 13.
wherein at least one of the N secondary interfaces and the
primary interface have different cross-sectional profiles.

15. A light emitting device, as defined in claim 13.
wherein at least one of the N secondary interfaces and the
primary interface are textured with different periodicities.

16. A method for manufacturing a textured interface for a
light emitting device made by the steps of:

transferring at least one pattern to at least one interface of
the device, wherein each pattern has repeating features
having a periodicity in all directions and

removing some of the device material according to the
pattern to create an interface that is textured with the
repeating features having a periodicity in all of the
directions. wherein the periodicity for at least two of
the directions has an associated period between 0.1 and
5.0 microns.

17. A method, as defined in claim 16, wherein the step of

transferring the pattern comprises the steps of:

depositing a layer of photoresist over the interface of the

device;
exposing a portion the layer of photoresist to create the
pattern; and

removing the unpatterned regions of photoresist to create
the masking layer.

18. A method. as defined in claim 16, wherein the trans-

ferring the pattern comprises the steps of:

depositing a layer of dielectric material over the interface
of the device;

depositing a layer of photoresist over the layer of dielec-
tric material;

exposing a portion of the layer of photoresist to create the
pattern;

removing the unpatterned regions of photoresist; and

etching the layer of dielectric material according to the
pattern.

19. A method for manufacturing a textured interface for a

light emitting device made by the steps of:

transferring at least one pattern to at least one interface of
the device. wherein each pattern has repeating features
having a periodicity in at least one selected direction;

removing some of the device material according to the
pattern to create an interface that is textured with the
repeating features having a periodicity in at least one
direction; and

filling in the at least some portion of interface using a
material having a refractive index less than 3.
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20. A method for manufacturing a textured interface for a 21. A method. as defined in claim 16. wherein the step of
light emitting device made by the steps of: transferring the pattern comprises the step of modifying the

transferring at least one pattern to at least one interface of state of the device material according to a pattern. wherein
the device. wherein each pattern has repeating features the pattern has repeating features having a periodicity in at
having a periodicity in at least one selected direction: least one direction.

removing some of the device material according to the 22. A method. as defined in claim 21. wherein the step of
pattern to create an interface that is textured with the modifying and the step of removing are performed simul-
repeating features having a periodicity in at least one taneously.
direction: and

applying electrical contacts to the interface. *® %
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1
SURFACE MOUNTABLE LED PACKAGE

FIELD OF THE INVENTION

The present invention is directed towards the field of
packaging light emitting diodes.

BACKGROUND OF THE INVENTION

Most light emitting devices (LEDs) emit incoherent light.
One performance measure of an LED is photometric
efficiency, e.g. the conversion of input energy into visible
light. Photometric efficiency is inversely proportional to the
junction temperature of the LED. A major concern of the
LED package designer is keeping the die cool to provide
good overall performance.

For low power LEDs, ¢.g.=200 mW, or die with small
area, a large optical cavity size limits the ability to meet the
desired reliability conditions. A smaller than optimum cavity
size reduces the light extraction efficiency, e.g. the amount
of generated light that exits the device. The prior art pack-
ages e.g. T1-3/4 and SnapLED, use cast epoxy as the hard
encapsulant. The cast epoxy provides both optical and
structural functionality. A prior art package design for an
LED is shown in FIG. 1. The die is seated at the base of the
optical cavity. A hard encapsulant, e.g. rigid unfilled epoxy,
fills the optical cavity. Because the die, the optical cavity,
and the encapsulant have different thermal coefficients, they
expand and contract at different rates during operation. This
places a high mechanical stress on the LED. In addition, the
prior art packages lack thermal isolation between the elec-
trical and the thermal paths because the electrical leads are
the primary thermal paths. As a result, the packaged die are
subject to thermal stresses from the temperature cycling,
especially during assembly into end products.

These problems are exacerbated as the die increases in
area or input power. Because a device having a larger
junction area, e.g.>0.25 mm? requires a larger optical ele-
ment than a small die, e.g.<<0.25 mm?, to provide compa-
rable light extraction efficiency, a large optical cavity is
necessary. The mechanical stress applied to the LED
increases with the volume of the encapsulant. In addition,
the stress increases as the packaged LED is exposed to
temperature cycling and high moisture conditions. The accu-
mulated mechanical stresses reduce the overall LED reli-
ability.

Since prior art packages use their electrical leads as
primary thermal paths, the high thermal resistance of these
paths combined with the high thermal resistance of the
external system creates high junction temperatures, when
power dissipation increases, ¢.g.Z200 mW. High junction
temperature contributes to accelerating the irreversible loss
of photometric efficiency in the LED chip and also accel-
erates processes that contribute to the failure of mechanical
integrity of the LED package.

None of the available LED packages provide reliable
optically efficient operation for applications approaching
LED average input power of 0.2 W, especially when oper-
ating under high (>35%) duty factors or long pulse widths>1
second.

SUMMARY OF THE INVENTION

The present invention is an LED package that has separate
optical and structural functionality. A heat-sinking slug is
inserted into an insert-molded leadframe. The insert-molded
leadframe consists of a patterned metal part, overmolded by
a filled plastic material to provide structural integrity. The
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slug may include an optional reflector cup. The LED die is
mounted directly or indirectly via an electrically insulating
and thermally conducting sub-mount to the slug. Bond wires
extend from the LEDs to metal leads that are electrically and
thermally isolated from the slug. An optical lens may be
added by mounting a pre-molded optically transparent ther-
moplastic lens and a soft optically transparent encapsulant or
by casting an optically transparent epoxy to cover the LED
or by a cast optically transparent epoxy lens over soft
optically transparent encapsulant. The soft optically trans-
parent encapsulant is a soft material that provides low stress
or cushioning to the LED die.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a prior art LED assembly.
FIG. 2 illustrates an embodiment of the present invention.

DETAILED DESCRIPTION OF THE DRAWINGS

FIG. 2 illustrates an embodiment of the present invention,
an LED package that has decoupled optical and structural
functionality. A heat-sinking slug 10 is placed into an
insert-molded leadframe 12. The insert-molded leadframe
12 is a filled plastic material molded around a metal frame
that provides an electrical path. The slug 10 may include an
optional reflector cup 14. The light-emitting diode (LED) die
16 is mounted directly or indirectly via a thermally con-
ducting sub-mount 18 to the slug 10. Bond wires extend
from the LED 16 and the submount 18 to metal leads on
leadframe 12 that are electrically and thermally isolated
from the slug 10. An optical lens 20 may be added by
mounting a pre-molded thermoplastic lens and an encapsu-
lant (not shown) or by casting epoxy to cover the LED or by
a cast epoxy lens over the encapsulant (not shown). The
encapsulant is preferably a soft material that provides low
stress or cushioning to the LED die. Because the LED die is
thermally coupled to the heatsinking slug, the die can be
maintained at a junction temperature lower than conven-
tional packages. The lower operating temperature maintains
reliability and performance under high-power conditions
because the die is not subject to high thermal stress.

The heatsinking slug 10 is isolated thermally from the
leadframe 12. If an insulating submount 18 is used, then the
slug 10 is electrically insulating. Hence, the slug 10 may be
attached to an external heat sink (not shown) with minimal
thermal resistance to prevent a thermal build-up within the
package. The massive slug 10 provides a low thermal
resistance path to conduct heat away from the LED die 16.
While the preferred embodiment employs a copper slug,
other suitable materials include thermally conductive mate-
rials such as diamond, silicon, aluminum, molybdenum,
aluminum nitride, aluminum oxide, beryllia or composites
and alloys thereof. Alternatively, composites of
molybdenum-copper and tungsten-copper may be used.
Suitable thermally conductive materials include pure
materials, compounds, and composites of silver, copper,
diamond, silicon, aluminum, tungsten, molybdenum, and
beryllium.

The submount 18 provides a thermally conducting path
and thermal expansion buffer between the slug material and
the LED die. It preferably has a thermal coefficient of
expansion comparable to the LED die. The submount 18
may be electrically conducting or insulating. The submount
18 may be made of a thermally conductive material selected
from the group consisting of pure materials, compounds, and
composites of silver, copper, diamond, silicon, aluminum,
tungsten, molybdenum, and beryllium.
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The insert-molded leadframe 12 is a patterned metal part
that provides high electrical conductivity but only low
thermal conductivity. The leadframe may be over-molded by
a plastic structural part that provides low thermal conduc-
tivity and electrical insulation. The insulating part of the
leadframe is a filled plastic material that provides structural
integrity. The strong plastic body provides the structural
integrity of the package and has hardness on the order of
Durometer Shore 50-90 D. Separating the optical and struc-
tural functions allows the package to maintain optical qual-
ity without compromising its structural integrity.

The encapsulant is a soft optically transparent material
having a refractive index>1.3, e.g. silicone, liquid or gelati-
nous optical compound, and fills the optical path between an
LED die 16 and the optical lens 20. The soft optically
transparent material protects the LED die 16. The soft
encapsulant has a hardness less than Durometer Shore 10 A.

The optional reflector cup 14 may be made of thermally
conductive materials that have been plated for reflectivity.
The optional reflector cup 14 may be made of thermally
conductive materials that have been coated for reflectivity.
Similar to the slug 10, suitable thermally conductive mate-
rials from which the reflector cup may be composed include
materials such as silver, copper, aluminum, molybdenum,
diamond, silicon, alumina, aluminum nitride, aluminum
oxide, and composites thereof. Unlike the slug, the reflector
cup walls may also be made of thermally insulating
materials, e.g. plastics with reflective coatings.

Alternatively, the walls may be formed by the un-coated
surface of the optical plastic lens shell arranged such that the
exterior optical surface presents a reflective surface by Total
Internal Reflection CIMR) by virtue of the angle of inci-
dence to the light rays from the chip to the surface and a high
to low refraction index step change at the surface. The
refraction index step change is=0.3.

In many preferred embodiments the cup has been coated
with silver. Other reflective material coatings may be used
such as aluminum, gold, platinum, dielectric coated metals
such as aluminum, silver, gold, or pure dielectric stacks.

We claim:

1. A light emitting die assembly comprising:

metal leads;

an insulating body attached to the metal leads, the insu-
lating bode having a cavity;

a heat sink of a first thermally conductive material, the
heat sink separate from the metal leads, connected to
the insulating body and positioned relative to the cavity
for being thermally coupled to a die; and

a lens, positioned relative to the cavity for transmitting
light emitted from the die.

2. An assembly, as defined in claim 1, further including a
submount of a second thermally conductive material, con-
nected to the heat sink.

3. An assembly, as defined in claim 2, wherein the second
thermally conductive material is selected from the group
consisting of pure materials, compounds, and composites of
silver, copper, diamond, silicon, aluminum, tungsten,
molybdenum, and beryllium.

4. An assembly, as defined in claim 1, wherein the first
thermally conductive material is selected from the group
consisting of pure materials, compounds, and composites of
silver, copper, diamond, silicon, aluminum, tungsten,
molybdenum, and beryllium.

5. An assembly as defined in claim 1, further comprising:

a die thermally coupled to the heat sink.

6. An assembly, as defined in claim 5, further comprising
an optically transparent material, encapsulating the die,
having a hardness less than Shore 10A.
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7. An assembly, as defined in claim 5, further comprising
a submount of a second thermally conductive material
connected between the die and the heat sink.

8. An assembly, as defined in claim 7, wherein the second
thermally conductive material is selected from the group
consisting of pure materials, compounds, and composites of
silver, copper, diamond, silicon, aluminum, tungsten,
molybdenum, and beryllium.

9. An assembly, as defined in claim 5, wherein the first
thermally conductive material is selected from the group
consisting of pure materials, compounds, and composites of
silver, copper, diamond, silicon, aluminum, tungsten,
molybdenum, and beryllium.

10. An assembly, as defined in claim 5, further comprising
a reflector cup, positioned near the heat sink, having a
reflective surface.

11. An assembly, as defined in claim 10, wherein the
reflective surface is selected from the group consisting of
silver, aluminum, gold, silver with a dielectric coating, gold
with a dielectric coating, and aluminum with a dielectric
coating.

12. An assembly, as defined in claim 10, wherein the
reflective surface includes a dielectric stack.

13. An assembly, as defined in claim 10, wherein the
reflective surface includes at least one totally internal reflec-
tive surface formed by refractive index step changes>0.3.

14. An assembly, as defined in claim 1, further comprising
a reflector cup, positioned near the heat sink having a
reflective surface.

15. An assembly, as defined in claim 14, wherein the
reflective surface is selected from the group consisting of
silver, aluminum, gold, silver with a dielectric coating, gold
with a dielectric coating, and aluminum with a dielectric
coating.

16. An assembly, as defined in claim 14, wherein the
reflective surface includes a dielectric stack.

17. An assemble, as defined in claim 14, wherein the
reflective surface includes at least one totally internal reflec-
tive surface formed by refractive index step changes>0.3.

18. An assembly, as defined in claim 17, wherein the
reflector cup includes a material selected from the group
consisting of silver, copper, aluminum, molybdenum,
diamond, silicon, alumina, aluminum nitride, aluminum
oxide, and composites of silver, copper, aluminum,
molybdenum, diamond, silicon, alumina, aluminum nitride,
and aluminum oxide.

19. An assembly, as defined in claim 17, wherein the
reflector cup includes a thermally insulating material.

20. An assembly, as defined in claim 10, wherein the
reflector cup includes a material selected from the group
consisting of silver, copper, aluminum, molybdenum,
diamond, silicon, alumina, aluminum nitride, aluminum
oxide, and composites of silver, copper, aluminum,
molybdenum, diamond, silicon, alumina, aluminum nitride,
and aluminum oxide.

21. An assembly, as defined in claim 10, wherein the
reflector cup includes a thermally insulating material.

22. A light emitting die assembly comprising:

metal leads;

an insulating body attached to the metal leads, the insu-

lating body having a cavity; and

a heat sink of a first thermally conductive material, the

heat sink separate from the metal leads, connected to
the insulating body, and positioned relative to the cavity
for being thermally coupled to a die.

23. The assembly of claim 22, further including a sub-
mount of a second thermally conductive material, connected
to the heat sink.
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24. The assembly of claim 22, wherein the first and
second thermally conductive materials are selected from the
group consisting of pure materials, compounds, and com-
posites of silver, copper, diamond, silicon, aluminum,
tungsten, molybdenum, and beryllium.

25. The assembly of claim 22, further comprising a
reflector cup positioned near the heat sink, having a reflec-
tive surface.

26. The assembly of claim 25, wherein the reflective
surface is selected from the group consisting of silver,

5

6

aluminum, gold, silver with a dielectric coating, gold with a
dielectric coating, and aluminum with a dielectric coating.
27. The assembly of claim 25, wherein the reflective
surface includes a dielectric stack.
28. The assembly of claim 25, wherein the reflective
surface includes at least one totally internal reflective sur-
face formed by refractive index step changes=0.3.

#* #* #* #* #*
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MONOLITHIC SERIES/PARALLEL LED
ARRAYS FORMED ON HIGHLY RESISTIVE
SUBSTRATES

BACKGROUND

Conventional light emitting diode (LED) materials, such
as GaAs, have allowed the construction of only single
junction or multiple parallel junction devices when fabri-
cated monolithically. FIG. 1A illustrates a typical multiple
parallel junction LED array 10. Several p-type regions 13
are grown over a common n-type region 18. N-contact 11
connects to n-type region 18 and several p-contacts 14
connect to p-type regions 13. The device is fabricating by
forming n-type region 18 on a substrate 12, then forming a
continuous p-type layer over the n-type region. The p-type
layer is then divided into discrete regions by mechanically
sawing or chemically etching trenches 15 between p-type
regions 13. FIG. 1B illustrates another multiple parallel
junction LED array 16. Instead of mechanical sawing or
chemical etching, p-type regions 13 are electrically isolated
from each other by diffusion. The monolithic arrays illus-
trated in FIGS. 1A and 1B are limited to the parallel
configuration illustrated in FIG. 2 because the use of con-
tacts on opposite sides of the device requires one common
conductive layer, i.e., n- or p-layer.

SUMMARY

In accordance with the present invention, a series or
parallel LED array is formed on an insulating or highly
resistive substrate, such that both the p- and n-contacts for
the array are on the same side of the array. The individual
LEDs are electrically isolated from each other by trenches or
by ion implantation. Interconnects deposited on the array
connect the contacts of the individual LEDs in the arrays. In
some embodiments, the LEDs are III-nitride devices formed
on sapphire substrates. In one embodiment, the II-nitride
devices are formed on high-resistance SiC or IIl-nitride
substrates. In one embodiment, two LEDs formed on a
single substrate are connected in antiparallel to form a
monolithic electrostatic discharge protection circuit. In one
embodiment, multiple LEDs formed on a single substrate
are connected in series. The series array can operate at a
higher voltage than a single LED of the same area, thus
simplifying power supply design. In one embodiment, mul-
tiple LEDs formed on a single substrate are connected in
parallel. In this embodiment, multiple p-type regions are
formed on a single n-type region, such that the n-type region
surrounds each of the p-type regions and interposes the
p-type regions. In some embodiments, a layer of phosphor
covers a portion of the substrate on which one or more
individual LEDs are formed.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B illustrate typical multiple parallel junc-
tion LED arrays.

FIG. 2 illustrates a circuit diagram of a parallel LED array.

FIGS. 3-6 illustrate an embodiment of a series LED array
according to the present invention at various stages in
fabrication.

FIGS. 7A and 7B illustrate two embodiments of series
LED arrays.

FIG. 8A illustrates a plan view of an embodiment of a
series LED array.

FIG. 8B illustrates a circuit diagram of a series LED array.
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FIG. 9A illustrates a plan view of a series/parallel LED
array.

FIG. 9B illustrates a circuit diagram of a series/parallel
LED array.

FIG. 10 illustrates a circuit diagram of a pair of antipar-
allel LEDs.

FIG. 11 illustrates a plan view of an embodiment of a
monolithic ESD protection structure.

FIG. 12 illustrates a cross section of the structure shown
in FIG. 11.

FIG. 13 illustrates a cross section of a parallel LED array.

FIG. 14 illustrates a plan view of the structure shown in
FIG. 13.

FIG. 15 illustrates a monolithic LED array with phosphor
covering one of the individual LEDs.

DETAILED DESCRIPTION

Materials systems currently of interest in the manufacture
of high-brightness light emitting diodes (LEDs) capable of
operation across the visible spectrum are Group III-V
semiconductors, particularly binary, ternary, and quaternary
alloys of gallium, aluminum, indium, and nitrogen, also
referred to as IlI-nitride materials. The III-nitride semicon-
ductor layers referred to herein are compounds represented
by the general formula Al,Gan, . N (0=x=1, 0=y=1,
0=x+y=1), which may further contain group III elements
such as boron and thallium and in which some of the
nitrogen may be replaced by phosphorus, arsenic, or anti-
mony. Typically, IlI-nitride devices are epitaxially grown on
sapphire, silicon carbide, or gallium nitride substrates by
metal-organic chemical vapor deposition (MOCVD),
molecular beam epitaxy (MBE), or other epitaxial tech-
niques. Sapphire substrates are often used because of their
wide availability and ease of use. Sapphire is an insulator.
application Ser. No. 09/469,657, entitled “III-Nitride Light
Emitting Device with Increased Light Generating
Capability,” filed Dec. 22, 1999 on an invention of Krames
et al., and incorporated herein by reference, discloses III-
nitride light-emitting devices grown onto high-refractive-
index substrates which have low optical absorption. These
substrates may be SiC or II-nitride materials and have high
electrical resistance due to the low impurity content. III-
nitride devices grown on insulating or highly resistive
substrates must have both the positive and the negative
polarity electrical contacts to the epitaxially-grown semi-
conductor on the same side of the device. In contrast,
semiconductor devices grown on conducting substrates such
as those shown in FIGS. 1A and 1B are typically fabricated
such that one electrical contact is formed on the epitaxially
grown material and the other electrical contact is formed on
the substrate.

With the use of insulating or highly resistive substrates,
III-nitride monolithic LED arrays may be fabricated by
forming trenches or ion implantation regions between the
individual LEDs to electrically isolate the individual LEDs.
FIGS. 3-7 illustrate the fabrication of a IIl-nitride mono-
lithic LED array in accordance with one embodiment of the
present invention. In FIG. 3, an n-type layer 22 of, for
example, GaN doped with Si, Ge, or O is formed overlying
highly resistive substrate 20. An active layer 23 of, for
example, InGaN is then formed overlying n-type layer 22,
and finally a p-type layer 24 of, for example, AlGaN doped
with Zn, Mg, Be, Ca, or Cd is formed overlying the active
layer. Layers 22, 23, and 24 may actually contain several
sublayers of different composition and dopant concentration
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which are omitted for clarity. For example, n-type layer 22
may include, a nucleation layer, a highly resistive GaN layer
(e.g. a GaN layer that is non-intentionally doped), and a
lightly n-doped layer, then a more heavily doped n-layer.
Active layer 23 may be, for example, a multiple quantum
well structure.

In FIG. 4, a portion of the n-type layer 22, the active layer
23 and p-type layer 24 is etched away to form a trench 26.
The etch used may be, for example, a reactive ion etch with
a chlorine-containing etchant gas such as BCl,. Trench 26 is
wide enough to electrically isolate the semiconductor layers
on either side of the trench. Trench 26 is etched down to the
substrate or to a highly resistive layer underlying n-type
layer 22, such as a non-intentionally doped GaN layer.
Similarly, the adjacent LEDs may be electrically isolated by
use of an ion implantation process which can render the
intervening material to be highly resistive. A portion of
p-type layer 24 and active layer 23 of each remaining island
of semiconductor material is then etched away as illustrated
in FIG. § using, for example, a reactive ion etch. The second
etch exposes ledges 28 on n-type layer 22, where n-type
contacts are eventually formed.

Turning now to FIG. 6, the ledges for n-contact formation
are electrically isolated by depositing a dielectric material 30
over the device. The dielectric is then patterned and removed
in places to open contact holes on n-type layer 22 and p-type
layer 24, such that dielectric 30 is left in trench 26 between
the individual LEDs on the substrate and on the mesa walls
between the exposed p-type layer and n-type layer of each
LED. Dielectric 30 may be, for example, oxides of silicon,
nitrides of silicon, oxynitrides of silicon, aluminum oxide, or
any other suitable dielectric material.

FIGS. 7A and 7B show two examples of completed series
LED arrays. FIG. 7A illustrates a device where the LEDs in
the array are separated by trenches. FIG. 7B illustrates a
device where the LEDs in the array are separated by ion
implantation regions 301. Electrode materials are deposited
and patterned to form p- and n-contacts 32. Typical contact
materials are Al or Ti—Al for the n-contact and Ag, Au, Ni,
Pt, or alloys thereof for the p-contact. Contacts 32 may be
transparent, such as in devices where light is extracted
through the surface of the epitaxial layers, or reflective, such
as in flip-chip devices where light is extracted through the
substrate. After depositing and patterning the contacts, an
array of unconnected light emitting diodes has been formed
on a single substrate. Other process flows can be used to
develop the same final structure. The LEDs can then be
connected in many different configurations.

Interconnects 34 to connect the individual LEDs on the
device are then deposited. Interconnect 34 may be, for
example Al, Cu, Au, Ag or alloys such as AlSiCu. P- and
n-contacts 32 are materials optimized to form ohmic contact
with the semiconductor layers, while interconnect 34 is a
thick, highly conductive material optimized for carrying
current. If light is extracted from the device through trans-
parent contacts, interconnect 34 is deposited to block as little
of the contacts as possible to minimize the amount of light
absorbed in the interconnect. The two LEDs illustrated in
FIGS. 7A and 7B are connected in series, with the n-contact
of LED B connected to the p-contact of LED A. As is
apparent, metal interconnects 34 can be deposited to connect
the LEDs of a monolithic array in many different configu-
rations.

In one embodiment, such as that shown in FIGS. 8A and
8B, a series array of four LEDs is formed in a balanced
square configuration. FIG. 8B shows a circuit diagram of

10

15

20

25

30

35

40

45

50

55

60

65

4

four LEDs connected in series in a square array. FIG. 8A
shows a plan view of one embodiment of FIG. 8B. It is
desirable to minimize the largest dimension of the LED
array, because after fabrication the array is packaged in an
optic to direct light out of the packaged array. The optic
typically grows geometrically with the size of the light
source.

The array in FIG. 8A has four serially connected LEDs
that are electrically isolated via etching to remove III-nitride
material to form a trench 80 between the individual LEDs as
described above in FIGS. 3-7A. The etching proceeds to at
least a highly resistive Ill-nitride layer, such as a non-
intentionally doped GaN layer. The electrical interconnec-
tions are provided by metallic traces 81. The resulting device
may be represented by the electronic circuit shown in FIG.
8B. This device thus operates at 4x the voltage, and 4x less
current, than a single LED of the same active region area.
For example, a 1 mm? [II-nitride LED may operate at 3.0 V
and 350 mA. This same active junction area, broken up into
four series-interconnected LEDs as shown in FIG. 8A,
provides a device operating at 12.0 V and 87.5 mA. This
higher voltage, lower current operation places less demand
on the electronic driver circuit for the LED array. In fact, the
electronic driver circuit can run at higher efficiency at higher
voltages, improving the overall efficiency of the LED light-
ing system. A monolithic device, according to this
embodiment, is preferred over a conventional approach of
attaching individual LED dice in series. In the conventional
approach, the total area taken up by the LED die is increased
because of the tolerances required by die-attach machines.
This undesirably increases the optical source size of the total
LED and requires an increase in subsequent optics sizes in
the LED system. In the preferred embodiment, the diodes
may be spaced as closely together as allowed by the trench
etching or ion implantation for electrical isolation. The
trench or ion implantation region width may be as small as
a few microns, so that the packing density of diodes in the
embodiment can be very high.

In accordance with the invention, monolithic series arrays
of LEDs may offer several advantages. First, monolithic
arrays cut down on the number of connections to external
circuitry, such as a submount. If the device is formed such
that light is extracted from the epitaxial side of the device
through transparent contacts, a reduction in the number of
connections to external circuitry means that light can be
extracted from more area of the device. In such devices, the
LEDs are typically connected to external circuitry by wire
bonds, which partially obscure the light which is usefully
extracted from the LED die. Interconnects would typically
obscure this extracted light to a much smaller extent. If the
device is a flip chip, fewer contacts to the submount means
that the device can have more active region to generate light.
Second, as described above, monolithic serial arrays operate
at a higher voltage than an individual LED. A higher
operating voltage can simplify the design of a power supply
to drive the LED array.

FIGS. 9A and 9B illustrate a balanced square series/
parallel LED array. FIG. 9B shows a circuit diagram of four
LEDs connected as two parallel strings of two LEDs con-
nected in series. FIG. 9A shows a plan view of one embodi-
ment of FIG. 9B. Such a series/parallel array is formed as
described above in reference to FIGS. 3-7A.

FIG. 10 illustrates an electrostatic discharge (ESD) pro-
tection circuit, where two diodes are connected in an anti-
parallel configuration. The first LED clamps reverse break-
down in the second LED. FIGS. 11 and 12 illustrate one
embodiment 40 of a monolithic ESD protection circuit.
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Structures A and B are formed on a highly resistive substrate
20. One structure A is connected as an LED to produce light,
while the other structure B is used to clamp reverse break-
down in LED A. P-type layers 41a and 41b overlay active
regions 49a and 49b, which are formed on n-type layers 42a
and 42b. A trench 43 is formed between devices A and B.
Ledges for contact formation on n-type layers 42a and 42b
are exposed such that the n-electrodes 45a and 45b are
opposite trench 43 from each other. A dielectric layer 47
electrically insulates the metallization layer 46a from all
electrical contact except where openings are made for inter-
layer interconnects, or for contacts to such areas as the
p-contacts or n-contacts. P-electrode 44a and n-electrode
45b are connected by interconnect 46a such that the
p-contact of LED A is connected to the n-contact of clamp-
ing device B. In the region where interconnect 46a is
deposited, the n-contact of LED A is isolated from inter-
connect 46a by dielectric layer 47, as illustrated in FIG. 12.
As shown in FIG. 11, the interconnection between the
p-contact of LED A and the n-contact of clamping device B
is formed on one side of the device, and the interconnection
between the n-contact of LED A and the p-contact of
clamping device B is formed on the other side of the device.
The structure can then be connected to a submount or other
structure (not shown) by solder bumps or wire bonds 48.
FIGS. 11 and 12 show a structure where the clamping
device is the same size as the LED. Since the clamping
device does not emit light in normal operating
circumstances, the size of the clamping device can be
reduced relative to the LED. In one embodiment, the p-n
junction for the clamping device can be formed underneath
a solder bump or wire bond 48, such that no useful light
emitting area is lost. In another embodiment, the size of the
two anti-parallel diodes is approximately equal and the
device can be operated with an alternating current source.
Parallel LED arrays may also be formed on highly resis-
tive substrates. FIGS. 13 and 14 illustrate one embodiment
of such an array. Three p-type regions 90, 91, and 92 are
isolated from each other by a single continuous n-type
region 93 interposing the p-type regions. P-contacts 32b
deposited on p-type layer 24 and n-contacts 32a deposited
on n-type layer 22 connect to a submount (not shown) by
solder bumps 95. The submount may include control cir-
cuitry or appropriate connectivity for independently
addressing each p-type region. In such embodiments, each
LED may be operated independently of the others.
Asingle LED where the n-type region interposes portions
of a single p-type region is described in application Ser. No.
09/469,657, filed Dec. 22, 1999 on an invention of Krames
et al., titled “III-Nitride Light-Emitting Device with
Increased Light Generating Capability,”. The Krames et al.
device lacks the top horizontal portion 96 of n-contact 93
and the top two solder bumps on the n-contact, shown in
FIG. 14. As a result, current from the two lower n-contact
solder bumps does not spread readily into the uppermost
portions of the vertical arms 97 of n-contact 93. In fact,
electromigration of the n-contact material can cut off all
current flow into the vertical portions of the n-contact of
such a device. In contrast, the symmetrical parallel junction
device shown in FIG. 14 provides more avenues for current
flow and increased redundancy. The top horizontal arm 96 of
the n-contact eliminates “dead ends™ at the tops of vertical
arms 97, thus current spreads readily into all portions of the
n-contact 93.
One or more of the individual LEDs in either a series or
a parallel monolithic array of LEDs can be covered with a
phosphor to change the color of the light generated by the
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LED, as illustrated in FIG. 15. In a flip chip device, a
phosphor coating 100 is printed on the bottom surface of a
portion of the substrate on which a single LED in the array
is formed. One method of applying phosphor coatings to the
substrates of flip chip devices is described in more detail in
application Ser. No. 09/688,053, filed on Oct. 13, 2000 on an
invention of Lowery, titled “Stenciling Phosphor Layers on
Light Emitting Diodes,” and incorporated herein by refer-
ence. By applying a phosphor coating over some of the
LEDs in a monolithic array, LED arrays can simultaneously
generate different colors of light. Such an array may be
useful to mix colors in order to form white light. For an LED
array which incorporates independently addressable parallel
LEDs coupled with selective phosphor placement, one may
create color-tunable LED arrays.

While particular embodiments of the present invention
have been shown and described, it will be obvious to those
skilled in the art that changes and modifications may be
made without departing from the invention in its broader
aspects and, therefore, the appended claims are to encom-
pass within their scope all such changes and modifications as
fall within the true spirit and scope of this invention.

We claim:

1. An array of light emitting devices formed on a highly
resistive substrate, the array comprising:

a first light emitting device, comprising:

a first n-type layer overlying a first portion of the
substrate;

a first active region overlying the first n-type layer;

a first p-type layer overlying the first active region;

a first n-contact connected to the first n-type layer;

a first p-contact connected to the first p-type layer,
wherein the first n-contact and the first p-contact are
formed on the same side of the device;

a second light emitting device, comprising:

a second n-type layer overlying a second portion of the
substrate;

a second active region overlying the second n-type
layer;

a second p-type layer overlying the second active
region;

a second n-contact connected to the second n-type
layer;

a second p-contact connected to the second p-type
layer, wherein the second n-contact and the second
p-contact are formed on the same side of the device;

one of a trench and an ion implanted region separating the

first light emitting device and the second light emitting
device; and

a first interconnect connecting one of the first n- and first

p-contacts to one of the second n- and second

p-contacts.

2. The array of claim 1 wherein the first and second n-type
layers, the first and second active regions, and the first and
second p-type layers comprise III-nitride layers.

3. The array of claim 1 wherein the substrate is selected
from the group consisting of sapphire, SiC, and III-nitride
materials.

4. The array of claim 1 wherein the first interconnect
connects the first p-contact to the second n-contact, the array
further comprising a second interconnect connecting the
second p-contact to the first n-contact.

5. The array of claim 4 further comprising a layer of
dielectric material underlying a portion of the first and
second interconnects.

6. The array of claim 1 wherein the first light emitting
device and the second light emitting device are connected in
series.
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7. The array of claim 1 wherein the first light emitting
device and the second light emitting device are connected in
parallel.

8. The array of claim 1 further comprising a layer of
phosphor coating a surface of the first portion of the sub-
strate opposite the first n-type layer.

9. The array of claim 1 further comprising an highly
resistive layer under the first n-type layer and the second
n-type layer, wherein the highly resistive layer forms the
bottom of the trench.

10. The array of claim 1 further comprising:

a third light emitting device, comprising:

a third n-type layer overlying a third portion of the
substrate;

a third active region overlying the third n-type layer;

a third p-type layer overlying the third active region;

a third n-contact connected to the third n-type layer;

a third p-contact connected to the third p-type layer,
wherein the third n-contact and the third p-contact
are formed on the same side of the device;

a fourth light emitting device, comprising:

a fourth n-type layer overlying a fourth portion of the
substrate;

a fourth active region overlying the fourth n-type layer;

a fourth p-type layer overlying the fourth active region;

a fourth n-contact connected to the fourth n-type layer;

a fourth p-contact connected to the fourth p-type layer,
wherein the fourth n-contact and the fourth p-contact
are formed on the same side of the device;

a second interconnect connecting the first n-contact to the

third p-contact;

a third interconnect connecting the second n-contact to the

fourth p-contact; and

a fourth interconnect connecting the third n-contact to the

fourth n-contact;

wherein said one of a trench and an ion implanted region

separates each of the first, second, third, and fourth
light emitting devices from each other; and

wherein said first interconnect connects the first p-contact

to the second p-contact.

11. An array of II-nitride light emitting devices formed
on an highly resistive substrate, the array comprising:

a layer of a first conductivity type overlying the substrate;

a plurality of active regions overlying the layer of first
conductivity type, such that an area underlying each
active region in the plurality is surrounded by a portion
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of the layer of first conductivity type and portions of the
layer of first conductivity type interpose areas under-
lying each active region in the plurality of active
regions;

a plurality of layers of second conductivity type, overly-

ing the plurality of active regions;

a first contact connected to the layer of first conductivity

type; and

a plurality of second contacts connected to the plurality of

layers of second conductivity type.

12. The array of claim 11 wherein the first contact
surrounds an area underlying each active region in the
plurality of active regions.

13. The array of claim 11 wherein the layer of first
conductivity type comprises GaN doped with Si.

14. The array of claim 11 wherein the plurality of layers
of second conductivity type comprise AlGaN doped with
Mg.

15. The array of claim 11 wherein the plurality of second
contacts comprise silver.

16. The array of claim 11 wherein the first contact
comprises Al.

17. The array of claim 11 wherein the first contact
comprises Ag.

18. The array of claim 11 wherein the substrate is selected
from the group consisting of sapphire, SiC, and III-nitride
materials.

19. The array of claim 11 further comprising a layer of
phosphor coating a portion of a surface of the substrate
underlying one of the plurality of active regions, the surface
being opposite the layer of first conductivity type.

20. The array of claim 1 wherein the first interconnect
overlies the trench or ion implanted region.

21. The array of claim 1 wherein the array is a monolithic
structure.

22. The array of claim 21 wherein the first interconnect is
part of the monolithic structure.

23. The array of claim 1 further comprising a layer of
phosphor coating a surface of the substrate opposite the first
and second light emitting devices, wherein, after conversion
by the phosphor coating, each of the first and second light
emitting device emits substantially the same color light.

24. The array of claim 11 wherein at least one of the
plurality of layers of second conductivity type comprises
InGaN.
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HIGH STABILITY OPTICAL
ENCAPSULATION AND PACKAGING FOR
LIGHT-EMITTING DIODES IN THE GREEN,
BLUE, AND NEAR UV RANGE

This application is a continuation of U.S. application Ser.
No. 09/187,357, filed Nov. 6, 1998, now U.S. Pat. No.
6,204,523.

FIELD OF THE INVENTION

The invention generally relates to the field of Light-
Emitting Diode (LED) technology. More specifically, the
invention relates to LED packaging and encapsulation.

BACKGROUND OF THE INVENTION

An LED component essentially comprises an LED chip (a
piece of semiconductor material with appropriate wire leads)
and a package (typically a substantially transparent material,
configured in a dome shape, the dome acting as a lens for the
emitted light).

The package must be rigid enough, at least on its exterior,
to make the LED component structurally sound. On its
interior, however, the package must be soft or resilient
enough in the vicinity of the LED chip, that mechanical
stresses do not damage the LED chip or the wire leads.
Throughout, the transparent material of the package must
keep light attenuation as small as possible, and must not
adversely affect the spectrum of light which is emitted from
the LED component.

Conventionally, it has been necessary to compromise
between these different objectives. Materials such as PMMA
(polymethylmethacrylate: acrylic or “plexiglas™), glass,
polycarbonate, optical nylon, transfer molded epoxy, and
cast epoxy have been used for encapsulation.

However, these materials suffer from the drawback that
their optical transmissive characteristics degrade over time.
As the material degrades, light is absorbed (“attenuation™) to
an increasing degree. In particular, light with shorter
wavelengths, from the UV through the yellow, is absorbed.
The result is called “yellowing”, because the eye perceives
the light, tending more toward longer wavelengths, as yel-
lowish.

Note, incidentally, that there is also degradation due to
decreased light output from the LED die itself.

Different LED components are configured for particular
wavelengths of light. For instance, Red (2515 nm) and
Yellow or Amber (~580-595 nm) LED technology are
well-developed. By contrast, green through blue LEDs
(400-570 nm) present design problems which have been
more difficult to overcome.

Yellowing of the light-transmissive encapsulant material
is not an issue for longer-wavelength Red, Amber, or Yellow
LEDs. However, shorter-wavelength LEDs are particularly
subject to attenuation because of yellowing.

Therefore, there is a need for an encapsulant for LEDs in
the near UV, blue, and green range which avoids the
drawbacks associated with yellowing and attenuation of the
encapsulant material.

SUMMARY OF THE INVENTION

There is provided, in accordance with the invention, an
LED component, for light of a wavelength in the green-to-
near UV wavelength range, approximately 570 to 350 nm.
The light-emitting semiconductor die is encapsulated with
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one or more silicone compounds, including a hard outer
shell, an interior gel or resilient layer, or both. The silicone
material is stable over temperature and humidity ranges, and
over exposure to ambient UV radiation. As a consequence,
the LED component has an advantageously long lifetime, in
which it is free of “yellowing” attenuation which would
reduce the green-to-near UV light output.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an exploded view of an LED according to the
invention.

FIG. 2 is a cross-sectional view of an LED component
according to a first embodiment of the invention.

FIG. 3 is a cross-sectional view of an LED component
according to a second embodiment of the invention.

FIG. 4 is a cross-sectional view of an LED component
according to a third embodiment of the invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Explanation of Terminology Used

In the discussion which follows, a naming convention will
be used, in which the light-emitting semiconductor material
itself is called an “LED chip” or an “LED die”, and the
overall packaged LED device, including the LED chip and
the encapsulant, is called an “LED component.”

Also, the verb “to encapsulate,” and/or other forms of the
word, including nouns, will be used in a broad, generic sense
to refer to any way of enclosing the LED die, such that the
enclosure protects and isolates the LED die from deleterious
environmental effects, enhances light extraction from the
LED die, and controls the external radiation patterns. An
LED die may be encapsulated by placing a rigid cover over
the die, by molding and curing a conformal material around
the die into a predetermined shape, by a combination of the
two, or by other techniques that would be known to persons
skilled in the LED and the electrical component fields.

The optically transmissive cover will also be referred to as
an “optic.” The term “optic” broadly applies to any optically
transmissive member. An optic may commonly be config-
ured to refract light; that is, any lens may be referred to as
an optic. However, an optic may also cause little or no
refraction. For instance, a glass pane window is also an
optic. The term “optic™ applies to all embodiments of the
optically transmissive cover presented herein, and to other
embodiments of the invention which, given the present
disclosure, a person skilled in the art would be aware of. In
particular, the term “optic” applies to hard shell material, to
softer, gel-type material, and to combinations of both.

It will be understood that optics are “optically transmis-
sive.” The term “optically transmissive” broadly covers
transparency, translucency, transmissivity with dispersants,
and other types of optical transmission.

LED Structure—FIG. 1

FIG. 1 is an exploded view of an LED component. An
LED die 2 is driven by electrical current from wire leads (not
shown). Responsive to current flow, the LED die 2 emits
light.

The LED die 2 is enclosed in a package which generally
includes a bed arrangement 3 upon which the LED die 2
rests, and an optically transmissive cover, generally includ-
ing a lens. The structure shown in FIG. 1 is exemplary, and
a wide variety of other structures would be known to persons
skilled in LED technology.
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The bed arrangement 3 supports the LED die 2 and its
leads. As shown, the bed arrangement 3 includes a lower
housing member 4 which has a die placement area 6. The die
placement area 6 may be substantially flat, or may be
configured as a receptacle, as shown. A reflective surface 8
may be provided on the die placement area 6, to direct
emitted light outward. A substrate member 10 may be
positioned inside the die placement area 6, to support the die
2 itself.

The bed arrangement 3 also includes a lead support
member 12, which is positioned over the lower housing
member 4. Heavy leads 14, provided on the exterior of the
LED component for incorporating the LED component into
circuits and systems, are coupled through the lead support
member 12 to fine leads (not shown), which couple directly
to the LED die 2. The lead support member 12 includes an
aperture 16, through which light emitted by the die 2 passes.

The Optically Transmissive Cover of an LED
Component

An optically transmissive cover 18 is positioned over the
bed arrangement 3, to cover and protect the LED die 2 and
its leads. The cover 18 is made of one or more materials
which are chosen for their light-transmissive properties, and
for their stability over the environmental conditions under
which the LED component is to operate. These environmen-
tal conditions include a wide range of temperatures
(including Joule heating from operation) and ambient UV
radiation. It is common practice to configure the cover 18 as
a lens (generally in a convex shape) to direct the flow of
light.

Conventionally, the optically transmissive cover 18 has
been made of hard optical materials such as PMMA, glass,
polycarbonate, optical nylon, transfer molded epoxy, and
cyclic olefin copolymer.

For infrared (IR) (>940 nm) through Yellow-green (>560
nm) wavelength LED chips, silicone materials have been
used to provide low stress junction coating during epoxy
encapsulation, or used in conjunction with the above-listed
hard optical materials.

For red monolithic display LEDs, silicone has also been
used with no added hard materials in the optical path.

None of these conventional LED components, however,
produced UV through Green light, so there was no need for
overcoming the “yellowing” attenuation problem described
above in connection with LED components of these wave-
lengths.

Statement of the Invention

In accordance with the invention, silicone is used in the
optically transmissive cover of an LED component which
produces light in the green through near UV range.

Aside from the general indications of hardness or softness
given below, a discussion of specific silicone formulations
will be omitted. Persons skilled in the art will be able to
select silicone formulations suitable for their own needs
based on known silicone formulations and properties. See,
for instance, Jacqueline I. Kraschwitz, Herman F. Mark, et
al., “Encyclopedia of Polymer Science and Engineering” (2d
ed.), New York: Wiley & Sons, (1985), vol. 15. In that
reference, the chapter “Silicone” provides information appli-
cable to the relevent aspects of the invention.

In the illustration of FIG. 1, the cover 18 is shown in
simplified form. However, noteworthy features of covers
such as the cover 18 will be described in detail below, in
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connection with embodiments of the invention. Most other
details of the LED component structure, which are generally
as described above, will be omitted from the illustrations of
the embodiments of the invention.

The silicone encapsulant has advantageously stable opti-
cal transmission properties in the blue through green portion
of the visible spectrum (400-570 nm). Because of the
stability, light attenuation caused by changes in the materi-
al’s light absorption properties is not a problem.

LED components according to the invention have been
found to be stable over long lifetimes, greatly in excess of
1000 hours. Stability has been measured by exposure to low
(=55° C.) through high temperatures (in excess of 100° C.),
and low through high humidity (0-85% RH) operation.
Stability also has been measured by exposure to high
internal and external UV through green radiation, such as
would be experienced during operation in outdoor environ-
ments.

Also, silicone has a high refractive index (~1.4 through
1.7), which makes silicone well-suited for optical refractive
structures such as LED dome lenses.

First Embodiment—FIG. 2

FIG. 2 is a cross-sectional view of an LED optically
transmissive cover structure, in accordance with a first
embodiment of the invention.

Since it is common for LED covers to be shaped as lenses,
the shape is given as a convex dome. Other shapes, however,
will be known to those skilled in the art. Also, the position
of the LED die is indicated, but it will be understood that
leads and a suitable bed arrangement are also provided.

FIG. 2 shows an LED cover configured as per a first
preferred embodiment of the invention. A hard outer shell 20
is suitably shaped, e.g., as a lens. The shell may be made of
any suitable optically transmissive material, preferably a
stable material such as cyclic-olefin copolymers or other
optical plastics, glasses, ceramics, or other transparent mate-
rials such as Aluminum Oxide.

Inside the shell 20, a quantity of softer, resilient material
22 is provided. In accordance with the invention, the mate-
rial 22 is a silicone compound.

Inside the silicone material 22 is a space 24, which may
be a cavity or simply a region in the interior of the silicone
material 22. The space 24 is occupied by an LED die 26. In
accordance with the invention, the die produces light in the
green through short UV range of wavelengths, and is there-
fore subject to light attenuation caused by any yellowing of
the surrounding material. However, in accordance with the
invention, the die 26 is surrounded by the silicone material
22, rather than a material which is prone to yellowing.
Therefore, yellowing does not take place, and the LED
component of the invention advantageously does not suffer
from attenuation.

Second Embodiment—FIG. 3

In the second embodiment of the invention, shown in FIG.
3, an LED die 26 (in the green-to-near UV wavelength
range) is disposed inside a space 24, as before. Surrounding
the LED die 26 is a structure including a hard outer shell and
a softer interior. The interior is again a quantity of silicone
material 28, such as a gel, similar to the material 22 of FIG.
2.

In this case, however, there is an outer shell 30 made of
silicone material. Preferably, the outer shell 30 is a harder,
more rigid silicone formulation than that of the material 28,
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to give the desired rigidity and structural integrity to the
LED component.

Since the optically transmissive cover of FIG. 2 is entirely
silicone material, it provides further advantageous freedom
from yellowing attenuation.

Third Embodiment—FIG. 4

In yet another embodiment of the invention, the optically
transmissive cover includes only a single layer of material.

As shown in FIG. 4, a cover made of a single, thick layer
32 of silicone material surrounds a cavity 34, in which an
LED die 36 is disposed.

Other Embodiments of the Invention

From the description given above, persons skilled in the
LED arts will foresee other embodiments that fall within the
spirit and scope of the invention.

For instance, optical dispersants, such as scattering
particles, may be embedded inside the optically transmissive
cover, so that the LED component as a whole provides a
more evenly balanced light. Such dispersants may be mixed
into the silicone gel of FIGS. 2 and 3, or formed within the
hard shells of any of FIGS. 2, 3, and 4.

Similarly, particles of light-emitting material, such as
phosphor, may be embedded in the optically transmissive
cover. Depending on the type of optically transmissive cover
used (i.e., the various embodiments discussed above), the
particles can be embedded either in the hard shell or in the
softer interior silicone material. Responsive to excitation by
radiation from the LED die, such particles emit light of a
different wavelength from the radiation of the LED die.

In summary, the invention provides LED components in
the green-to-near UV wavelength range, which are advan-
tageously free of light attenuation due to yellowing or other
forms of degradation of the optically transmissive lens and
cover.

What is claimed is:

1. A light emitting diode (LED) component comprising:

an LED chip emitting light having a wavelength in a range

of 200 to 570 nanometers; and

an optic encapsulating the LED chip, the optic compris-
ing:
an outer optically transmissive shell of rigid material;
and
a quantity of resilient, optically transmissive material
inside the shell.

2. The LED component of claim 1 wherein the rigid
material is selected from a group consisting of silicone,
cyclic-olefin copolymer, optical plastic, glass, ceramic, and
aluminum oxide.

3. The LED component of claim 1 further comprising an
optical dispersant mixed into the resilient, optically trans-
missive material.
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4. The LED component of claim 1 further comprising an
optical dispersant formed within the rigid material.

5. The LED component of claim 1 further comprising
particles of light-emitting material embedded in the resilient,
optically transmissive material.

6. The LED component of claim 5 wherein the light-
emitting material is a phosphor.

7. The LED component of claim 1 further comprising
particles of light-emitting material embedded in the rigid
material.

8. The LED component of claim 7 wherein the light-
emitting material is a phosphor.

9. The LED component of claim 1 wherein the resilient,
optically transmissive material comprises a silicone material
being transmissive to light in the wavelength range from
ultraviolet through green, wherein the silicone material
maintains its transmissiveness when exposed to a tempera-
ture of 100° C.

10. The LED component of claim 1 further comprising: a
die placement area having a reflective surface.

11. The LED component of claim 1 wherein the optic is
configured as a lens.

12. The LED component of claim 11 wherein the lens has
a convex shape.

13. A light emitting diode (LED) component comprising:

an LED chip emitting light having a wavelength in a range
of 200 to 570 nanometers; and

an optic, configured as a lens, encapsulating the LED

chip, the optic comprising:

an outer optically transmissive shell of rigid material; a
quantity of resilient, optically transmissive material
inside the shell, the resilient, optically transmissive
material comprising a silicone material being trans-
missive to light in the wavelength range from ultra-
violet through green, wherein the silicone material
maintains its transmissiveness when exposed to a
temperature of 100° C.; and

a die placement area having a reflective surface.

14. The LED component of claim 13 further comprising
particles of light-emitting phosphor embedded in the sili-
cone material.

15. The LED component of claim 13 further comprising
an optical dispersant mixed into the silicone material.

16. The LED component of claim 13 further comprising:

particles of light-emitting phosphor embedded in the

silicone material; and an optical dispersant mixed into
the silicone material.

17. The LED component of claim 13 wherein the rigid
material is selected from a group consisting of silicone,
cyclic-olefin copolymer, optical plastic, glass, ceramic, and
aluminum oxide.
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Sr-SiON:Eu, excitation (left) and emission spectra
(right)
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PHOSPHOR CONVERTED LIGHT
EMITTING DEVICE

BACKGROUND

1. Field of Invention

The invention relates generally to wavelength-converted
light emitting devices.

2. Description of Related Art

Light emitting devices including light emitting diodes are
well known solid state devices that can generate light having
a peak wavelength in a specific region of the light spectrum.
LEDs are typically used as illuminators, indicators, and
displays. LEDs based on the IlI-nitride materials system
have been developed that can efficiently emit light in a
relatively narrow band around a peak wavelength in the blue
to UV range of the spectrum. Since blue-UV light has a
higher photo energy relative to other colors of visible light,
such light generated by Ill-nitride LEDs can be readily
converted to produce light having a longer wavelength. It is
well known in the art that light having a first peak wave-
length (“primary light”) can be converted into light having
a longer peak wavelength (“secondary light”) using a pro-
cess known as luminescence. The luminescence process
involves absorbing the primary light by a photoluminescent
phosphor material, which excites the atoms of the phosphor
material, and emits the secondary light. The peak wave-
length and the band of wavelengths around it (in short
wavelength) of the secondary light will depend on the
phosphor material. The type of phosphor material can be
chosen to yield secondary light having a particular peak
wavelength. Needed in the art are wavelength-converting
materials (wavelength converters) that efficiently convert
light in desired wavelength ranges and can withstand the
same operating temperatures as the IlI-nitride light emitting
devices.

SUMMARY

In accordance with embodiments of the invention, a
device includes a semiconductor light emitting device and a
wavelength-converting material comprising
Sr—SiON:Eu?*. The Sr—SiON:Eu?** wavelength-
converting material absorbs light emitted by the light emit-
ting device and emits light of a longer wavelength. In some
embodiments, the Sr—SiON:Eu** wavelength-converting
material is combined with a red-emitting wavelength-
converting material and a blue light emitting device. In some
embodiments, the S—SiON:Eu** wavelength-converter is
combined with a red-emitting wavelength-converter, a blue-
emitting wavelength-converter, and a UV light emitting
device.

The use of Sr—SiON:Eu®* as a green wavelength-
converting material offers several advantages including high
chemical and thermal stability, enhanced color rendering in
white devices due to a relatively wide emission band, and
potentially inexpensive synthesis.

The designator St—SiON:Eu** is used here and in the
following for materials of the general formula (Sr;_,_,
Ca,Ba )Si N, O,:Eu, (a=0.002-0.2, b=0.0-0.25,
¢=0.0-0.25, x=1.5-2.5, y=1.5-2.5, z=1.5-2.5).

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates the excitation and emission spectra of
Sr—SiON:Eu**.

FIG. 2 illustrates the emission intensity as a function of

temperature for St—SiON:Eu?*, relative to the intensity at
room temperature.
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FIG. 3 illustrates an embodiment of a light emitting
device incorporating a light emitting diode and
Sr—SiON:Eu?*.

FIG. 4 illustrates an alternative embodiment of a light
emitting device incorporating a light emitting diode and
Sr—SiON:Eu?*.

FIGS. 5-7 illustrate calculated emission spectra of several
white devices including SiON:Eu*, showing emission in
arbitrary units versus wavelength in nanometers.

FIG. 8 illustrates an observed emission spectrum of a
white device including a blue light emitting diode,
Sr—SiON:Eu** and Sr,SisNg:Eu**.

DETAILED DESCRIPTION

In accordance with embodiments of the invention, a light
source includes a luminescent material for emitting green
light. The luminescent material is Eu** activated St—SiON
having the formula (S,_,_,Ca,Ba,)Si,N O_Eu,
(2=0.002-0.2, b=0.0-0.25, ¢=0.0-0.25, x=1.5-2.5,
y=1.5-2.5, z=1.5-2.5) and excitable by light with a wave-
lengt ranging from UV through blue. FIG. 1 illustrates the
emission and excitation spectrum of St—SiON:Eu>*.

Sr—SiON:Eu** has several advantages. Sr—SiON:Eu**
has low thermal quenching and is stable at high
temperatures, permitting its use with light sources that
operate at high temperatures. For example, at 170° C.
Sr—SiON:Eu** still exhibits nearly 100% of the room
temperature emission intensity. In contrast, other green
phosphors are quenched to 50% of the room temperature
emission intensity at 170° C. FIG. 2 illustrates the emission
intensity (normalized to room temperature emission
intensity) as a function of temperature for St—SiON:Eu*.
Sr—SiON:Eu** also has excellent chemical stability and is
potentially inexpensive to synthesize. In addition, in white
light applications, St—SiON:Eu®* has a relatively wide
emission band which enhances color rendering. The lumen
equivalent is about 550 Im/W and leads to high overall
luminous conversion efficiency of the respective devices.
The parity-allowed radiative transition in the Eu** ion is fast
decaying (decay time less than 1 microsecond, which is
advantageous for many applications.

The Sr—SiON:Eu** material is suitable for use with any
light source emitting light having a wavelength capable of
exciting the S—SiON:Eu material, including, for example,
discharge lamps and blue- and UV-emitting semiconductor
light emitting devices such as light emitting diodes and laser
diodes. FIG. 3 illustrates a first embodiment of a device
incorporating a Sr—SiON:Eu** material. St-—SiON:Eu**
layer 44 covers a light emitting diode including an n-type
region 40, and active region 38, and a p-type region 36
formed over a substrate 42. Contacts 34 are formed on the
n- and p-type regions, then the light emitting diode is flipped
over and electrically and physically connected to a sub-
mount 30 by interconnects 32. St—SiON:Eu** layer 44 may
be deposited by, for example, electrophoretic deposition,
stenciling, or screen printing. Stenciling is described in
“Stenciling Phosphor Coatings On Flip Chip Phosphor-LED
Devices,” U.S. application Ser. No. 09/688,053, and elec-
trophoretic deposition is described in “Using Electrophore-
sis To Produce A Conformally Coated Phosphor-Converted
Light Emitting Semiconductor Structure,” U.S. application
Ser. No. 09/879,627. Both applications are incorporated
herein by reference. The light emitting device need not be a
flip chip and may be oriented such that light is extracted
from the device through the semiconductor device layers,
rather than through the substrate.
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FIG. 4 illustrates a second embodiment of a device
incorporating a St—SiON:Eu* material. The device of FIG.
4 is a packaged light emitting diode including a light
emitting diode 24 optionally mounted on a submount (not
shown), supported by a base 25, and electrically connected
to leads 21. A lens 22 protects light emitting diode 24.
Sr—SiON:Eu** may be dispersed in an encapsulant material
26 that is injected in a space between lens 22 and light
emitting diode 24. The encapsulant may be, for example,
silicone, epoxy, or any other organic or inorganic material,
which is suitable for incorporating the light converter(s) and
adheres to the primary light emitting device.

In some embodiments of the devices illustrated in FIGS.
3 and 4, the S—SiON:Eu** material is the only wavelength-
converting material. The amount of unconverted light from
the light emitting diode mixing with the light emitted by the
Sr—SiON:Eu** is determined by the characteristics, such as
thickness and amount of Sr—SiON:Eu**, of the layer con-
taining the Sr—SiON:Eu**. In some embodiments, a filter
material such as a dye may be incorporated into the device
for filtering out any light unconverted by the
Sr—SiON:Eu?*. The use of a filter material is described in
more detail in Application Serial No. 10/260,090, titled
“Selective Filtering of Wavelength-converted Semiconduc-
tor Light Emitting Devices,” filed Sep. 27, 2002, and incor-
porated herein by reference. For a blue-emitting light emit-
ting diode, the light may range from bluish-green (some
unconverted light from the light emitting diode allowed to
escape) to green (no unconverted light allowed to escape).
Such devices may be useful for applications requiring green
light, such as, for example, green traffic lights or a backlight
for a display. In one embodiment, the device is designed to
generate green light of a centroid wavelength of 556 nm.

In some embodiments of the devices illustrated in FIGS.
3 and 4, the S—SiON:Eu?* is mixed with one or more
additional wavelength-converting materials. Such devices
may be used to create white light or to create light of a color
that is difficult to achieve with a single wavelength-
converting material. Each wavelength-converting material
may be pumped by either light emitted by the light emitting
diode or by light emitted by one of the other wavelength-
converting materials. In some embodiments,
Sr—SiON:Eu** may be used in combination with a red-
emitting phosphor and a blue light emitting diode to produce
white light. Examples of suitable red-emitting phosphors
include nitride silicate phosphors and sulfide phosphors such
as (Sry_,_,_Ba,Ca),SisNg:Eu, (a=0.002-0.2, b=0.0-1.0,
¢=0.0-1.0); (Ca,_,_,Sr)S:Eu, (a=0.0005 . . . 0.01,
x=0.0-1.0); Ca,_,SiN,:Eu, (a=0.002-0.2) and (B,_,_,Ca,)
Si,N,4:Eu, (a=0.002-0.2, x=0.0-0.25).

FIGS. 5-7 illustrate calculated emission spectra of white
light emitting devices that combine a blue light emitting
diode, Sr—SiON:Eu**, and a red-emitting phosphor. Each
figure is accompanied by a table listing, for each spectrum,
the color temperature CCT, the average color rendering
index Ra, and the x and y coordinates on a chromaticity
diagram. In each of

—X—

FIGS. 5-7, the top most spectrum corresponds to the
lowest color temperature and the bottom most spectrum
corresponds to the highest color temperature.

FIG. 5 illustrates emission spectra of white light emitting
devices with SrS:Eu®* as the red emitting phosphor. The
devices illustrated in FIG. § exhibit no tint and have very
high color rendering indices, for example between 85 and
90, at low color temperature. The table below lists CCT, Ra,
and x and y for each of the spectra illustrated in FIG. §:
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X y CCT,K Ra
0.4599 0.4107 2709 90
0.4369 0.4042 3001 89
0.4171 0.3964 3301 88
0.3999 0.3882 3601 86
0.3850 0.3798 3900 85
0.3721 0.3716 4200 84
0.3609 0.3639 4498 84
0.3511 0.3566 4797 83
0.3425 0.3499 5096 82

FIG. 6 illustrates emission spectra of white light emitting
devices with CaS:Eu®* as the red emitting phosphor. The
devices illustrated in FIG. 6 also exhibit no tint, but have
significantly lower color rendering indices, for example
between 62 and 72, at low color temperature. The table
below lists CCT, Ra, and x and y for each of the spectra
illustrated in FIG. 6:

X y CCT,K Ra
0.4599 0.4107 2709 62
0.4369 0.4042 3001 66
0.4171 0.3964 3300 68
0.3999 0.3881 3600 70
0.3850 0.3798 3900 72
0.3721 0.3716 4199 74
0.3609 0.3639 4499 75
0.3511 0.3566 4797 76
0.3424 0.3498 5097 77

The use of (Sr,Ca)S:Eu** as the red emitting phosphor is
expected to offer better color rendering than CaS:Eu®*
devices illustrated in FIG. 6 and worse color rendering than
SrS:Eu* devices illustrated in FIG. 5.

FIG. 7 illustrates emission spectra of white light emitting
devices with Sr,Si;Ng:Eu** as the red emitting phosphor.
The devices illustrated in FIG. 7 exhibit no tint and have
color rendering indices comparable to those of the SrS:Eu*
devices discussed above in reference to FIG. 5. In some
devices, Sr,SisNg:Eu?* is favored as the red emitting phos-
phor due to its favorable chemical properties. The table
below lists CCT, Ra, and x and y for each of the spectra
illustrated in FIG. 7:

X y CCT,K Ra
0.4599 0.4107 2709 87
0.4442 0.4065 2901 86
0.4300 0.4017 3101 86
0.4171 0.3964 3300 85
0.3999 0.3881 3600 84
0.3721 0.3717 4200 82

FIG. 8 illustrates an observed emission spectrum for a
device including a blue light emitting diode, S—SiON:Eu**
and Sr,SigNg:Eu>*.

In some embodiments, St—SiON:Eu** may be used in
combination with a red-emitting phosphor, a blue-emitting
phosphor, and a UV light emitting diode to produce white
light. Examples of suitable blue-emitting phosphors are
(Sry_._.,Ba,)sMgSi,O4:Eu, (a=0.002-0.2, x=0.0-1.0);
(Sr,_,_,Ba)P,0,:Eu, (a=0.002-0.2, x=0.0-1.0); (Sr,_._,
Ba,),Al;,0,5:Eu, (2a=0.002-0.2, x=0.0-1.0);
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La,_,Si;N5:Cc, (a=0.002-0.5); (Y,_,).SiOs:Ce,
(2a=0.002-0.5); and (Ba,_,_,Sr,) MgAl,,0,,:Eu,
(a=0.01-0.5, x=0.0-0.5). The amounts of St—SiON:Eu2+,
red-emitting phosphor, and blue-emitting phosphor are
adjusted to create white light and to minimize the amount of
UV light escaping unconverted from the device. In embodi-
ments with multiple wavelength-converting materials, the
Sr—SiON:Eu** and other wavelength-converting materials
may be separate layers formed one over the other or may be
mixed in a single wavelength-converting material layer. For
example, in a UV device according to FIG. 3 with red-,
green-, and blue-emitting phosphors, the different phosphors
may be mixed and deposited in a single layer, or may be
deposited in three separate layers, usually blue adjacent to
the light emitting diode, then green, then red. In a device
according to FIG. 4, the phosphors may be mixed in a single
encapsulant layer, or three layers of encapsulant, each con-
taining a different phosphor, may be deposited over the light
emitting diode. The Sr—SiON:Eu®** and any other
wavelength-converting material may also be deposited as a
thin film on at least one of the surfaces of the light emitting
device.

In one example, S—SiON:Eu** may be synthesized as
follows: 208.98 g (1.415 mol) SrCO; is mixed with 12.3 g
(0.059 mol) EuF; and 206.8 g (4.423 mol) SiN, ; (min. 98%
purity) in dry ethanol under argon. The ethanol is removed
in a stream of argon and the dried powder mixture is then
fired at 1400° C. for 1 hr in an H,/N, atmosphere over
charcoal in a tungsten boat. After milling, the powder is fired
at 1500° C. for 1 hr in an H,/N, atmosphere, then milled and
washed with water several times.

leaving described the invention in detail, those skilled in
the art will appreciate that, given the present disclosure,
modifications may be made to the invention without depart-
ing from the spirit of the inventive concept described herein.
Therefore, it is not intended that the scope of the invention
be limited to the specific embodiments illustrated and
described.

What is being claimed is:

1. A device comprising:

a semiconductor light emitting device capable of emitting

light of a first wavelength; and

a first wavelength-converting material comprising

Sr—SiON:Eu*", the first wavelength-converting mate-
rial disposed to absorb light of the first wavelength;
wherein the first wavelength-converting material absorbs

light of the first wavelength and emits light of a second
wavelength longer than the first wavelength.

2. The device of claim 1 wherein the first wavelength
ranges from blue to UV.

3. The device of claim 1 wherein the second wavelength
is green.

4. The device of claim 1 further comprising a second
wavelength-converting material, wherein the second
wavelength-converting material absorbs light of one of the
first wavelength and the second wavelength, and emits light
of a third wavelength longer than the second wavelength.

5. The device of claim 4 wherein the third wavelength is
red.

6. The device of claim 4 wherein the second wavelength-
converting material is selected from the group consisting of

(St,_,_, Ba,Ca,),SisNgEu, (a=0.002-0.2, b=0.0-1.0,
¢=0.0-1.0); (Ca,_,_,Sr)S:Eu, (a=0.0005 . . . 0.01,
x=0.0-1.0); Ca,_,SiN,:Eu, (a0.002-0.2); and (Ba,_,_,Ca,)

Si,N,4:Eu, (a=0.002-0.2, x=0.0-0.25).

7. The device of claim 4 wherein the first wavelength is
blue.

8. The device of claim 4 further comprising a third
wavelength-converting material, wherein the third
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wavelength-converting material absorbs light of the first
wavelength and emits light of a fourth wavelength longer
than the first wavelength and shorter than the second wave-
length.

9. The device of claim 8 wherein the first wavelength is
UV, the second wavelength is green, the third wavelength is
red, and the fourth wavelength is blue.

10. The device of claim 8 wherein the third wavelength-
converting material is selected from the group consisting of
(Sry_._.,Ba,)sMgSi,O4:Eu, (a=0.002-0.2, x=0.0-1.0);
(Sry_,_,Ba),P,0,:Eu, (a=0.002-0.2, x=0.0-1.0);
(Sry_,-,Ba,),AlL ,0,5; Eu, (a=0.002-0.2, x=0.0-1.0); La, _,
SizN5:Ce, (a=0.002-0.5); (Y;_,)-Si05:Ce, (a=0.002-0.5);
and (Ba,_,_Sr)MgAl, ,O,:Eu, (a=0.01-0.5, x=0.0-0.5).

11. The device of claim 8 wherein the amounts of first
wavelength-converting material, second wavelength-
converting material, and third wavelength-converting mate-
rial are selected to prevent light of the first wavelength from
escaping the device.

12. The device of claim 1 further comprising a filter
material capable of absorbing light of the first wavelength.

13. The device of claim 1 wherein the second wavelength
comprises a centroid wavelength of 556 nm.

14. The device of claim 1 wherein the light emitting
device is a II-nitride light emitting diode.

15. The device of claim 1 wherein the first wavelength-
converting material is coated on a top surface and a side
surface of the light emitting device.

16. The device of claim 1 further comprising:

a pair of leads electrically connected to the light emitting
device; and

a lens disposed over the light emitting device.

17. The device of claim 16 wherein the first wavelength-
converting material is dispersed in an encapsulant disposed
between the light emitting device and the lens.

18. The device of claim 16 wherein the light emitting
device is mounted such that light is extracted from the light
emitting device through a transparent substrate.

19. A device comprising:

a Ill-nitride light emitting diode;

a green emitting phosphor comprising St—SiON:Eu**;
and

a red emitting phosphor;

wherein the green emitting phosphor and the red emitting
phosphor are disposed over the IlI-nitride light emitting
diode.

20. The device of claim 19 wherein the red emitting
phosphor is selected from the group consisting of (Sr;_,_, .
Ba,Ca,),SisNg:Eu, (a=0.002-0.2, b=0.0-1.0, c=0.0 —-1.0);
(Ca,_, ,Sr)S:Eu, (a=0.0005 . . . 0.01, x=0.0-1.0); Ca,_,
SiN,:Eu, (2=0.002-0.2); and (Ba,_, ,Ca,) Si,N;,:Eu,
(a=0.002-0.2, x=0.0-0.25).

21. The device of claim 19 further comprising a blue
emitting phosphor disposed over the IlI-nitride light emit-
ting diode.

22. The device of claim 21 wherein the blue emitting
phosphor is selected from the group consisting of (Sr,_.._,
Ba,);MgSi,O4:Eu, (a=0.002-0.2, x=0.0-1.0); (Sr,_,_,Sr.),
P,0,:Eu, (a=0.002-0.2, x=0.0-1.0); (Sr,_._,Ba,).,
Al,,0,5:Eu, (a=0.002-0.2, x=0.0-1.0); La,_ ,Si;N:Ce,
(a=0.002-0.5); (Y;.,).Si0O5:Ce, (a=0.002-0.5); and
(Ba,_._,Sr) MgAl,,0,,:Eu, (a=0.01-0.5, x=0.0-0.5).

23. The device of claim 19 wherein the green emitting
phosphor absorbs light emitted by the blue emitting phos-
phor and emits green light.

& & &
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SEMICONDUCTOR STRUCTURE FOR
OPTOELECTRONIC COMPONENTS WITH
INCLUSIONS

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a multilayer structure
in semiconductor material, especially for a solid state
laser. More generally, the invention has applications in
optoelectronics, and monolithic integration in opto- and
microelectronics.

2. State of the Prior Art

Silicon Si and gallium arsenide GaAs are currently
the most widely used semiconductor materials. Al-
though a very high scale of integration has been ob-
tained in microelectronics using silicon, optoelectronics
has developed from heterostructure lasers with semi-
conductor materials from groups III and V of the Men-
deleevian classification, such as GaAs/GaAlAs on
GaAs substrate and such as GalnAs/AllnAs or Gal-
nAs/InP on InP substrate. The integration on a com-
mon substrate of optoelectronic and microelectronic
devices with complementary functions produced from
different materials, e.g. material from groups Il and V
and silicon, is a particularly appealing perspective
which has given rise to intensive research work in re-
cent years.

A silicon substrate has numerous advantages: solidity,
perfection, high thermal conductivity, low cost, etc. It
is mainly the deposition of III-V compounds on silicon
that has mainly been studied. Much progress has been
achieved concerning this type of epitaxial growth and
has enabled the obstacles encountered to be partially
overcome: the difficuity in depositing a polar material
such as III-V semiconductors on a non-polar material
such as silicon, and the major lattice parameter differ-
ence between these, e.g. 4% for GaAs on silicon.

In particular, this mismatch implies the presence of a
very high quantity of dislocations in the first tens of
nanometers of the epitaxially deposited material. These
dislocations can be due to the preparation of the state of
the surface upon which the epitaxial growth is carried
out, and/or to a degradation over time of the crystalio-
graphic quality of the epitaxial semiconductor. What-
ever their origin, these dislocations beget local inhom-
geneities and can develop.

For instance, when the crystalline lattice parameter
of a layer is lower than that of a second layer, the first
layer is subjected to tension and dislocations occur in
the layer interface. If the first layer is the active layer of
a laser component, the performances of the laser com-
ponent are highly dependent on the number of disloca-
tions present. These defects do, of course, affect the
threshold current of this component with minority car-
riers, but also affect its ageing. When the component is
operating, the presence of an electric field, and of high
photon and carrier densities also help the displacement
of existing defects and assist the generation of new de-
fects.

For conventional optoelectronics applications, opto-
electronic components are produced from III-V semi-
conductor heterostructures, such as GaAs/GaAlAs on
GaAs substrate and such as GalnAs/AllnAs or Gal-
nAs/InP on InP substrate. The dislocation rates ob-
tained during the growth of these structures by conven-
tional techniques, like molecular beam epitaxy and
vapor phase epitaxy from organometallic compounds,
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2
are in the region of 104/cm?. The rates are compatible
with proper functioning of these optoelectronic compo-
nents, as witnessed by the large-scale commercial use of
some of these, such as GaAs/GaAlAs laser diodes with
0.85-um wavelength; however, in certain cases, the
displacement and multiplication of the dislocations dur-
ing operating of the components have been observed
and correlated with lifetime problems of these compo-
nents. The dislocation-related problems, latent in this
instance, become crucial if these defects are more nu-
merous in the material used.

In the case of the growth of a IIl-V material on sili-
con, it is therefore primordial to seek as low a disloca-
tion rate as possible in the structure. The dislocation
rates in the superficial layer of the material remain in the
region of 106to 107 dislocations per cm2. The number of
dislocations tends to decrease with the thickness of the
deposit, but depositions cannot exceed 4 to 5 microns of
material. Beyond that, the very major difference in
coefficients of expansion between the silicon and the
I11-V material entails the formation of numerous cracks
in the epitaxial layer when the growth temperature, in
the region of 500° to 600° C., drops to room tempera-
ture. This failure of the attempts to reduce the number
of dislocations is charged with consequences as regards
the stability of laser components fabricated on silicon
substrates.

To illustrate the results obtained, consideration is
directed to the case of a GaAs structure on Si, which is
the case that has been studied most intensely. No in-
stance of room-temperature continuous-emission opera-
tion has been observed to date for double heterostruc-
ture lasers, as the component degrades below the laser
threshold. On the other hand, a room-temperature oper-
ation in the pulsed mode, then in the continuous mode
for short periods in the region of one minute has been
observed for quantum well lasers, i.e., structures with
confinement separated by index gradient. The reduction
of the dimensions of the active layer is therefore clearly
beneficial for the operating of the optoelectronic com-
ponent. This result is related to several favourable fac-
tors. The use of the separate confinement concept
brings about a reduction of the threshold current of the
component, and therefore an increased stability of the
latter. Moreover, there is a reduction in the size of the
active layer which is the only region of the structure in
which the two types of carriers are simultaneously pres-
ent: the diffusion of the carriers before recombination
then occurs in a plane and the dislocations no longer
occur in the carrier capture except by their line frag-
ment intersecting the active layer. However, even with
these quantum well structures, the components ob-
tained are not very stable, and have lifetime-related
problems.

OBJECT OF THE INVENTION

The main object of this invention is to reduce the
influence of dislocations on the operating of structures
for optoelectronic components, such as lasers, fabri-
cated from semiconductor materials.

SUMMARY OF THE INVENTION

Accordingly, there is provided a structure having
plural layers in semiconductor material wherein one of
the layers comprises three-dimensional inclusions in a
semiconductor material having a narrower forbidden
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band (bandgap) than the forbidden band of the material
of said layer.

Preferably, the layer comprising the inclusions con-
stitutes the active layer of an optoelectronic compo-
nent, such as a laser. The inclusions ensure a function of
traps for the carriers, thereby avoiding diffusion of the
lattér towards the core of the dislocations and the asso-
ciated nonradiative centers. The inclusions are the site
of the radiative recombination between electrons and
trapped holes leading to the laser gain.

The inclusions are inserted during growth, by using
the three-dimensional nucleation mode observed during
the epitaxy of III-V materials that are highly mis-
matched with regard to the substrate used. Accord-
ingly, a method for fabricating a multilayer structure
embodying the invention comprises the two following
successive steps during the growth of the material con-
stituting one of said layers:

interrupting at least once said growth, and

depositing a thin layer of the semiconductor material
having a narrower forbidden band than the forbidden
band of the material of said layer thereby constituting
three-dimensional inclusions.

BRIEF DESCRIPTION OF THE DRAWINGS

Further features and advantages of the invention will
be apparent from the following particular description of
several preferred embodiments of this invention as illus-
trated in the corresponding accompanying drawings in
which:

FIG. 1 is a schematic transverse cross-sectional view
of a laser structure according to the prior art;

FIG. 2 is a thickness - quantum energy diagram of the
structure according to FIG. 1, in correspondence with
the line II-1I in FIG. 1;

FIG. 3 is a thickness - refractive index diagram of the
structure shown in FIG. 1, according to the line II—II;

FIG. 4 is a schematic transverse cross-sectional view
of a multilayer structure in semiconductor material
embodying the invention, of a similar type to that of
FIG. 1;

FIG. § is a schematic detailed view of the active layer
in the structure shown in FIG. 4;

FIGS. 6 and 7 are thickness - quantum energy dia-
grams of the structure shown in FIG. 4, in correspon-
dence with lines VI—VI and VII—VII in FIG. §, re-
spectively; and

FIGS. 8,9 and 10 are schematic views in perspective
of the structure in FIG. 4 for illustrating the state of the
active layer in FIG. § before and after deposition of
inclusions in & plane and after deposition of a sublayer of
active layer on the inclusions, respectively.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

As appears by comparison of FIGS. 1 to 4, a structure
of a semiconductor laser according to the invention is
similar to a known solid-state laser structure. The
known structure comprises a semiconductor substrate 1
and a stacking of three or four layers in semiconductor
material 2, 3, 4 and 5 placed on a major side of the

- substrate 1.

In the structure illustrated in FIG. 1, four layers 2 to
§ are provided and constitute a double heterostructure.
The layers 2 to 4 are in semiconductor material offering
narrow forbidden bands (bandgap) BI between valence
band BV and conduction band BC, and high refractive
indexes; the seiniconductor material of the layers 2 and
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4 can be GaAs. The two other layers 3 and § are in
semiconductor material with forbidden band widths L3
and L5 that are larger than the width of the forbidden
band L4 of the layer 4, as shown in FIGS. 2 and 3, and
low refractive indexes. The narrowness of the forbid-
den bands of the layers 2 and 4 is defined here in relation
to largeness of the forbidden bands of the layers 3 and 5.
Under these conditions, the layers 3 and 5 confine, as is
known, a laser beam propagating itself in the active
layer 4 intermediate between the layers 3 and 5.

According to a preferred embodiment, the stacking
of layers 2 to 5 constitutes a double heterostructure
GaAs/GaAlAs formed on a substrate in silicon Si.

The layer 2 is of the monolayer or multilayer type
and is epitaxially deposited directly on said major side
of the substrate 1 and is in GaAs. The layer 2 constitutes
a buffer layer as un-dislocated as possible whose sole
purpose constituted by the layers 3, 4 and 5. According
to certain embodiments, the layer 2 can be omitted.

The active layer 4 is also in GaAs, and is interposed
between the thick layers 3 and § and is thinner than
layers 3 and 5.

The layers 3 and § are in ternary alloy GaAlAs with
a lower refractive index than that of the active layer 4
interposed between the layers 3 and 5. The layers 3 and
5 are doped with opposite conductivity impurities, re-
spectively of type n and p. The injected electrons and
holes are thus confined and recombine in the active
layer 4 which ensures the confinement of the optical
wave. In the layer 4 which constitutes the active region
of the laser, energy is transferred to the electromagnetic
wave by the recombination of the carriers.

To be complete, it should be noted that the invention
may apply to any type of known structure in semicon-
ductor materials for laser or optoelectronic components
such as optical modulators or optical switches. In par-
ticular, the confining layers 3 and § may each be consti-
tuted by several layers of the same material but with
different doping concentrations, and the upper layer §
may be covered with other layers in semiconductor
material that is different and/or of different conductiv-
ity, or even with an insulating layer such as SiO; or
Si3N4. Two thin metallic layers 6 and 7 forming elec-
trodes are, of course, provided on both sides of the stack
of layers.

Turning to FIG. 4, the semiconductor laser structure
embodying the invention comprises a substrate 1a, and
superposed layers 2a, 3a, 4a and 5a as well as electrodes
6a and 7a which are arranged in relation to one another
in the same way as the substrate 1, the layers 2 to 5§ and
the electrodes 6 and 7 in the known structure shown in
FIG. 1. All the layers, with the exception of the layer
4a, are identical to the corresponding layers in the
known structure.

According to the invention, the active layer 4g is
modified by comparison with the previous layer 4, by
punctual inclusions 8 in a semiconductor material, such
as indium arsenide InAs having, as shown in FIG. 6, a
smaller width of forbidden band L8 than that L4 of the
semiconductor material of the active layer 4a, such as
gallium arsenide GaAs. As shown in detail and schemat-
ically in FIG. 8, the inclusions 8 of InAs form islands
substantially of a semi-spherical cap shape which are
spread over the layer 4a, with a substantially uniform
density, in several planes parallel to the confinement
layers 3¢ and 5a4. To avoid overloading of FIG. §, only
three planes P1, P2, PN of inclusions 8 have been illus-
trated in it.
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The fabrication of the semiconductor laser embody-
ing the invention is analogous to that of a laser of the
same type according to the prior art, with the exception
of the formation step of the active layer 4a. The entire
laser structure is produced by the same growth tech-
nique, e.g. molecular beam epitaxy MBE, or by vapor
phase epitaxy in another embodiment.

The growth by molecular beam epitaxy of the mate-
rial GaAs constituting the layer 4a begins at the end of
the formation of the confinement layer 3a. When the
thickness of this layer 4a reaches each of the planes P1
to PN, the growth is interrupted at this point of the
structure, as shown in FIG. 8 for the plane P2. A thin
layer of InAs is deposited on the surface of the “sub-
layer” thus formed 4aj, 443, . . . of the active layer 4q.
The material, InAs, has a lattice that is highly mis-
matched with GaAs, in the region of 7%, which
strongly influences the InAs growth mode. The first
molecular layer P1 of InAs, in practice having a thick-
ness of approximately 0.3 nm, elastically accommodates
this lattice parameter difference. However, from the
second monolayer on, corresponding to the plane P2, a
transition to a three-dimensional growth mode is ob-
served at the usual growth temperature of 500° to 550°
C. Islands 8 of indium arsenide InAs form at the surface.
During an observation of these islands with a Scanning
Transmission Electron Microscope (STEM), the size of
the InAs islands is seen to be fairly homogeneous, and
the distribution of the islands is relatively uniform on
the surface of the sample, as shown at the level of the
second active sub-layer 4a; in FIG. 9. In practice, each
inclusion is inscribed in a small paving with a size of
$X5X2 nm3 approximately, and the inclusions are
spread over one or plural planes, such as the planes P1,
P2 and PN illustrated in FIG. 5. After each deposition
of inclusions in a plane, the epitaxial growth of GaAs is
again performed so as to form another active sub-layer.
The inclusions 8 are thus buried inside the active layer
4a. Constrained within the GaAs lattice, the inclusions
do not however contain any dislocation.

As shown in FIGS. 6 and 7, the indium arsenide InAs
has a smaller forbidden band energy (bandgap energy)
than that of gallium arsenide GaAs. The inclusions 8 are
therefore more attractive for the electrons and the
holes. A photoluminescence study of InAs structures in
GaAs shows that the trapping of carriers by the inclu-
sions is very efficient, which is translated by a very
intense luminescence due to the inclusions, and a very
small contribution of the GaAs lattice, and that the
optical quality of these structures is very good. A trans-
mission study of these structures shows that this lumi-
nescence is intrinsic, i.e., linked to the presence of a high
density of states in conjunction with the luminescence
energy. Finally, the size of the inclusions and conse-
quently the position of the associated luminescence line
depend on the quantity of InAs deposited after the
transition to a three-dimensional growth mode.

Furthermore, the density of the InAs inclusions 8 in a
plane P1 to PN is very high, approximately 1012/cm?,
and is particularly high compared with the number of
dislocations in known GaAs structures on Si, typically
in the region of 106/cm?. The inclusions 8 situated near
a dislocation therefore only represent a tiny fraction of
their population. The injected carriers therefore have a
very high probability of being trapped by an inclusion
rather than by a dislocation, and by an intact inclusion
rather than by an inclusion perturbed by the proximity
of a dislocation. Finally, the presence of highly con-
strained areas in the structure around the InAs inclu-
sions can inhibit the propagation of existing disloca-
tions. .
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The confinement factor T’ which is defined as the
fraction of the optical wave lying in the active layer 4aq,
is low for the structure embodying the invention,
though it is close to 1 in the double heterostructure as
shown in FIG. 1. For a plane of inclusions P1 to PN, the
confinement factor is close to that of a-structure with an
0.6-nm wide quantum mono-well. On the other hand,
the gain per unit of volume of the active medium g,
increases very significantly for such a laser with quan-
tum boxes. To obtain the same amplification of the
optical wave in the cavity, the modal gain I'.g, must be
the same for the two structures. It is then necessary to
multiply the inclusion planes in the structure in order to
increase the factor of optical confinement. This require-
ment is met e.g. by forming N=10 to 40 planes P1 to
PN of InAs inclusions 8 in a GaAs cavity having a
thickness of 200 nm.

Though the above description refers to a GaAs/-
GaAlAs heterostructure, it is possible according to the
invention to introduce inclusions in the active layer of
other known heterostructures. Among the semiconduc-
tor alloy heterostructures of III-V compounds, mention
can be made of the laser structures (InGa)As/(InAl)As
or (InGa)As/InP on highly mismatched Si or GaAs
substrate. InAs inclusions can be fabricated here ac-’
cording to the method embodying the invention. A
quaternary alloy such as GalnAsP or InGaAlAs can be
provided instead of a binary or ternary alloy. The
method embodying the invention is also implemented in
matched structures when the commercially available
substrate used is of insufficient quality, i.e., when it has
a high dislocation rate.

The invention also applies to laser structures usually
used for optimizing the optical confinement factor and
the collection of carriers, such as heterostructures with
separate confinement, with confinement separated by
index gradient, etc. .

It is possible to apply the invention within the frame-
work of other growth techniques for which a transition
to a three-dimensional growth mode has been observed.
The fabrication of a GaAs laser structure on Si with
InAs inclusions is, for instance, also possible in vapor
phase epitaxy from organometallic compounds.

Generally speaking, the present invention makes it
possible to reduce the degradation of performances of
optoelectronic components when this degradation is
due to dislocations, whether it is a question of the in-
crease of their number or their propagation, since the
influence of dislocations is reduced. This aspect is im-
portant for the power application of laser components.

What we claim is:

1. A structure having plural layers in semiconductor
material, one of said layers comprising plural substan-
tially parallel sub-layers deposited successively during
growth of said one layer, each of said sub-layers having
three-dimensional inclusions in a semiconductor mate-
rial and a narrower forbidden band gap than a forbidden
band gap of said one layer.

2. The structure claimed in claim 1, wherein the size
of gach of said inclusions is in the neighborhood of 50
nm3.

3. The structure claimed in claim 1, wherein said
layer comprising said inclusions is an active layer of an
optoelectronic component.

4. The structure claimed in claim 1, wherein said
inclusions comprise indium arsenide.

5. The structure claimed in claim 1, wherein said
layer comprising said inclusions comprises one of the
following semiconductor materials: InGaAs, GaAs,
GalnAsP, InGaAlAs.
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