
I. PROGRAM ANNOUNCEMENT, CALLS FOR PROPOSALS, AND 
PROGRAM RULES ARE ALL CONTAINED IN RESEARCH 
ANNOUNCEMENT RA 94-30 WHICH WAS PUBLISHED IN THE 
COMMERCE BUSINESS DAILY (CBD) (3 PAGES) 
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~tense Advanced Research Projects Agency 

1. P! 1 
2. 04121 J 
3. 94.11 
4. 97AEil 
5. 22203-171411 
6. All 
7. Advanced Research Projects Agency (ARPA), Contracts 
Manageaent Office (CMO), 3701 North Fairfax Drive, Arlington, VA 
22203-171411 
8 • A -- ADVANCED MATERIALS PARTNERSHIPS 1 ! 
9. RA94-3011 
10. 0725941! 
11. Dr. Ben A. Wilcox, Tech POC, ARPA/DSO, FAX: (703)696-2201.11 
12. N/All 
13. N/All 
14. N/All 
15. N/A!l 
16. N/A! 1 
17. The manufacturing of advanced materials and subsequent 
components and devices is a crucial enabling factor for developing 
virtually all military systems. Research results are often 
transitioned into commercial applications. Advanced ~aterials 
manufacturing technologies are prominent in many recently released 
reports, including the report of the National Critical Technologies 
Panel, The Defense Critical Technologies Plan, The Commerce 
Department Emerging Technologies Report, and the Aerospace 
Industries A.ssociation. The Defens-e Sciences Office of the Advanced 
Research Projects Agency (ARPA/DSO) plans to initiate at least five 
advanced materials manufacturing "partnerships" with the private 
sector, institutions of higher education and state and local 
governments. See 10 u.s.c.2J58 and 2371. Approximately thirty 
aill·ion dollars ($30 million) of FY94 funds are available for this 
activity. Research areas of interest include: (a) affordable polymer 
matrix composite structures, (b) large area, wide band-qap ·III-Y 

d e itaxial materials for he restructure 
o toelectr (c) magnet c materials and dev ces exhibiting giant 
aaqnetoreaistanoe, and (d) metallic alloys, ceramics and their 
coapoaitea and components produced by innovative forming processes. 
The partnerships are intended to demonstrate management mechanisms 
and concepts which will facilitate the widespread development and 
application ot affordable advanced materials, components, devices 
and the manufacturing processes used to produce them. Projects which 
are aimed at increasing the performance and reducing the cost of 
materials are of interest, but the primary focus is reducing the 
cost of components and devices manufactured from advanced materials. 
These partnerships are also aimed at demonstrating the effectiveness 
of collaboration between u ~ s. industry, u.s. universities and 

. colleges, state and local governments and federal laboratories. For 
the establishment of these partnerships, ARPA is seeking innovative 
and creative technical approaches and management ideas and concepts 
which involve the active participation of large and small u.s. 
industrial firms, u.s. academic institutions of higher education, 
federal laboratories, and state and local governments. It is 
anticipated that, in most situations, a u.s. industrial firm will 
serve as the lead organization. All efforts must be cost shared. 
Federal government funding will not exceed 50 percent of the total 



' t ' required resource: e>e _>t as noted below for .na l_ business 
participants. Non-tederal contributions can include the fair market 
value for the program utilization of equipment, services, materials, 
tachnoloqy transfer activities, and other assets. Howeve~, cash 
contributions are preferred. A small business participant in an 
Advanced Materials Partnership may count as non-federal cost share 
any funds received under a Small Business Innovation Research (SBIR) 
or Small Buai.ness Technoloqy Transfer (S'l'TR) contract, whether 
awarded by ARPA or any other agency. In order to qualify, a funded 
SBIR or STTR effort must be clearly identified in the proposal as 
integral to the proposal effort or is clearly related to the work 
beinq perrormed under the ARPA agreement and capable of being 
integrated into that effort. Por successful proposal•, fund• which 
are expended after the proposal due date may be counted as cost 
sharing even before the commencement of work under the partnership 
agreement. FUnds expended prior to the proposal due date will not be 
considered as a direct cost share. However, vhere expended SBIR/STTR 
funds have resulted in a product which will defray the cost of a 
project, that product may be counted as "in-kind" cost share. A 
aerit-based process will be used to select partnerships to 
participate in this proqraa. Evaluation criteria, listed in order of 
decreasin9 value, to be used in that process include: (1) technical 
excellence and innovativeness of proposed ideas and approach, and 
the impact on cost-effective manufacturing of materials, components, 
and devices, (2) extent to which the program advances and enhances 
the national security interests of the united States, and the 
potential effectiveness of the partnership to further develop 
widespread application (dual-use) of the products to be devel oped 
(pervasive impact), (3)commitment of the partnership to productize 
the results of the proposed effort, (4)qualifications of the 
personnel proposed to parti cipate and adequacy of facilities, and 
(5)financial commitments of the eligible institutions to the 
proposed partnership. It is anticipated that projects of up to two 
years in duration will be supported. Longer term options may be 
proposed. Goala of the partnership must include demonstration of a 
coaponent or device of •ilitary interest. A substantial effort of 
each partnership will be devoted to modelinq and simulation of 
aateriala manufacturing. Each effort should emphasize "intelligent 
aanufacturing• of materials concepts and include a cost model and 
bueiness plan ror productization. Partnerships having the management 
and technical capabilities, facilities and experience necessary to 
conduct this program are invited to submit brief preproposals to 
describe their technical approach, manaqement concepts, 
participants, relevant experience and estimates of the overall cost 
and tiaing of the project. This procedure i• intended to minimize 
unnecessary effort in proposal preparation and review. Preproposals 
should not exceed 20 paqes of text plus a one page work breakdown 
structure for the program a.nd a proposed task schedule chart . Ten 
single sided hard copies, each 8.5 by 11 inches, should be 
submitted. They should have 1.25-inch maximum marqins, and a font 
size not smaller than 12 pitch. Within approximately seven (7) 
business days of receipt, ARPA will acknowledge receipt of the 
submission and assign a control number t hat should be used in all 
further correspondence regarding the preproposal . ARPA intends to 
respond to pr eproposals within 30 days of receipt with a 
recommendation of whether or not to submit a full proposal. 
Regardless of the recommendation, the decision to propose is the 
responsibility of the proposer. All submitted proposals will be 
fully reviewed regardless of the disposition of the preproposal. All 
those who submit full proposals are required to supply eight copies 



of the proposal. ~ P\ 1osals must be in thei >11(. tng "page" 
· format~ double-spa~.ad, ,.~t greater than 8. 5 by 11. inches, typed 
sinqle-side with 1.25 inch minimum margins, with a font size not 
smaller than 12 pitch. Volume 1 of submitted proposals shall include 
an Abstract, Executive SUlltllary, Technical Approach, Proqru Plan, 
Statement of Work, Milestone Chart, Facilities and Equipment 
Description, Relevant Prior Work, Management Plan, Cost Model, 
Business Plan for Productization, and Resumes of Key Individuals. 
The page count of Volume 1 should be limited to a maximum of 50 
pages, which includes all figures, tables, and charts. Volume 2 of 
submitted proposals shall contain a complete cost breakdown. Details 
of any cost sharing to be undertaken by the offerer should be 
included in the proposal. The aerit of submitted proposals will be 
evaluated in relation to the proposed cost and availability of 
funds. The Government plans to make award decisions within 30 days 
after receipt of full proposals. It is anticipated that in most 
casas the award instrument will be an ARPA "aqreement" (10 u.s.c. 
2358/2371) rather than a procurement contract or grant. These 
•agreements" will be eliqible for Independent Research and 
Development (!R&D) cost sharing. All proprietary material submitted 
should be clearly marked as such and will be held in strict confi­
dence. All preproposals and proposals must reference ARPA RA 194-30. 
No additional information is available nor will a formal RFP or 
other solicitation regarding this announcement be issued. Requests 
tor same will be disregarded. The Government reserves the right to 
select for award all, some, or none of the proposals received in 
response to this announcement and to negotiate for l ess than the 
entire effort proposed. All responsible sources capable of 
satisfying the Government's needs may submit proposals which will be 
evaluated as received. ARPA expects the response to this 
announcement to be larqe. Therefore, telephone inquiries are 
strongly discouraged. All questions regarding this RA must be 
submitted in writing or via FAX: (703)696-220l)to the technical 
contact i.ndicated. Bidders should submit preproposals to: Advanced 
Research Projects Agency, Defense Sciences Office, REF: RA 194-30 
ATTN: Or. Ben A. Wilcox, 3701 North Fairfax Drive, Arlington, VA 
22203-1714. All preproposals are due no later than 4 pm EST, 16 May 
1994. Full .proposals are due no later than 4 pm EST, 25 July 1994 • 
••••• 



2. AGREEMENT MDA972-95-3-0008, DEVELOPMENT OF HIGH 
BANDGAP III-V MATERIAL AND OPTICAL DEVICES WITH 
ATTACHMENTS I THROUGH 5 AND AMENDMENTS 0001 , 0002 AND 
MODIFICATION AOOO I. ( 44 PAGES) 
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MODIFICATION AOOOt TO THE TECHNOLOGY DEVELOPMENT AGREEMENT 

BETWEEN 

BLUE LIGHT AND UV EMITTERS- THE BAY AREA NITRIDE DEVELOPMENT 
(BLUE BAND) CONSORTIUM 
c/o SOL, INC. 
80 ROSE ORCHARD WAY 
SAN JOSE. CA 95134-1365 

AND 

mE DEnNSE ADVANCED RESEARCH PROJECI'S AGENCY 
3701 NORm FAIRFAX DRIVE 
ARLINGTON. VA 22203-1714 
(POC: J. CAR.TBR. DCMC SAN DIEGO. (619) 49S·746l) 

CONCERNING 

DEVELOPMENT 01' HIGH BANDGAP M·V MATERIALS AND OP11CAL DEVICES 

Agreement No: 
ModUkatioa No: 
Authority: 
Effcc:tive Date: 

MDA972-95-3-0008 
AOOOl 
10 u.s.c. § 2371 
!>a« GIUII Offic:cr Signature 

1. This mOdification heRby: 
A. Extends the Term of this Agreement from 24 to 27 months. 

· B. Revises the Schedule of Payments and Payable Milestones to extend the ninth payable milestone 
period by three months. 

2. Paragraph A oC Article II. TERW. is hereby deleted from lhis Agreement and replaced with lhe following 
paragraph: 

ARTIClE II: TERW 

A. The Term of this Agreement 

The Program commences upon lhe dale of the last signalure hereon and continues lor twenty-seven (27) 
months. If all funds are expended prior lo lhe 27-monlh duralion. the Parties have no obligation lo continue 
performance and may elecl lo cease development al that poinl,. Provisions of this Agreement. which. by their 
express lerms or by necessary implication .apply for periods or lime olher than specified herein. shall be 
given effect notwithstanding lhis Article. 

3. Attachment 3, Schedule of Payments and Payable Milestones, is revised to delete Month 24 and insert Month 
27 as the required delivery date fOI the ninth payable milestone period. 



AGREEMENT MDA972-95-3-0008 
MODIFICATION AOOOl 

PAGE20F2 

4. The total Agreement amount remains unchanged. All provisions. terms, and conditions set forth in this 
Agreement are applicable and in full force and effect except as specified otherwise herein. 

FOR THE BLUE BAND CONSORTIUM 
SDL,INC. 

John P .. Melton 
Vice President, Business Operations 



AMENDMENT 0002 TO THE TECHNOLOGY DEVELOPMENT AGREEMENT 

Between 

BLUE LIGHT AND UV EMITTERS - THE BAY AREA NITRIDE 
DEVELOPMENT (BLUE BAND) CONSORTIUM 

And 

THE DEFENSE ADVANCED RESEARCH PROJECTS AGENCY 
3701 North Fairfax Drive 
Arlington, VA 22203-1714 

CONCERNING 

· DEVELOPMENT OF HIGH BANDGAP III-V MATERIALS AND OPTICAL 
DEVICES 

Agreement No. : MDA972-95-:U>008 
Amendment No.: 0002 
ARPAOrderNo.: N/A 
Total Amount of the Agreement: 
Total Estimated Government Funding of the Agreement: 

$ 8,364,000 
$ 4,136,000 
$ 4,228,000 
$ 0 
$ 4,136,000 

Total Estimated Consortium Cost Share: 
Funds Obligated by this Action: 
Total Government Funds Obligated: 
Authority: 10 U .S.C. § 2371 

'This modification is for administrative purposes only. The Agreement administration is hereby 
revised to in.corporate and add to Article IV and Attachment 5 the following Agreement 
Administration Office and the Agreements Administrator: 

DCMC San Diego 
DCMDW/GSTB(Ms. J. Carter) 
7675 Dagget Street, Suite 200 
San Diego, CA 92111-2241 

Phone: (619)495-7462 
FAX: (619) 495-7626 
DSC972 
Email:jcarter@sndao.demdw .d.la.mil 

Ms. Jean R. Carter is hereby delegated the responsibility to represent the Government as an 
Agreements Administrator for the following Articles: 

ARTICLE 

ARTICLE II 
ARTICLE ill 
ARTICLE IV 
ARTICLEV 
ARTICLE VI 
ARTICLEVIT 
ARTICLEVID 

TITLE 

Tenn 
Management of the Project 
Agreement Administration 
Obligation and Payment 
Disputes 
Patent Rights 
Data Rights 



Others areas delegated to Ms. Jean R. Carter are as follows: 

(a) Milestone payment approvals 
(b) Tracking of total expenditures under the Agreement 
(c) Processing of reports 

MDA972-95-3..()()()8 
Amendment 0002 
Page2 

(d) Participate in program reviews and/or other equivalent meetings 
(e) Monitor cost share 
(f) Property administration · 
(g) Attachments 2 through 4 

Copies of business related documents referenced in the aforementioned are to be sent to Ms. Jean 
R. Carter. 

The total Agreement amount remains unchanged. All provisions. terms. and conditions set forth in 
this Agreement are applicable and in full force and effect except as specified otherwise herein. 

FOR TilE UNITED STATES OF AMERICA 
THE DEFENSE ADVANCED RESEARCH PROJECTS AGENCY 

BY~YBERif 
Agreements Officer 
Contracts Management Office 

NOV I 2 1996 
(Date) 



AGREEMENT 

BE'IWEEii 

BLUEUGHT AND UV EMlTIERS- TilE BAY AREA NITRIDE DEVELOPMENT. (BLUE BAND) 
CONSORTIUM 
c/o SOL, INC. 
80 ROSE ORCHARD WAY 
SAN JOSE. CA 95134--1356 

AND 

ADVANCED RESEARCH PROJECTS AGENCY 
3701 NORTil FAIRFAX DRIVE 
ARLINGTON, VA 22203-1714 

ca-lCERND'IlG 

DEVELOPMENT OF IDGH BANDGAP m.v MAtERIALS AND OPTICAL DEVICES 

Agreement No.: MDA972-95-3..()()()8 
Moditicatioo No.: 0001 
ARPA Order No.: N/A 
Effective Date: October 25, 1995 
Authority: 10 U.S.C. f 2371 

Tbia Asreemcnt is administratively modified to dumge tbe Agreemeuta Admin.isttaroc as follows: 

1. In Article IV, AGRFEMENT ADMINISTRATION, tbc ARPA Agreements Administrator is 
revised fum: 

ARfA:. Elaine Ely - Ag:reemenu Adm.iniatrator 
ARPA I CMO (703) 696-2411 

to: · 

~ Grant E. Maybeny - Agreements Administrator 
ARPA I CMO (703) 696-2438 

2. In Attachment 5, List of Government and Consortium Representatives, revise the second listed 
goveaument ~sentadve from: 

Elaine Ely. A~:rccmcnt Admlnlatrator 
ARPA I CMO 
3701 N. Fairfax Drive 
Arlington. VA 22203-1714 
phone: (703) 696-2411 
FAX: (703)696-2208 
Email: eely@arpa.mll 

\ 

i i 

I 



to: 

Grant E. Mayberry. Aerumcpt Admlnlitrator 
ARPA I CMO . 
3701 N. Fairfax Drive 
Arliniton. VA 22203-1714 
pbone: (703) 696-2438 
FAX: (703) 696-2208 
Email: gn:mybeny@arpa.mil 

MDA972-95-3-0008 
Modificatioo 0001 

Page2 

All provisions, terms. and conditions set forth in this Aareement are applicable and in full force and effect 
except as ~-pecifled othtzwise herein. 

FOR Tim UNITED STATES OF AMERICA 
Tim ADVANCED RESEARCH PROJECI'S AGENCY 

By.~~~~ 
Aanemeats Administrator 
Coottacts Management Office 

I() /.:A. I? .s' 
(Dale) 

\ 



ORIGINAL 
AGREEMENT 

BE!wrEN 

BLUE UGIIT AND l.N EMITTERS - TIIE BAY AREA NITRIDE DEVFLOPMENT (BLUE BAND) 
CONSORmJM 

AND 

THE ADV ANCFD RESEARCH PROJECTS AGENCY 
3701 NORm FAIRFAX DRIVE 
ARLINGTON, VA 22203-1714 

CONCERNING 

DEVF.LOPMENT OF IDGH BANDGAP m-V MA1ERIALS AND OPTICAL DEVICES 

Agreement No.: MDA972-95-3..Q008 
ARPA Order No.: C197 
Total Amount of tbe Agreemenc $ 8,364,000 
Toeal Eslimalcd Government Funding of the Agreement: $4,136,000 
Funds Obligated: $ 4,136.,000 
Authority: 10 U.S.C . 2371 
Line of Appropriation: AA 9740400 1320 C197 P4V10 2525 DPAC 4 5018 503733 $4,136,000.00 

This Agreement ia C11tered into between the United States of America, hereinafter called the Government. represented 
by The Advanced Research Projects Agency (ARPA), and the Blue Band Consortium (CONSORTIUM) pursuant to 
and under U.S. Federal. law. 

FOR TIIE BLUE BAND CONSORTIUM 

:JX_ ~~ ¥/l¥h~ 
(Signature) r (Dke) 
SOL, INC. 

John P. Melton 
ui~e PrastdeAt Business Operations 

(T)'ped Name and Title) ' 

FOR THE UNITED STATES OF AMERICA 
ADV AN RESEARCH PROJECI'S AGENCY 

STER 
DEPliTY CTOR FOR MANAGEMENT 

~s' 
DATE 
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ARTICLE 1: SCOPE OF THE AGREEMENT 

A. Background ancl Visioa Statement 

AGREEMENT NUMBER: MDA972-9S-~ 
PAGEl 

lDdu:suy leaden aod univcnilies have fooned a fuDy vati<:ally inte~ COilSOI'tilml to collabtr.WveJy develop 
advanced ledmology leadiDt 10 rbe dc::mcllsU3IioD and volume manufacturing of laser diodes and lisht cmittiDg diodea 
(LED) operating ill 1be bb.Je aDd FCJ1 regioos of 1be spearum. The visible emitter tcchoology will eaable a broad 
range of mil.itaxy appUcatioas including high-density optical storage systems. lightweight COUDICJmeaSUreS cockpit 
displays. solar-blind coamumicarion, submarine coaununicatioa and combat ~ systems. Commercial 
appl.ica1ioos include high density optical da1a storage systems, full color displays. and high resolutioo printers. I:n 
additioo. the material developmeots of 1be ARPA prognun will lead to substantial advances in bigb·power and higb­
tempera!Uie cleccrooic components. 

Tbc Blue Band Consortium was formed in eonjunctioo with ARPA to create a forum that would ooc otherwise exist 
to address tb.e tecbnological issues of bluelgn:eu emitters in a two year progam that will rauJt in dramatic 
acoeleratiaa of the time 10 market for boch compooeou and sys&ems. Tbe key to any program inte:Dded to leverage 
bo&b millu.ry aod canmadal matkeu is the development ol tedmology in organimti<lDS tbal have demonscraaed 
sustained manufacturing capabilities. Tbe strategy iD tbc focmatioo of the Blue Band Coosortium is to draw !rom 
iDdusuy leaders in boC.b techoology aod manufacturiDg, maintain a common 1Cdmol08)' focua while having vertically 
intepated team members covering issues from substrate growth through bigb volume components manufaclUring 
and system integration. This Consortium represents a unique coupling of lbc tccbnical and market leadets in visible 
emitter lledlnology, thus insming a successful demonstr.Won and canmercialization ot visible semiconducta 
devices. 

The core members ol tbe Consortium cmsist of Hewlett Packard (HP), tbe world• s largest manufacturer of big.b 
brightness visible LFDs; SDL- the largest U.S. manufacturer of commercial and consumer laser diodes; 
and Xerox. the leading manufacturer of document equipment in the United States. HP and SDL will be responsible 
for tbe epitaxial growth of the Gallium Nitride (GaN) and related films, while Xerox will utilize its expertise iD 
materials cbarackrization lO assist Hewlett Packard and SDL in the characterization of epitaxial grown crystals. In 
addiUoD to tbe an members,lbc CoosMium coosistJ of two substrate znanufacturcts. American Crystal 
Tectmologics and A !MI. both of wbom bave dcmonsttaltd bigb quality substr.lle growth. The two participallng 
universities, Tbc University of Texas and Boston Univenity, have demonstrated some of the highest quality GaN 
films fabricated 10 dale. The four associate members will concentrate on the development of advanced subStr:ate aDd 
epitaxial JroWlh technologies. in particular tbe university efforts are to concentrate on high risk, long nmge 
tecbnology. Device fabrication will be perfooned at HP and SOL where LEOs and laser diodes will be fabricated, 
respectively. 

1be teclmical approach is focused oo makrials growth techniques. substrate technologies, materials dwacterizalioo, 
device fatxication and prototype demoosuation. The fmal demoosttation of the Coosortium will be manufacnnblc 
LEDs and laser diodes (LOs} operating in tbe blue and green regions of the spccuum. Consortium members are 
highly committed 10 the oommercializalion of the tecbDology and will perfonn tbe device developmeal within their 
existing manufacturing facilities for ease of transfer to already existing high volume production lines. It is the intent 
of rhe Consortium, witbi.D two years following tbe completion of this Agreement. 10 produce bigb-volume 
components to satisfy existing and emerging military and commercial applications and to integrate lbese enabling 
components into coosumer products produced both by members of tbe Blue Band Consortium and other 
manufacturing fums. 

B. Definitions 

1. "Consottium" is a group of independent entities. specifltd in Article IV herein. wbicb bave cbosen 
to be bound together under a set of Articles of Collaboration for the purpose of performing the tasks set fonb herein. 

2. "ArtJcles of Collaboration" (hereinafter .. Articles'') are the agreed upon rules and procedures which 
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JOvctO lbe activities aod rdaboastrips ollbe Coosortium and tbe Coasortium Members. 

3. "Consortium ~ Committee" (hereiDafter "CEC") is the trdmical and fmancial management 
body of the Coosortium. as defined iD tbe Articles. · 

4. "Consortium Membc:l"" • Each of the pattic:ipaling entities, once having executed tbe Atticlcs. is a 
member of me Consortium and therefore a participant to this AgrecmeaL 

S. "Patty" - For purpose$ of this Agreement. tbete arc ·only two Parties: ARPA (The Government) 
aDd the Consortium (comprised of all CODSU'tium Members). 

6. Wfec:bnical Program MaDage(" (beleinaftc:r "Program Manager") is the Government's technical 
represcnWive from ARPA c:barged with o~ responsibility for review and vc:riftcatioa of ccmpletioD of Payable 
MilestoneS aDd the Statement of Work. including amendments « modificalioo tbereto, as set forth berein. 

7. "Coosortimn Technical CoonJiDalor" (hereiDafter "Tecbnical Coordina1or'1 is the autbOOzed 
lt.clmlcal agent of the Consortium dwged with maintaining a tecbnical/ adminis&ra!ion point-of<Oncact functioD 
with rcspmsibiUtics including rec.eipc and distribution of all canmunications between ARPA and &he CODSOitium, 
monito:ing of technical program progress toward payable mllestoocs. aDd faciliWioo of overall program technical 
and reporting requirements oo bebalf of tbe Coosortium. acting as tbe principal technical po~t of contact. 

8. "Consortium A.dministraror" is the authorized agent of me CODSOrtium charged with maintaining 
tbe pwpam f"tnancial managemeru fuoctioo including receipt and dislributioo of program funds. monitoring of 
financial program progR:SS SOward payable mi1estt;mcs, and facili1aUDg overall progJ3ID fmancial aod ~ 
requirements on bebaJf or tbe Coosonium. 

9. "Agreement .AdlninUUala'' is the Government's principal point of contact for all administrative. 
fmancial or odler non.tecbnical issues arising under the Agreement. 

10. "'Intellectual ~openy" means any inventions, m:ations, improvementS, teclmical data, mask 
works. works of authorship or other developments, including software, and improvements thereto, wbethe: 
patemable, copyrightable or not. conceived and developed during the tetm of this Agreement with joint (i.e., 
Consortium and Federal) funding. "Intellectual Property Rights" means any Rights in Intellectual Property 
includina patents, copyrights, technical dala. mask works. trade scaets and confidential information. 

c. s~ope 

1. The Conscroum shall perform a coordinated research and development program (Program) 
designed to develop Higb~Bandgap ffi· V Materials and Optical Devices. The research sball be carried out in 
accordance with tbe S talemcnt of W ode incorporated in this Agreement as Attachment 1. The Consortium sba1I 
submit or otbetwise provide all documentation requited by Auachment 2, Report Requirements. 

2. The ConsMium sball be paid for each Payable Milestone accanplished in accordance with the 
Scbedule or Payments and Payable MilestOneS set forth in Attachment 3 and the procedures of Article V. Both tbe 
Schedule or Payments and the Funding Schedule set forth in Attachments 3 and 4 respectively may be revised c:r 
updated in acax-dancc with ArticJe m. 

3. The Government and tbe Consortium (Parties) estimale that the Statement of Work of this 
Agreement can only be accanplisbed with tbc Coosortium aggrep~e resource contribution as set forth in 
Auacbmcnts 3 and 4 of this AJrCCillent 10 be provided from the effective dale of this Agreement through twenty-four 
(24) IDODths tbereaftcr, including, if applicable, any ARPA approved pee-Agreement costs. The Consortium inlends 
and, by entering iniO this Agreement, undertakes to cause to be provided these funds. As a condition of this 
Agreement. it is bctein understood and agreed that Fedeqi funds aDd funds identified as Consortium contributions are 
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">be used oaly for coets lbal: (i) a~ aDd prudent pcrsoo would incur ill carrying out lbe adwDced JeSe8fCil 
project beteiD; aod fd) are CODSiszeut with lhe purposes ~ted in the governing Coogrcssional audlorizations aud 
appropriations.· Consortium rontriburiOllll will be provided as detailed in tbe FUDding Scbedule 3et fcxth iD 
Attachmcnt4. If either ARPA or the Consortium is unable to provide its respective toW contribution. the otbet 
party may n:duce i&s project funding by a proportional amotml 

D. Goals/Objectives 

1. 'Jbe overall goal of Ibis Consortium is tbe mpid development and demonstratioo of optoelectronic 
components operating in tbe areen. blue and ultraviolet portion of the optical spectrum. To realize this goal. tbc 
teehoiaLI objectives will focus on thnle major efforts: 

• a highly integtated development of core materials growth tedmologies; 

• identifJCation and development of key substratc technologies; 

• puotype demonstration ol the integrased growth and materials cbatacterization efforts 
in Light Emittina Diodes and ~ Diodes. 

2. The Government will bave cootinuous involvement with the Consonium. The Government will 
also oblain access to research results and certain rights in data and patents pursuant to Articles Vll and Vlll. ARPA 
and lbe Consoctium are bound to eacb adler by a duty of good faith and reasonable research effort in achieving the 
goals of &be Consortium. This A~t reflects the collaborative document identified as .. Articles of 
Collaboratioa for Blue Band, .. which document binds Coosortium participants. 

3. This Agreement is an "otber lranSaction" pursu.ant10 10 U.S.C. 2371. The Parties agree that tbe 
principal purpose of this Agreement is !or tbe Government tO support and stimulate tbe Consortium to provide it& 
~le etrorts in advanced research and tecbnoJoay development and not for tbe acquisition of property or services 
for tbe direct benefit or use oC tbc Government. The Federal Acquisitioo Regulation (FAR) and Department of 
Defense FAR Supplement (DF ARS) apply only as specifically referenced herem. This AgJCement is aot a 
procurement conuact or g1211t agreement for purposes ofF AR Subpart 31.205-lS. This Agreement is DOt inteoded 
to be, nor sball it be construed as, by implication or otherwise, a partnership, a corpor.Woo, or olher business 
organizal.ioa. 

ARTICLE II; TERM 

A • The Term of tbls Agreement 

The Progr.un commences upon lhe dare of the last signature ben:on and continues for twenty·four (24) montbs. U all 
funds are expended prior to the 24-month dunllion. tbe Parties bave no obligation 10 cootinue perfmnance and may 
el~ to cease development at that point Provisions of this Agreement. which, by their express terms or by 
necessary implication, apply for periods of time other than specified herein, shall be given effect. notwitbstandlna 
this Article. 

B. Terminat.lon Provisions 

Subject to a reasonable determination that the project will not produce beneficial results commensurate with cbe 
expenditure ot resowt:eS, or as a result of recognition that technical objectives and market conditions cannot be 
realized. eitber Party may terminate this Agreement by written notice 10 the OCher Party. movided that sucb written 
notice is preceded by consultation between the P3rties. In the event of a termination of the Agreement, it is ~ 
that disposition of Data developed under this Agreement. sball be in accordance with the provisions set forth in 
Article VIU, Section B. The Govenunent. acting through the Agreement Administtalor, and lhe Consottium. actinz 
tbrougb its Consortium Administrator, will negotiate in good faith a reasonable and timely adjustment of an 
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ouutmdiDJ issues belWCell t1ae Parties • cbc time of r.cnninadoo Failure of tbe Patties 10 agree 10 a reasoaablc 
adjustJDCUt will be resolved punuaut to Anidc Vl 1be Government bas DO obUptioa 10 reimtuse tbe Coosortium 
bcyood 1bc lase completed and paid miJessooe if me Consortium. acting througb its Coosortium Executive 
Commiuce. decides to tennioate. -

C. Extendlnt the Term 

The Parties may e11cnd by mutual written agreement the term of this Agreement if funding availability and research 
opportunities reasonably wamml Any extensioo sball be formalized lhrou&b modific::atioo d the Agn:ement 
by the Agreements Admi.nisuator and 1be Consortium Administrator. 

ARnCLE IUt MANAGEMENT OF THE PROJECT 

A • Consortium Members 

The Members of 1be Consortium shall be tbose identified io the Articles of Collaboralioo. Changes to tbe 
membership of the Coosortium require tbc approval of ARPA as described below. Consortium Members. a'S !Cl 
foe1h in the Articles of CollaboraliOD of tbe Consortium, are elcher Principal or Associate Members, as follows: 

Principal Mc:mbets: HEWLEIT..PACKARD 
SOL 
XEROX 

AXT 
AlMI 
1bc University of Texas al AU$UD 
Bos10B University 

B . Consortium Executive Committee (CEC) 

San Jose, CA 
San Jose. CA 
Palo Alto, CA 

Dublin, CA 
Danbury,CT 
Austin. TX 
Boston, MA 

1. Thete sball be a Consortimn Executive Committee ( .. CEC") comprised of representati\IU of the 
Principal Members. constituted in accordance with tbe Articles of Collaboration. The CEC sball have the authority 
to bind the Consortium Members by tbe mechanisms set forth in the Articles of Collaboration. 

The following CEC decisions are subject to ARPA approval (which shall not be unreasonably 
withheld): 

(a) Changes to tbe Articles of Collaboration if such changes substantially alter !he 
relationship between the Parties as ori&inally agreed upon when tbe Agn:ement was executed; 

(b) Changes to the Articles of CoUaboration if such chan&es substantially alter the 
relaliooship among tbc COOSMium Members in effect wben the Agreement was executed; 

{c) Changes to. or diminatioo of. any ARPA funding allocation to any Consortium Member 
for technical or fmancial reasons; 

(d) Revisions to lhe Statement or Wort or the Funding Schedule or this Agreement; and 

{e) Admission. removal or replacement of Consortium Members. excluding the down-select 
process identified in the Statement of Wade. 



2. The CEC sbaD escablisb a sdJedule ot quarterly technical meetings. 1'be CEC shall DOCily all 
Coosonium Members and the ARPA ProJram Manager of tbe established meeting scbedule and. in lbe cveat of 
changes _,this schedule, shall DOtify all Coasortium Members aod the ARPA Program Manager thirty (30) calendar 
days prior to lhe next scheduled meeting. Meetings of tbe CEC. other tban quarterly tecbnical meetings. may be 
called at any time upon at least fifteen (15) calendar days' notice by the wriuen request of any Coosortium Member 
representative on lhe CEC to the CEC chair. 

l. Subject to proceduml requirements as set forth in the Articles. decisions of tbe CEC sbail be 
reacbed by consensus or mutual agreemeut. 

C. Management and Program Structure 

1. Tedmical aod program DWtagement of tbe coordinased research JX08131D establisbed UDder Chis Agreement 
sball be acaxnplisbed throu&h the management structures and processes described iD tbis Article and 1he Articles of 
CollaboradoD. 

(a) Subject to the tenns and conditions of this Agreement and of the Articles of CoUaboraliou of tbe 
Coosoritum. the CEC shall be responsible for the ovetall management of the Coosoruum including tedmical. 
programmaric. reporting, fmancial and administr.Uive maum. 

(b) The ARPA Program Manager sball be a non-voting member of lhc CEC, but shall othetwise 
fully participate m regular technical meetings of lbe CEC. Othez Govenuneot persoonet as deemed appropriate by 
tbc ARPA Program Manager may also participate in tbe tecbnical p<x:tion of these meetings. 

(c) A Program Board, coosisting of one senior level management petSOI1 appointed by each 
Principal Member and one person appointed by ARPA will be estabUsbed to oversee the research program. The 
Program Board function and membenhip sball be ~set forth in the Atticles of Collaboration. 

2. The ARPA Program M.anaser shall be responsible for the review and verification of the c:omplctiou of each 
Payable Milestone, and sball have continuous interaction to cause effective collabor.ation between ARPA and the 
Consortium. 

D. Program Management Planning Process 

The program manasement and planning process shall be subject to quarterly and annual reviews with inputs and 
review from the CEC and the ARPA Program Manager. 

1. Initial Program Plan: The Coos0l'1ium will follow the initial progr.un plan lha1 is contained in 
lhe Statement of Work (AnacbmCnt 1). and the Schedule of Payments and Payable Milestones (Attacbmeot 3). 

2. Overall Program PJan Annual Review 

(a) The CEC, with ARPA Program Manager participation and review. will prepare an 
overall Annual Program Plan in the fU'St quarter of each Agreement y~. (For tbis pwpose. each 
consecutive twelve (12) month period from (and including) the month of execution of this Agreement 
during whicls this Agreement shall remain in effect shall be considered an" Ag:eement Year. j 'The 
Annual Program Plan will be presented and reviewed at an annual site review concunent with the 
appropriate quarterly meeting of the CEC wbicb will be attended by the Consortium Membets. tbe ARPA 
Program Manager, Senior ARPA manaaement or otber ARPA prosram managers and personnel as 
appropriate. Tbe CEC. with ARPA participation and review, wiU prepare a final Annual Program Plan. 

(b) The Annual Program Plan provides a detailed schedule of research activities, commits the 
Cousortium to use reasonable research efforts to meet specifJC perfonnance objectives. includes forecasted 
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expenditwe and desaibes the Payable MUesroaes. The Annual Program Plan will oonsolidafc all pri« 
adjusunents iD tbe researcb scbedu.te, including revisiooslmodificatioos to payable mileSU>DeS. 
Recoounendatioos for changes. revWon& or modifica1ions to the Agreement which result from tbe Annual 
Review sba11 be made in acccrdaDce with the provisions of Article m, Sectioa E. 

E. Amendments I Modifications 

1. As a result of quattetly meetings. annual reviews. or at any time during tbe term ot the Agreement. 
teSe8fCb progress «results may indicaJe that a change in the Statement of Work or Schedule of Payments-and 
Payable Milestones (Attachment 3) would be benef~eialto program objectives. Rec:oauneudalicms for modif1C3lious, 
iDcludizagjustificaticm to support the recommended changes to the Statement ot Work ot Schedule of Payments and 
Payable Milestones. will be documented aDd submitted ill writiDg by the CEC to the ARPA Program Manager fer 
review and approval, with a copy to the ARPA Agreements AdDUnistrator. This submissioo will detail the 
~ scbedule. and fmancial impacts of eacb proposed modificatioD. The Government is not obligated to pay 
for additiooal or revised Payable Milestooe.s until the CEC-n:amme:ndcd changes are approved by the ARPA 
Prognm Manager and lbe Sc.hedule of Paymeuts and Payable Milestones is formally revised by the ARPA 
Agteements Administnltor and made part of Ibis Agreement. 

2. Tbe ARPA Prognun Manager shall be responsible for the review and approval of any CEC 
recommendations to revise or otherwise modify this Agreement's Statement of WO!k or Schedule of Payments and 
Payable Milestones or otber proposed changes to the terms and conditions of this Agreement 

3. For minor or administrative Agreement modif'ICalions such as changes in tbe paying offzce or 
appropriation data. or changes 10 Government personnel identified in tbis Agreement. no signature is required by the 
Consortium. For adm.inisuative changes initiated by tbe CEC. such as changes in Consortium personnel identified 
in this Agrument and address or pbone number changes., the CEC may authorize the Consortium Administsat« to 
act as agent in signing such min« Administtative amendments or modifications. 

ARTICLE IV. AGREEMENT ADMINISTRATION 

Uoless otherwise provided in this Agreement. approvals pennitted or required to be made by ARPA may be made 
only by tbe ARPA Agreements Administtatcr. Administrative and coauactual matters under this Agreement shaD. be 
referred to the following representatives of the parties: 

CQNSORmJM: 

Elaine Fly - Agreements Administrator 
ARPA I CMO (703) 696-2411 

Janelle Johnson - Consortium Administrator 
SOL (408) 943~9411, exL 232 

Technical matters under this Agreement shall be referred to the following representatives: 

AReA: 

CQNSORmJM: 

Anis Husain - Program Manager 
ARPA I MTO (703) 696-2236 

David Welch - Tecbnical Co«dinator 
SOL (408) 943-9411 

Jo Major - Principal Investigator 
SOL (408) 943-9411 

Each party may change its reJnsentatives named in this Article by written notification to the other patty. 
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ARTICLE V: OBLIGATION AND PAYMENT 

A. Obligation 

1. The Government's liability to make payments to lhc Consortium is limited to only those funds 
obligared under this Agzeement or by amendmeoc 10 the Ap:emcot ARPA may ~tally fund this Agreement. 

2. · H modification bee:anes ne~ in pedonnance of this Agreement, pursuant co Article m. 
paragraph E. the ARPA Agreements Adutinistrator and Consortium Administrator shall negotiate and execute a 
revised Schedule of Payable Mi1estol11C$ oonsistenc with Cbe then current Program Plan. 

3. Obligation levels are subject co cbangc only by written amendment or modification to the 
Agn:ement in accordance with Article m.E. 

B. Payment• · 

1. In addition so any otbet financial fCPMS provided or required. the CEC shall notify the ARPA 
Agreements Administrator immedialely if any contribution from a Consortium Member is nol made as required. 

2. Prior to the submission of invoices to ARPA by the Consortimn Administtator. dJe Coosortiom 
shall have and maintain an established acrounting syslml wlric.b complies with Genetally Accepted Accoonting 
Principles. and with tbe requirements of tbis Agreement. and sball ensure that appropriate arrangements have been 
made for receiving. distributing and accounting for Federal funds. The Parties recognize tbal as a cooduit, dJe 
Consortium does not incur nor does it allocate any indirect costs of its own to the Consortium Member cost directly 
incum:d pursuant to llWI AgreemenL Comistent with this. an accepcabie accounting system will be one in which all 
cash receipts. disbursements. and engineering bours are controlled and docwnented poperly in accordance with each 
Consortium Members· normal business practice. 

3. The CEC shall document tbe accomplishments of each Payable Milestone by submitting or 
otherwise providing the Payable Milestones Report rcquiled by Attachment 2. Part D. The Consortium shaD 
submit an original and five (5) copies of all invoices to the Agreements Administrator for payment approval. M~ 
written verification of the accomplishment of the Payable Milestone by the ARPA Program Manager. and appoval 
by tbe AgreemeniS Administtatoc. the invoices will be forwarded to the payment oftke withbl thirty (10) calendar 
days of receipt of the invoices at ARPA. Payments wiU be made by AfDW IFW. Attn: Commercial Services. 170 
Luke Avenue. Suite 280. Bolling Air Force Base. WashinJton. DC 20332-5113 within twenty (20) calendar days o( 
ARPA's transmittal. Subject to change only through written Agreement modification, payment sball be made to the 
address of the Consortium Administtatot set forth below. 

4. Address ol Payee: BLUE BAND CONSORTIUM 
Atm: Janelle Johnson, Consortium Administralor 
SOL. Inc. 
80 Rose Orchard Way 
San Jose, CA 95134-1356 

Payment•• shall be made by domestic elec:trontc wire transfer 

To: 
Route & Transit: 

SIL VLY BK SJ 
lltl40J99 

For Credit of: 
Credit Account: 
By Order or: 

SDL. Inc. 
03516628-70 
(name or sender) 

•• Each Payment Must Be Marked WUb Invoice Number 
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S. Payments sball be made no mote frequently lhaD quarterly ill the amounts set forth in tbe 
Auadmlent No.3 (B) "'Detailed Schedule of Payable MilestoDes. .. JXOVided the ARPA Program Manager bas verirled 
lbe aa::cmplishmeDt of the hyabJe Miles&oaes. lt is recognized tba1 tbe quarterly accounting of c:unent expeDditures 
reported in the '"Quarterly Business Swus Report .. submitted in acaxdance wich Attachment No. 2 is not necessarily 
intended or required to maldl the Payable Milestones until submission of the Fmal Report; however. payable 
milestones sball be tevised during the course of tbe program to reflect current and revised projected expenditures. 

6. Umitatioo of Funds: ln oo case shall the Government's fmancialliability exceed the amount 
obligaJed under this Agreement 

7. Financial Records and RepM.s: Tbe Consortium and Consortium Members sball maintain 
adequate recards to acc:oont for Fedctal fuDds n:cehed UDder tbis Agreement aDd shall maintain adequate Rallds 10 
account tor Coosortium Participant funding provided under this Agreement Upon cmlpletioo or terminatim of this 
Agzeemeot. whicbevcr ocaus earlier. tbe C<JOSOttium Admillistn.tor sball furnish to the Agreements AdminisuatDr a 
copy of cbe f'mal report required by Anacbment 2. .Part E. Tbe Consortium• s and Consortium Member$• relevant 
ftMncial records are subject to e-xaminaJjan or audit oo be.balf of ARPA by the Government for a period not to 
exceed 1bree (3) years after expinltioo of tbe term of this Agreement Such aodiJs Ot examination may be conducted 
by iDdependcDC cenlfied public accounting or auditing rams designated by the Coosortium Membels with complete 
repolU made available to the Government upon request. 1be cast of any independent audit sball be paid by the 
Con.sonium Member. Tbe Agreements Administrator Ot designee shall bave direct access for a period oC three (3) 
years after completion of this Agreement to sufficient rem:ds and in!omwioo of the Consortium and Coosortimn 
Members. to ensure full accountability for all .funding under this Agreement Such Government audit. examinati<m, 
01' access shall be performed during business hours oo business days upon prior written notice to the Consortium 
Member and shall be subjett to the security requirements of the audited party. This Agreement shall not be 
construed as requiring tbe Consortium Members to establish systems extending beyond their current systems to 
account for costs in accmiance with generally accepted accounting princtples. 

ARTICLE VI: DISPUTES 

A. General 

Parties shall communicate with one another in good faith and in a timely and coope:ative manner wben raising 
issues under tbis Attide. 

B • Dispute Resolution Procedures 

1. Any disagreement. claim or dispute between ARPA and the Consortium concerning questions ot 
fact or law arising from or in connection with this Agreement. and. whether or not involving an alleged breach of 
this Agreement. may be raised only under this Article. 

2. Whenever disputes. disasreemenrs. or misunderstandings arise, tbe Patties shall attempt to resolve 
the issue(s) involved by discussion and mutual agreement as soon as practicable. In no event sball a dispute, 
disagreement or misunderstanding which arose more than three (3) momhs prior to the notification made under 
subparagraph B.3 of this article constitute tbe basis for relief under Ibis article unless the D~ of ARPA m the 
interests of justice waives this ~uiremenL 

3. Failing resolution by mublal agreement, the aggrieved Party shan document the dispute, 
disagreement. or misunderstanding by notifying the other Party (through the ARPA Agreements Administmror or 
COOS<X'tium Administrator. as the case may be) in writing oCtbe relevant facts, identify unresolved issues. and 
specify the clariflCatioo or remedy sought Within five (5) waking days after providing notice to the ocher Party, 
the aggrieved Party may, in writing, request a joint decision by the ARPA Deputy Director f« Management and 
Representative of the CEC of the Consortium ("Consortium Representative .. ). The other Party sba1l submit a 
written position on the mauet(s) in dispute within thirty (30) calendar days alter being notified that a decision has 
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beeo requesu:d. 1be Deputy Direcmr for Management and-the Coosorcium Representative shaf1 cooduct a review of 
tbe matta(s) iD dispute and render a decisioD in writing within dW1y (30) calendar days of receipt of such written 
positioll. Ally suda joint decisiou is rmat and binding unless a Party sbaU within tbirty (30) caJendar days reqaest 
furdler review as provided in 1his Article. 

4. Upon written request to 1be DiR:ctor of ARPA, made within thirty (30} calendar days of a joint 
decisioa. 01' upoa uaavaiJability ot a joint decision UDder subparagraph 8.3 above. tbe dispute sball be funbet 
reviewed. The Din:c:tor or ARPA may elect to conduct this review persona11y or tbrough a designee or jointly with a 
representative of tbe ocher Party who is a senior official of tbe Party. Following the review. tbe Director of ARPA 
« designee will resolve tbe issue(s) and notify the Parties in writing. Such resolutioo is oot subject to further 
administrative review and. to the extent permitted by law. shall be fmal and binding. 

5. Subject ooly to this .article and 41 U .S.C. 321· 322. if not salisfied with the results of completing 
the above process. eieber Party may within thirty (30) calendar days of receipt of the joint decision notice in 
subparasrapb B.3 above pursue any rigbt and remedy in a cowt of competent jurisdiction. 

C • Llmltatloo ot Damages 

Claims for damages of any nature whatsoever pursued under this Agreement sball be limited to direct damages only 
up 10 tbe agpegaae amount of ARPA funding disbursed as of tbe time the dispute arise~. In no event shall ARPA 
be liable for claims for consequential. punitive. special and incidental damages. claims fer lost profits. or other 
indirect damages. ARPA agrees lbat there is no joint and several liability within the Consonium. The Consortium 
disclaims any liabUity fer consequential. indirect, or special damages. except when such damages are caused by 
willful misconduct of the Consortium Managerial personnel. In no event shall the liability of a Consortium · 
Member or any odler entity performing research activities under this Agreement exceed tbe funding it has rec:eived up 
to the time of incurring such liability. 

ARTICLE VII: PATENT RIGIITS 

A • Detlnitlons 

1. "'nvention .. means any invention or discovery which is or may be patentable or otherwise 
protectable under Title 35 of tbe United Swes Code. 

2. "'Made .. when used in relalion ro any invention means the cooceptim or rust actual reduction to 
pmctic:e of such invention. 

3. ..Practical application•• means to manufacture, in the case of a composition of product; to practice. 
in the case of a process or method. or to operate. in the case of a macbine or system; md. iD each case. under such 
conditions as to establish that the invention is capable of being utilized and that its benefits are, co tbe extent 
permitted by law or Government regulations, available ro the public on reasonable tenns. 

4. ..Subject invention .. means any invention of a Consortimn Member conceived or rttSt actually 
reduced to practice in the performance or work under this Agreement. 

S. "Consortium'' as used in this Article means individual Consortium Member. 

B. Allocation or Principal Rights 

Unless the Consatium shall have notified ARPA (in accordance with subparagraph C.2 below) that the Consortium 
does not intend to retain tiUe, the Consortium shall retain the entire right. title, and interest throughout the world to 
eacb subject invention consistent with the provisions of the Articles or Collaboration. this Article, and 3S U.S.C. 
202. With respect to any subject invention in wbicb tbe Consortium retains title, ARPA shall have a non­
exclusive. nontransfetable. irrevocable. paid-up license 10 practice or have practiced oo behalf of the United States the 
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subjec:l invenlioo throughout lhe world for Oovemment military aDd researtb purposes oaJy: Notwidast.andiug tbe 
above. the Consortium may elect as defmed iD ils Articles of Collaboration to provide fuU ot panial rights thal il 
bas n:tained to COOS«tium Participants or other parties. 

C. Invention Disclosure, Election of Title, and Flllng of Patent Application 

1. Tbe Coosonium shall disclose eacb subject invention to ARPA within four (4) momhs after the 
mventcr discloses it in writing to bis c:ompany or univenity personnel responsible fOt' patent maltcrs. 1be 
disclosure to ARPA sbaU be iD tbe form of a written report and sball identify the Agreement under which the 
invention was made and the identity of the inventor(s). It shall be sufficiendy complete in technical detail to coovey 
a clear undentanding to the extent known at the time of tbe disclosure. of the nature, purpose, opera1ioD. aDd the 
physical, chemical, biological, or decttical dwac:teristks of Cbe inventioa. The disclosure sba1l also identify any 
publication, sale, oc public use of the invention and whedaet a manuscript describing tbe invention bas been 
submitted for publication and. if so. whether it bas been accepted f<r publication at the time of disclosuJc. 

2. lf tbe Consortium determines dsat it does. DOl intend to tetain title to any such inventicm, the 
Coosartium sba1l notify ARPA, in writiDJ, within twenty-four (24) months of disclosure to ARPA. However, in 
any case wbcre publicWon, sale. or public use has initialed tbe ooe (l).year statutory period wherein valid patent 
proteetioo can still be obtained in tbc United States. tbe period fcc sucb notice may be sbortened by ARPA tbtough 
written notice to tbe CEC to a date that is DO more than sixty (60) calendar days prior to the end of the staruny 
period. 

3. The Consortium sball file its initial patent application on a subject invention to which it elects to 
relain tide within oae (1) yeat after election of litJe or. if earlier. prior co the end of the statulOl'y period wberein w1id 
patent protection can be obtained in the United Swes after a publication. or sale, or public use. The Consortium 
may elect to fde patent applications in additional oouncries (including the European Patent Office and tbe Patent 
Cooperation Treaty) within either ten (10) months of the corresponding initial patent application or· six (6) months 
from the date permission is gr.anted by the Commissioaer of Palents and Trademarks to file fon:ign patent 
applications. where such filing has been prohibited by a Secrecy Order. 

4. Requests for extension of time for disclosure election. and filing under Article vn subparagraph C, 
may be granted by the Government Requests for extension are to be forwarded to the ARPA Agreement 
Administra!Or. If tbe request for extension is coosiscent with the intent oC the Agreement and based on a sound 
business rationale. the approval of the Government for a reasonable time extension sbaU not be withheld. 

D. Conditions When the Government May Obtain Title 

Upon ARPA • s wriuen request. the Consortium sball convey title to any subject invention to ARPA under any of 
the following conditions; 

1. If the Consortium fails to disclose or elects not to n:t.ain title to the subject invention within the 
times specified in paragraph C of this Article; provided. that ARPA may only request title within sixty (60) calendar 
days after learning of the failure of the Consortium to disclose or elect within the specified times. 

2. In those countries in which tbe Coosortium fails to file patent applications within the times 
specified in paragraph C of this Article; provided. that it the Consortium bas filed a patent application in a country 
after the times specified in paragraph C of this Article. but prior to its receipt of the written request by ARPA. tbe 
Consonimn sball continue to retain tiUe in that country; or 

3. In any country in wbicb the Consortium decides not to continue the prosecution of any applicati.oo 
for. to pay the maintenance fees on. ot defend in reexamination or opposition proceedings on. a patenl on a subjec:t 
invention. 
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E. Minimum Rlgbts to tbe Consortium abel Protectton of tbe Consortium•• IUgbt to FOe 

1. The COOSMium shall retain a oon-exclusive. royalty·free license throughout tbe world iD eadl 
subject invadioo to wbicb tbe Government obtains title, except if tbe Consortium fails to disdose me invention 
within the times specif'Jed iD p1U'881'aph C of tbis Article. The Consortium license extends to tbe domestic (including 
Canada) subsidiaries and amliales. if any, of the Consortium Participants within the corpaate structure of which tbe 
Coasortium PartidpaDt is a patty and inclUdes tbc right to grant licenses of tbe same or lessot scope to the extent 
tbal tbe Coosortium was legally obligated to do so at the time the Agreement was awarded. The 1iceose is 
transferable oaly widUD tbe approval of ARPA. except when transfemd to tbe succes50f of thal part of the business 
to wbicb the inveotiOD pertains. ARPA approval ftx' license traDsfa- sbaD not be unreasooably withheld. 

2. lbc Coosonium domestic license may be revoked or modified by ARPA to the extent "«"'!BY 
to achieve expeditious practical applicalion of subject inventioa pursuant to an application for an exclusive lk:ense 
submitted consistent witb appropriate provisions at 37 CFR Part 404, provided that suda revoeatioo or modifi<:adoa 
sbaU not take place Jess than (S) years after the end of 1be tenD ot the A~menL This license sball not be revoked 
in lhal raeJd of use« tbc geosrapbica! areas in whicb the Consortium has achieved practical appUcatioa and · 
coatinues to make the benefits of the invention reasonably accessible to 1bc public. The license in any f<Rign 
country may be revoked or modified at the discretion of ARPA to the extent the Consonimn. its licensees, or me 
subsidiaries CX" affdWes have failed to achieve practical applicatlou in that forei3D country. 

3. Before rcvocatioo or modifJCatioo of the license. ARPA sba11 furnish the Consutium a written 
notice of its inteotioo to JeVcke or modify tbe license, and the Consortium sbaU be allowed thirty (30) calendar days 
(or sucb other time as may be authorized for good cause shown) after the notice to show cause wby the license 
sbould oot be revoked« modified. 

F. Action to Protect the Government•s Interest 

1. The Consortium agrees to execute or to have executed and promptly deliver to ARPA an 
instruments necessary to (i) establish or coofum tbe rights the Govenunent bas througbout the world in those 
subject inventions lo which the Consonium elects to retain title, and (ii) convey title to ARPA wben requested under 
paragraph D of this Article and to enable the Government to obtain patent protection thtougbout the world in that 
subject invention. 

2. Tbc Consortium agrees to require tbat employees of the Participants of tbe Cmsortium wadciDg 
on abe Consortium. oCber than clerical and oontecbnical employees. agree to disclose promptly in writing, to 
persoonel identified as responsible for the administtatlon of patent matters and in a format acceplable to tbe 
Consortium. each subject invention made under this Agreement in order that the Consortium can comply with the 
disclosure provisions of paragraph C of this Article. The Consortium may follow standard rompany or univenity 
policies with respect to employee disclosure of Subject Inventions. 

3. The Consortium shall notify ARPA of any decisioos DOt to continue the prosecution of a patent 
application, pay maintenance fees, or defend in a reexaminatim or opposition proceedings on a patent. in any 
country. not less than thirty (30) calendar days befcxe the expiration of the response period required by the relevant 
patent office. 

4. The Consortium shall include. within the speciflCalioo of any United States patent application and 
any patent issuing thezeoo covering a subject invention, the following statemenc wrhis invention was made with 
Government support under Agreement No. MDA972·9S· 3..()()()8 awarded by ARPA. The Government bas certain 
ripts in the invention." 

G. Lower Tier Agreement. 

l. The Consortium shall include this Article. suitably modified. to identify tbe Patties, in all 
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subcootractJ c. lower tier agr=nents. regardless of tier, for experimental, developmental. or researcb work. 

2. In tbc case of a lower tier agreement with a vendor, at any tier. ARPA. the venda', aDd lbe 
Consooium agree lballhe mutual obligations of lbe parties created by Ulis Article flow down to tbe vendor and 
a>nstitute an agreemeot between the vendor and ARPA with respect to the matters covered by tbi.s Article. 

H. Repodlna on Utillzalloa of Subjed Inventions 

The COOSOitlum agJeCS lO submit. during tbc term of tbc Agreement, .periodic reports no more frequendy than 
annually oo the ·llt.lliz.alioo of a subject invention or on effons at obtaining sucb utilizalioo of a subject inveutioo or 
oo efforts at obcaining such utilization tbat. are being made by the Consortium or licensees or assignees of lhe 
inventor. Sucb reports sball include information regarding the status of development. date of fast commercial sale ot 
use, aross royalties received by the Consortium subamtractor(s). and such other data aod infamatioo as tbe ageocy 
may reasooably specify. The Consortium also agrees to provide additional reports as may be requested by ARPA in· 
connection witb any march-in proceedings lDldertalcen by ARPA in accordance witb paraJniPb J of this Article. 
Consistent witb 35 U.S.C. 202(c)(5), ARPA agrees it sbalJ not disclose such information to persons ou~ide the 
Government witbout permission of the Consortium. 

1. Preference for American Industry 

Notwithstanding any otber provisioo of tbis clause. the Consortium agrees that il shall not g.railt to aoy persoa the 
eJLCiusive rigbt to use a sell aoy subject inventioo in the United Stales or Canada unless sucb pecsoo agrees that any 
product c:mbodyiag the subject invention or p-oduced througb the use oC cbe subject invention sbaU be manufactured 
substaDtially ia die United SWcs or Canada However. in individual cases. &be requirements foe sucb au agteement 
may be waived by ARPA upon a showing by the Consortium that reasonable but unsuccessful efforts have been 
made to gtaDt licenses on similar terms to potential licensees tbat would be likely to manufacture substantially in 
the United Scates or tbat. under the circumstances. domestic manufacture is not commercially feasible. 

J. March-in Rights 

Tbe Consortium agrees that. with respect to any Subj&t Invention in which it bas retained title, ARPA bas the ri&bt 
to require lbe Consortium. an assignee. or exclusive licensee of a subject invention to grant a non-exclusive license 
to a responsible applicant or applicants. upoo terms that are reasonable under the circmnstances, aDd iC tbe 
Consortium. assignee. or exclusive licensee refuses lO comply witb such a requirement. ARPA has the right to grant 
such a license itselt it ARPA determines that: 

1. Such action is necessary because the Consortium or assignee has nOl tab:n within a reasonable 
time, or is not expected to take witbin a reasonable time, effective steps a>nsistent with tbe intent of this 
Agreement. to acbieve JQClical application of the Subject Invention; 

2. Sucb action is necessary to alleviate health or safety needs wbicb are not reasonably satisflCd by 
lhe Consortium, assignee, or their licensees; 

3. Such action is ~ to meet requirements for public use and sucb requirements are n« 
reasonably satisfied by the Consortium. ~signee. or their licensees; or 

4. Such action is necessary because the agreement required by paragraph <n of dtis Article bas not 
been obtained or waived or because a 6censee of tbe exclusive right to use or sell any Subject Invention in the 
United States is in breach of such Agreement. 
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1. '"Govemmcut Purpose Rights", as used in this article. means rigbcs 10 use, duplic:at.e, or disclose 
Data. iD wbo1c or iD part aod ill my manoer, for Government purposes oaly. Govc:mmeut purposes iuclude military 
aDd rescardl purposes. aDd ase by Govemment research latxn!ories. Gowrameut purposes do oot ioclode tbe right 
to .bave or p:nnitoebcrs to we. modify, reproduce. release, or disclose Data for a:liDIDttcial puzposes, unleas tbe 
0a1a bas beeD delivered 10 me Government iD acardance with lhe Man:b-ID process specified in su~ B.2 of 
this Article. 

2. '"Data", as used iD 1bJs article. means recorded iDfomuui<m. regardless of fonD or me&bod. of 
recordiD~t wbich includes bet is not limited to, technical dala. software. trade scaets, aad mast worts. developed iD 
petfonnance of thia ApameuL Tbc tam does not include tinaDcial. administtative, cosc:, priciDg or mmagemcot 
infmnatim ID4 docs DOt indudc subject inventions included undct Article vm. 

B. AU~tloa of Principal Rlabts 

1. This Agreement sball be performed witb mixed Government and Consortium funding. The 
Parties agn:e that in considenWoD for Government funding, me Consortium intends to reduce to practical applicatioo 
items. components and processe& developed under this Agreement 

2. The CODSCK'tium agrees to retain and maintain all Data iD good condition until five (5) years after 
ccxnplecion or tenninatioo of this Agreement In tbe event of exercise of the Govcmmeot' s March-in Rights as set 
forth tmdc:r Article vn. or subpanlgnlpb 8.3 of this Artic:le. 1be Consa'tium. acting through its Coosortium 
Executive Commiuee, ~ upoa wriuen request from rhc Government. to deliver, within sixty (60) days from tbe 
date of tbc written request. Ill DO add:i.lioDal a)S(IO tbe Govcmmcnt. all Data necessary to achieve pr.IICtical 
application. consistent with cbe iDtent of this Agzcemcnt. of either a Subject Invention or a partiallar tcclmology 
developed under tbJs Agrcaneut 

3. The Coosortimn agrees tbat. with respect to Data necessary to acbieve practicaJ application. 
a:JDSi.stent with the intent of this Agreement. of either a Subject Invention or a particular te<:boology developed tJDCSer 
this Agreement. ARPA bas the riJht to require the Consottlum Member(s) to grant a oon-exclusive license to a 
teSpODSible applicant or appliants. upon terms that are reasonable under the circumstance&, and if tbe Consortium 
Member(s), assignee, or exclusive lkeusee refuses to comply with such a requirement. ARPA bas the right to Jf3Dl 
a non-exclusive. royalty-free, license itself if ARPA deumnines that: 

. (a) Such action is necessary because lbc Consortium Member(s}, assiaoee. or licensee bas DlX 
taken within a reasonable time, or is not expected to tate within a reasonable time. effective steps consistent with 
the intent of this Agreement. to achieve practical application oC a par1icular 1edmology developed under tbis 
Agreement, or 

(b) Such actioo is necessary 10 alleviale bcahh or safety needs whicb are not reasonably satisfied 
by the Consortium Membcr(s). assignees, or licensees; or 

(c) Such actioo is necessary to meet requirements for public use and such requirements are not 
reasonably satisified by the Consortium Member(s), assignees. or licensees. 

4. With respect to Data delivered pursuant to Attachment2, the Government shall have Government 
Pwpose Rights, as defined in paragraph A above. With respect to data which bas been developed solely with private 
funds, either prior to or ouWde the scope of this mixed-funding Agreement. the Government has no right. title or 
interest therein. · 
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S. ID tbe evc:Dt lhis Agreement is lc:r'Dlinaled UDder lbe coodilions set forth in Article ll.B,Ibc 
CODS<Wum agrees to deliver all outsfanding Dala pursuant ro Auadlment 2. documenting aU majar developments 
aDd progress uDder tbe Agreement up to the time of terminalioo. The Government sbalJ have Government 
Pwpose Rights to such Data. as dermed in paragraph A above. 

C • Marklnc ot Data 

PmsuaDt to patagrapb B above. aoy lma dclivertd under this Agrem1ent shall be marked wilb tbe following legeDd: 

Usc. duplication. or disclosure is subject to the restrictions as stated in Agreement MDA972·9S-3-0008 
between the Oovemment and lbc ConsMium. 

D • Lower Tier Agreements 

The Coosoctium shall include Ibis Article, suitably modified to identify tbe Patties. ill all subcootraas or lower tier 
~CS. regardless of tier, for experimental, developmental, a research work. 

ARTICLE IX~ FOREIGN ACCESS TO TECHNOLOGY 

This Attkle shall remain in effect during the term of the Agreement and for U1n'.e (3) years tberea!tA::r. 

A. Defhdtlon 

'"Foreign Fum or Institution" means a firm or institulioo aganized or existing UDdet the laws of a country 
otber than tbe United States, its territories, or possessions. The term includes, for purposes of this Agreement. any 
agency or instrumentality of a foreign gove:rnment: and films. institutions or business organizations which are 
owned or ~bstantially controlled by foreip &ovemments, rums. institutions, or individuals . 

.. Know-How" means all information includina. but not limited to discovaies. formulas, materials, 
inventions. processess. ideas, approaches, coocepu.. techniques, methods, software, programs, documentation, 
procedurc:a. rliDlware, hardware, tecbnical data, specifications, devices, apparat:us and machines. 

"'fecbnology" means discoveries. innovations, Know-How and inventions, whether patentable or not, 
iDcJuding computer software, recognized under U.S.law as intellectual crealions 10 which rights of ownership acatlC, 
iDcludiDJ, but not limited to, patcnlS, trade secrets, ma.skvrotb. al1d copyrisbts developed UDder this AgreemcnL 

B. General 

1be Parties agree that research fmdings and technology developments arising under this Agreement may coastitute a 
signiftcallt enhancement to tbc national defense, and to the economic vitality of tbe United States. Accordingly, 
a&::CCSS to ilnportant technology developments under this Agreement by Foreign Fums or Institutions must be 
catefully controlled. The controls contemplated in this Article are in addition 10. and are not intended 10 change « 
supeBede, the provisions of the International Tmfic in Arms Regulation (22 CFR pt. 121 ct seq.). the DoD 
Industrial Security Regulation (DoD 5220.22-R) and the Department of Commetce Export Regulatioo (15 CFR pt. 
770 et seq.) 

C. Restrictions on Sale or Transfer of Technology to Foreign Firms or Institutions 

1. lD order to promote tbe national security interests ot the United States and to effectuate lhe policies 
that underlie lhe regulations cited above, the procedures stated in subparagraphs C2, C.3, and C.4 below shall apply 
to any transfer ot'Tedmology. For purposes of Ibis paragraph. a ttansfer includes a sale of the company, and sales or 
licensing of Technology. Transfers do not include: 
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(b) 5ceuses of softwale m documeotalioo related to sales of producls or components. ot 
(c) transfer to foreign subsidiaries of tbe Coosortium participants for purposes related to chis 

Agreeme:nr. « 
(d) tr.msfer wbich provides access to Technology to a Foreign FU'IIl oc Institution wbicb is an 

apP'Oved source ol supply or soon:e for tbc conduct of researdt UDder this Agn:emem provided that such 
tr.msfer sball be timiled 10 that oecessary to allow the fum or institutioo to perform its approved role under 
this Agreement. 

2. Tbe Consortium shall provide timely ootic:e to ARPA of any proposed cr.msfers fr<m tbe 
Coosortium ofTedmology de-veloped ODdet this Agreement to Faeign Fums or IDstitutions. If ARPA detenniDes 
that the transfer may bave adverse ((liiL!O;Juenc::e& to the national security interall of the United States. lhe 
CODSCX'timn, its vendors. aDd ARPA slaall jointly endeavor to fmd alternatives to the proposed trallsfer which obviate 
or mitigate potenUal adverse c:casequeaces of the transfer but which provide substantially equivalent benefits to the 
Consortium. 

3. In any event. the Coosclrtium shall provide written notice to the ARPA Proarazn Manager aDd 
Agreements A.dm.inistrar« of any proposed cransfer to a foreign fum or institution at least sixty ( 60) calendar days 
prior to tbe proposed date of tnmster. Such notice sball cite this Article and shall state specitkally wbat is to be 
transferred and tbe general tcDDS d. the lraDSfer. Within thirty (30) calendar days of m:eipt of tbe Conscxtium's 
written notification, the ARPA Agreements Administrator sball advise the Consortium wbetber it consents to the 
proposed transfer. In cases wbete ARPA does not concur or sixty (60) calendar days after receipt and ARPA }¥Ovides 
no decision, the Co:osortiwn may utilize the procedures under Article VI, Disputes. No transfer shall take place until 
a decisiOD is rendered. 

4. Except as provided iD subparagrapb C.l above and in tbe event the o:ansfer ol Tecbnology to 
Foreign F'mns or Institutions is approved by ARPA. tbe Consortium shall, prior to any transfer ofTeclmology, 
negotiate a license wilh the Govemmatt to tbe Technology being ttansferred under terms that m reasonable uodec 
the circumstances. 

D • Lower Tier Agreements 

The Consortium sball include this Aniclc, suitably modified. to identify lhe Parties, in all subconuacts or lower cier 
agreements. regardless of tier, for experimental, develo;mental. or~ wort. 

ARTICLE X: OFFICIALS NOT TO BENEFIT 

No member of Congress shall be admitted to any stwe or part of any contract or agreement made, entered into, or 
accepted by or on behalf of the United States. or to any benefit to arise thereupon. 

ARTICLE XI: CIVIL RIGHTS ACT 

This Agreement is subject to tbe compliance requirements of Title VI of tbe Civil Rights Act of 1964 as amended 
(42 U.S.C. 200()..d) relating to nondisaiminatioo in Federally assisted programs. Eacb Consortium participant 
entity bas signed an Assurance of Compliance with the nondiscriminat<ry provisions of the Act. The Parties 
recognize that since the Consortium bas no employees. that compliance is tbe responsibility of eacb participant 
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ln tbe event of any iocoosisteDCy between tbe terms of this Agreement aod Lanauaae set for1b iD tbe Consortium' s 
Articles olCollabor.atioo. me incoosisteDcy sball be re301ved by Jivin& precedence iD me !onowiog order. (1) The 
Airumeat, (2) Attacbmeuts r.o the Apeement. (3) Consortium AIUcles ol Collaboration. 

ARTICLE XID: EXECUTION 

This Apccmenr con.stlcures me entire agreement of the Parties and supersedes all pi~ and cootemponmeous 
agreements, undentandi.ngs. negotiations and discussions a:moaa the Parties. wbetbcr oral or wriueo, with respect to 
lhe subject matter berea!. This Agreement may be revised ooly by written cooscnt of tbe CEC aDd ARPA 
Aareements Administrator. This Agreement, or modirscations tbereto. may be exea&ted in counccrparts each ol 
wbicb shall be deemed as original, but aU of which taken to&etbcr shall constitute one and the same insttumenl 
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BLUE BAND CONSORTIUM STATEMENT OF WORK 

INTRODUCTION 

The BLUE BAND Consortium is c::ompoeed of two industrial optoelectronic component 
manufacturer•. Hewlett Packard and SOL. Inc., a major optoelectronic systems manufacturer, 
Xerox, two manufacturers of semiconductor substrates, AXT and Advanced Technology Materials. 
Inc •• and two universities. The University of Texas at Austin and Boston University. 

The goal of the BLUE BAND Consortium is the rapid commercialization of optoelectronic 
components operating in the green, blue. and ultraviolet portion of the optical spectrum. 
To realize this goal, the Consortium is divided into three efforts: (1) a highly integrated 
development of core growth technologies; (2) identification and development of key substrate 
technologies; and (3} cutting-edge materials growth research performed at university 
facilities. 

The integrated growth and characterization effort is the centerpiece of the Consortium. Within 
the ·growth effort, the three optoelectronic houses freely share all MOCVO (Metal-organic 
Chemical Vapor Deposition) information. tn regular technical meetings, the critical MOCVD 
growth problems will be d!scussed and multiple technical approaches will be identified. These 
potential solutions will then be divided and assigned to individual institutions. thus permitting 
the parallel examination of multiple pathways without -duplication of effort. With this 
approach, the central problems of nitride materials growth will be rapidly solved. 

Substrate issues will be addressed primarily by the substrate vendors and the universities. The 
clear advantage provided by the consortium is the ability of the Consortium to (1) aid in the 
characterization of the varioua substrates, and (2) to provide the substrate vendors with a 
critical link with MOCVO growth technology. The Consortium therefore provides the substrate 
vendors with substantial information concerning the performance of their substrates in actuaJ 
growth situations. 

Industrial institutions generaUy cannot address very high risk technologies. Therefore. this 
Consortium includes university efforts addressing molecular beam epitaxy (MBE) and MOCVO 
growth technologies. Although the universities are less closely linked to the main MOCVO effort. 
this independence is considered a vaJuable asset in that it substantially broadens the Consortium 
effort. 

Contained within this document are the overall Statement of Work for the entire Consortium. 
including the downselect process for substrate manufacturers prior to the second year effort. 
and individual statements of work from each Member. 
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BLUE BANP CONSORTIUM SOW I TASKS 

The BLUE BAND Consortium will develop key technologies for the commercialization of GaN and 
related materials. The development of these core technologies will be used to launch an 
aggressive LED (Light Emitting Diode) commercialization program and a demonstration 
program for the first blue semiconductor laser based upon the 111-V nitrides. At the conclusion 
of the program, demonstrations of commercially viable LEOs and prototype laser diodes will be 
achieved. The goal specifications for the LEO demonstrations are >4% external quantum 
effiCiency with an emitted power >4 mW for devices emitting in the wavelength range of 480 to 
570 nm. The goal specifiCations for the laser diode demonatratlona are continuous wave 
operation of a pin laser diode emitting at a wavelength shorter than 500 nm. 

Tasks 

1. The development of high-quality. low-defect density GaN and related alloys. 

• Optimization of MOCVO parameters to achieve high-quality buffer layers. 
• Optimization of MOCVO parameters for high-quality epitaxial GaN layers. 
• Characterization of nitride films: characterization techniques include TEM. AFM, 
X-ray diffraction, SEM, optical transmission, photoluminescence and photopumping. 

2 . Th• development of low-defect density hatarojunctions. 

• Optimization of MOCVO parameters for ternary AIGaN alloys. 
• Optimization of MOCVO parameters for ternary loGaN alloys. 
• Optimization of MOCVO parameters for quaternary AIGalnN alloys. 
• Characterization of nitride heterojunctlons. Analysis wUI Include electronic 
measurements, TEM, and X·ray diffraction. 
• Modelling of nitride heterojunctions. The theoretical effort will address topics such 
as band-edge offsets and strain-related effects. 

3 . The development of n-·and p-type GaN and related alloys. The development of low­
resistance contact technologies for these alloys. 

• Modeling of atomic and electronjc structure, formation energies for native defects, 
doping and compensation. 
• Calculation of formation energy, solubility, and doping effiCiency of p.type dopants 
(Mg, C, and Zn) in GaN. 
• Controllable n·type doping. 
• Controllable p-type doping. 
• Ohmic contacts to n-type GaN 
• Ohmic contacts to p-type GaN 
• Electronic characterization of doped GaN and related alloys. Techniques include 
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variable-temperature Hall measurements, variable-temperature OL TS, optical DL TS, 
SIMS, c-v and f.V meawrements. 
• Demonstrations of pin homojunctions and heterojunctions. 

4. Advanced substrate identification and development 

• Hybrid GaN substrate development 
• Bulk GaN substrate development. 
• Evaluation of existing commercially available substrates. 

5 . Fabrication technology development 

• Wet etChing techniques. 
• Dry etching techniques. 

6 . LEO fabrication and characterization. 

• Optimization of LEO epitaxial design. 
• Wafer dicing developJMn~ 
• Die attach, die bonding and encapsulation technique development. 
• Characterization of LED technology including LED J-V and LOP behavior. radiation 
patterns, and reliability. 

7 . Laser diode fabrication and characterization. 

• Development of facet fonnation techniques. 
• Optimize epitaxial layers for laser diode operation. 
• Laser die attach and die bonding technique development 
• Characterization of the optical properties of the AIGalnN material system. 
• Characterization of AIGalnN laser diode structures under optical and electrical 
excitation. 
• Fabrication of the laser program demonstrations. 

8. Preparation of the Final Report. 

OOWN·SELECT PROCESS I PROCEDURE FOR SUBSTRATE VENDORS 

The BLUE BAND program is structured such that at the end of the first program year, the 
Consortium will decide to fund either AXr or ATMI through the second program year. If both 
vendors show promising results, reasonable ·efforts will be given by the Consortium Members 
to find additional resources to permit both substrate vendors to proceed through the second year. 
In any event, ARPA is not obligated to provide additional funds. 
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1 • The three primary members of the consortium, HP. XEROX, and SOL, wiH decide to 
fund either AXT or A TMJ for the second year of lhe Blue Band Agreement The decis1on 
will be reached by consensus. 

2 • . The substrate vendors will present to the consortium the results of the first year 
research at the end of the first year. Within 10 working days of the meeting. the 
Consortium wiU inform ARPA, AXT and ATMI of the funding decision reached by 
the Primary Consortium Members. 

3. The ARPA program manager shaU be present throughout the aubtrate selection proceaa. 

4. The Blue Band Consortium wilt deliver a written report describing the decision to ARPA. 

S . Neither the Consortium nor ARPA will be financially liable beyond the first year funding 
to the vendor not selected for participation through the second year. 

1 • AXT and ATMI wiD provide to the BLUE BAND Consutium examples of substrate technical 
progress at the end of the third quarter of the program. The samples should have 
surfaces suitable for MOCVO growth. 

1 a. The Consortium will characterize the sample substrates provided by AXT and 
ATMI. 

1 b. The Consortium will grow epitaxial layers of GaN on the sample substrates 
and characterize the epitaxial layera. 

2. During the meeting at lhe end of year one, AXT and ATMI will present data addressing 
these points: 

2a. The current technical progress in the program. 
2b. An estimate of the substrate quality achievable under continued funding. 
2c. The path to the realization of commercially available substrates, including 

• information on size, both current and anticipated, 
· • estimates of substrate pricing, and 

• substrate delivery estimates. 

3 . Following the presentations of AXT and ATMI, the results of the Consortium analysis of 
the AXT and A TMI substrates, and GaN epi growth upon these substrates will be 
presented. The Consortium will also present technical and commercial information of 
devices produced using current substrate technologies to determine the commercial 



AGREEMENT IIDAil72·SS·J.OOOI 
A TT ACHIIENT NO. 1 • PAGE I 

impact, through improving or enabling device performance, of the substrate 
technologies under development at AXT and ATMI. 

4 . The successful substrate technology will be selected on the basis of the Consortium 
determination, taking all foregoing analyses into account, as to which substrate 
technology will best enable or improve the performance of devices constructed on 
currently available substrates. 

INDIVIDUAL CONSORTIUM MEMBERS• SOW I TASKS 

HEWLETI·PACKABD 

HP wiU work with team members and develop nibide MOCVD growth technology emp1oying and 
EMCORE, vertical flow, high volume production reactors. Using the films grown by the taam 
members, HP will develop wafer fabrication, die fabrication, and packaging technologies for 
LEOs. The LEOs will be characterized for (I) light output and emission wavelength spectra as a 
function of forward current, (ii) forward and reverse voltage behavior, and (iii) long·term 
reliability under a variety of stress conditions. Low-cost production techniques will be 
investigated to establish manufacturability. and high-volume manufacturing will be initiated. 
Prototype tampa will be supplied both to ARPA and potential users for commercial evaluation. 

HP TASKS 

HP .1 In collaboration with team members, develop nitride MOCVO growth technology using an 
EMCOAE, vertical flow, high volume production reactor. 

• Install and accept the reactor for nitride MOCVD growth. 
• Perform parametric studies of the growth process and establish relations between 
growth parameters and materials properties. 
• Develop buffer layer growth processes for both sapphire and SIC substrates. 
• Develop n- and p.doped, single layer, binary composition growth processes. 
• Develop processes for growth of p/n homojunctions in binary composition layers. 
• Develop processes for growth of multilayera of n- and p.doped heterostructures. 
• Develop processes for growth of p/n junction, double-heterostructure devices 
• Provide epitaxial layers to Xerox PARC on an ongoing basis to provide for material 
characterization studies. 

HP.2 In coUaboration with team members, develop routine characterization techniques for 
rapid feedback of information critical to the epi growth team. 

• Establish PL characterization capability for both single point and wafer scanning. 
• Establish C-V and Hall effect measurement capability. 
• Optimize X-ray rocking curve measurement capability. 
• Develop a rapid tum-around LED device process for epi evaluation. 
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HP.3 Examine various device designs aimed at giving the desired emitted light wavelength 
and maximize the light ou1puL OeveJop wafer and die fabrication processes suitable 
tor the processing of nitride epi wafers into LEOs. Device goals are >4,.-. extemaJ 
quantum efficiency with an emitted power >-4 mW for a device emitting in the wavelength 
range of 480 nm to 570 nm. 

• Investigate various epitaxial layer designs (number of layers, compositions, 
thicknesses and doping levels) which provide carrier confinement, minimize current 
crowding, and optimize light emission efficiency at specific wavelengths. 
• Develop metal contacting schemes to provide ohmic contacts to both n· and p-type 
nitrideoobased materials. 
• Develop dry and/or wet etching processes for defining contact areas ancVor chip 
shaping. 
• Develop wafer dicing processes to give damag•free, regular shaped chips. 
• Develop suitable die attach. die bonding and encapsulation processes for producing 
packaged nitride LEOs. 

HP .4 Fully characterize packaged LEO lamps with respect to their electrical and optical 
properties, and determine their long-term reliability. 

• Determine LEO I.V and LOP (light output) behavior under a variety of temperature 
and drive conditions. 
• Determine operating lifetimes under a variety of stress conditions including high 
temperature (SSoC), high humidity (85%)/high temperature (SSoC), and low 
temperature (·300C). 
• Determine the radiation patterns for standard lamp packed devices. 

HP.S Initiate high volume manufacturing and investigate low-cost production technology. 

• Examine mulllwafer epi growth of double-heterostructure devices. 
• Investigate run-to-run and wafer-to-wafer layer uniformity -· thickness. 
composition, doping -- and device performance uniformity •• v, (forward voltage) , 
and LOP, and ld (dominant wavelength). 

HP .6 In collaboration with team members, prepare Final Report for submission to ARPA. 

SOL. INC. 

SOL will work with other team members to develop semiconductor laser diodes operating in the 
blue and ultraviolet portions of the optical spectrum. SOL wiU contribute growth technoiogy, 
developed using custom low-pressure MOCVD reactors. to aid in the rapid development of GaN 
and related materials. Using the epitaxial layers developed by SOL and other team members, 
SOL will develop processing techniques applicable to semiconductor injection lasers, including 



AGREEMENT UOAI72·15-3-000I 
ATTACHMENT NO. 1 • PAGE 1 

contact technology, facet formation techniques, and chip-shaping techniques. The prototype 
laser diodes wilt be delivered to ARPA. At the conclusion of the agreement. it is the goal of SOl 
lo be in a position to begin to examine issues of commercialization, including output power 
capablity, spectral characteristics, modulation characteristics, and reliability. 

SOL TASKS 

SOL.1 In collaboration with team members, develop nitride MOCVO growth technology 
using custom SOL reactors. 

• To facilitate material studies and characterization efforts, SOL will provide MOCVO 
nitride material to Xerox as an ongoing task. 
• Perform parametric studies of the growth process and establish relations between 
growth parameters and materials properties. 
• Develop buffer layer growth processes for both sapphire and SiC substrates. 
• Oevek>p n- and p-doped, single layer, binary composition growth processes for both 
sapphire and SiC substrates. 
• Develop processes for growth of p/n heterojunctions 

SDL.2 In collaboration with team members, develop routine characterization techniques for 
rapid feedback of information critical to the epi growth team. 

• Establish PL and photopumping capability. 
• Establish C-V and HalJ effect measurement capability. 
• Establish high-resolution X-ray rocking curve measurement capability 

SOL3 Examine processing techniques ·unique to laser diode fabrication. 

• Develop facet fabrication techniques, either cleavage, etching, or polishing. 
• Develop metal contacting schemes to provide Ohmic contacts to both n- and p·type 
nitride·based materials. 
• Develop dry ancVor wet etching processes for defining contact areas and/or chip 
shaping. 
• Develop die separation techniques. 
• Develop die match and _wire bonding techniques. 

SOLA Fabricate and characterize short-wavelength laser diodes. 

• Fabricate and characterize LEOs as a material diagnostic. 
• Fabricate and characterize single-mode ridge·waveguides to determine the optical 
properties of the AJGalnN material system. 
• Photopump AIGalnN heterostructurea. 
• Fabricate and test AIGalnN heterostructure laser diodes under pulsed excitation. 
• Fabricate and test AIGatnN heterostructure laser diodes under CW excitation. 
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SOL.5 In collaboration with team members, prepare Final Report for submission to ARPA. 

XEROX PABC (Palo Alto Research Center) 

Xerox PARC, in collaboration with the team members. will work towards the reaUzation of 
optoelectronic devices based upon the 111-V nitrides. The three general objectives of the work to 
be performed at Xerox PAAC in support of the BLUE BAND effort are: (1} to provide timely 
feedback Information on the properties of 111-V nitride layers to assist other team members in 
optimizing growth conditions, (2) to contribute to the determination of key materials 
parameter• and processing strategies for fabricating optoelectronic devices, and (3) to 
contribute to the fundamental understanding of these materials. These objectives will be 
pursued in close coordinatio~ with the other team members. 

Within each quarter. Xerox will pursue studies to aid the experimental growth effort. The 
mechanism designed to aid this interaction is a steady flow of materials, from an other members 
of the team, to Xerox. with information flowing back to the Consortium concerning the 
properties of these samples. ln each quarter, materials characterization will be provided on a 
minimum of four specimens of GaN or related materials. For each specimen. results will be 
provided from a minimum of one of the following experimental techniques: TEM, SIMS, X·ray 
diffraction, Pl, HalJ effect, CV, IV, or DL TS. 

XEROX TASKS 

XE.1 Characterization of the electronic and optical properties of GaN and related alloys. 

• The development of Ohmic contacts and Schottky barrier contacts to GaN and 
related materials. 
• C·V and 1-V measurements. 
• Coordinated electrical (C-V, 1-V, DLTS) and optical measurements (PL) to identify 
defect structure in n-type and p-type GaN. 
• Perform experiments to determine the acceptor doping efficiency in doped p·type GaN. 
• Perform variable-temperature Hall measurements on · speciments of GaN to obtain 
electron transport parameters (e.g., Hall mobility and electron concentration versus 
temperature) . 
• Perform SIMS analysis on GaN and related materials for identification of impurities 
and determination of doping effiCiencies. 

XE.2 Characterization of the structural properties of GaN and related alloys. Included in this 
task are TEM, SEM, AFM and X·ray diffraction studies. 

• Study the GaN/AI2~ interface using TEM. 

• Study the GaN/SiC interface using TEM. 
• Study the AIGaN and fnGaN heterostructure system with TEM. 
• Study the effect of high n-type and p-type doping on the crystal structure of GaN. 
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• Study the interaction of dislocations and impurities. 

XE.3 ModeUing of the physical properties of GaN and related alloys. 

• Investigate atomic and electronic structure. and tormation energies for native defects 
and describe the role of point defects in doping and compensation. 
• Calculate the formation energy. solubility. and doping efficiency of p-type dopants. 
• Calculate the formation energy. solubility, and doping efficiency of n·type dopants. 
• Enumerate key parameters for the operation and performance of optoelectronic 
device I. 
• CaJculate bandoffsets in the AJGalnN materials system. 
• Calculate energetics of hydrogen and hydrogen diffusion In GaN. 

XE.-4 rn collaboration with team members. prepare Final Report for submission to ARPA. 

AXT believes that the most reliable route to a long-lived. commercially viable semiconductor 
laser based on GaN and related materials is through homoepitaxy on low defect density 
substratea. AXr will team with the Polish Academy of Sc:iences High Pressure Research Center 
(Unipress) to develop the high pressure solution growth GaN single-crystal technology which 
has been reported by Unipress. Substrattl growth will be conducted at Unipress and preparation 
of substrates for epitaxy will be conducted at AXT. The Unipress technology - similar to 
vertical gradient freeze (VGF) growth of GaAs Jn Its approach. AXT's extensive experience in 
VGF Indicates that, using a scaled Unipress technology, GaN substrates which are commercially 
cost effective for optoelectronic applications can be developed. The goal of AXT is the 
development of high quality GaN substrates on the scale of 2.5 em suitable for epitaxial growth 
of high-quality optoelectronic devices. · 

AXT TASKS 

AXT.1 In collaboration with UNIPRESS. AXT will develop growth reactors capable of 
synthesizing 2.5 em scale GaN substrates suitable for epitaxial growth. 

• Complete a transfer of growth information from UNIPRESS. 
• Develop growth criteria to enable substrate production of commerciaUy viable size. 
• Design and construct a growth reactor capable of producing 2.5 em GaN substrates. 

AXT .2 In collaboration with the team members, AXT will develop high crystallinity GaN 
substrates suitable for the production of high·performance optoelectronic devices. 

• As an ongoing substate evaluation, AXT will deliver to the Consortium GaN substrates 
of varying size for evaluation and epitaxial growth. 
• Develop manufacturing processes to produce epl·ready substrates; surface 
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preparation. cleaning. orientation are included in this task. 

AXT.3 AXT will present a presentation summarizing first year research and the second year 
program 1o the CEC and ARPA at the end of year one. 

AXT.4 In collaboration with team membert . prepare Final Report for submission to ARPA. 

ADVANCED TECHNOLOGY MATERIALS. INC. (ATMl) 

ATMI, in partnership with other team members, will develop GaN substrate materials using 
a "hybrid• growth technique. The substrates developed using this method will be of large 
size, have good crystallinity and will be fully compatible with the MOCVO approaches of the 
larger Consortium. ln addition. the surface finish and other preparation techniques of these 
large area substrates will be studied. ATMI will deliver sample substrate• to ARPA and the 
other team members as described in the detailed milestone · 

ATMJ TASKS 

ATMI.1 Reactor design. fabrication and characterization 

• Design reactOrs for both Year 1 and Year 2 
• Construction of the improved reactor of Year 2 
• Characterization of the GaN growth reactor, including gas ftow, thermal gradients, etc. 

ATMl.2 GaN substrate growth and characterization 

• Characterization of growth rate and morphology 
• Characterization of general cryttallinity using X-ray diffraction 
• Surface preparation techniques. 

ATMI.3 In collaboration with team members, prepare Final Report for submission to ARPA. 

BOSTON UNIVERSITY 

Boston University will use the unique capabilities of Molecular Beam Epitaxy (MBE} to evaluate 
materials growth issues. The particular focus will be the study of the effect of substrate type 
and quality upon the growth of AlGalnN. Substrates to be evaluated include: 
SH-SiC. ZnO, M-plane sapphire and GaN grown by the Vapor Phase Epitaxy (VPE) method. AU 
of these substrates are closely lattice-matched to the AIGalnN system. The first three 
substrates wilf be obtained from commercial vendors while the GaN subs~ates are being 
currently developed at Boston University. Substrate preparation and surface cleaning 
procedures will be developed. Characterization of the materials will be carried out in 
coftaboration with the Xerox group. 
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BU.1 Boston University wiU grow VPE GaN on selected substrates 

• Design and construct a hydride VPE reactor. 
• GrowVPEGaN. 
• Deliver samples of the VPE GaN to the consortium, particularly Xerox PARC. for 
evaluation. 

BU.2 Boston University wilt use MBE growth techniques to evaluate several possible 
substrates for AIGalnN materials growth. · 

• Grow and characterize GaN and AIGalnN on 6H·SiC. 
• Grow and characterize GaN and AJGalnN on VPE-grown GaN. 
• Grow and characterize GaN and AIGalnN on ZnO. 
• Grow and characterize GaN and AIGalnN on M-pfane sapphire. 

BU.3 Boston University wiU provide samples of the materials grown in BU.2 to the 
consortium. particu~ly Xerox PAAC. for materials characterization. 

BU.• Boston University wilt fabricate optoaJectronic devices, including LEOs and 
laser diodes. as a materials characterization tOO for the optical and electrical 
properties of materials grown in Task BU.2. 

BU.S In collaboration with team members, prepare Final Report for submission to ARPA. 

UNIVERSITY OF TEXAS AT AUSTIN 

The proposed program will develop practical materials and device technologies for the 
fabrication of high-performance injection electroluminescent devices that will provide high­
energy visible light emission in the blue spectral region as well as emission in the near 
ultraviolet. These inject.ion-laser and tight-emitting-diode (LED) devices will be fabricated 
from wide-bandgap 111-V compound semiconductor epitaxial heterostructure& in the lnAIGaN 
system grown by low-pressure metalorganic chemical vapor deposition (LP-MOCVO). 
Characterization of the physical properties of materials produced at UT wtU be performed in 
collaboration with Xerox PARC, via coordinated delivery of epitaxial materials to Xerox. 

University of Texat at Austin TASKS 

UT.1 In collaboration with team members, UT-Austin will develop LP-MOCVD growth 
technology for wide-bandgap 111-V nitrides. 

• Initiate growth studies in the existing Emcore UTM reactor system (B reactor). 
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• Study the relationship between growth parameters and the resulting structural, 
optical, electrical, and optoelectronic properties of the epitaxial films. 
• Study novel precursors suitable as MOCVO nitrogen sources. 
• Study the effect of the introduction of molecular nitrogen into the MOCVD gas phase. 
• Establish growth parameters for the initiation of nitride film growth on Al203 and 
SiC substrates. 
• Install and characterize a new Emcore HT MOCVD growth system designed specifically 
for high-temperature growth (C reactor). 
• Develop an understanding of p· and n-type doping in GaN and related alloys. 
• Establish conditions of the growth of p-n junction devices. 
• Develop processes for the growth of heterostructure&, quantum wells, and 
superlatices. 

UT.2 In collaboration with team members, UT·Austin will develop characterization 
techniques for the wide-bandgap III·V nitrides. 

• Perform studies of the fundamental optical properties of nitride materials. 
• Study the structural properties and defects of the epitaxial filme. 
• Establish capability for the study of the photoluminescence characteristics of these 
materials. 
• Establish the capability to measure the electrical characterization of thin films. 

UT .3 In collaboration with other team members, UT ·Austin will design, fabricate, and 
test fight-emitting devices, including coherent and incoherent light sources. 

• Evaluate various device designs to provide optical and electrical characteristics 
required for high-performance light-emitting devices. 
• Study the formation of Ohmic contacts to p- and n·type nitride materials. 
• Develop etching techniques for the controlled formation of device structures in 
these materials. 

UT .4 In collaboration with team members, prepare Final Report for submission to ARPA. 
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REPORT REQUIREMENTS 

A . QUARTERLY REPORT 

Oo cr befcre ninety (90) calendar days after 1he effective dale of \he A~ aDd quartl:rly 
tbereafter tbrougbout the term of the Aareement. tbe CODS<Xtium shall submit Ot otherwise 
provide a quarttrly repcwt. Two (2) copies sball be submiued or otbctwise provided to me ARPA 
Program Manager, aDd one (1) copy shall be submitted or olberwise provided to the ARPA 
Agreement Administrafllf. The report will have two (2) major sections. 

1. Technical Status Report. Tbe techDical status report wiD detailledmical proSJCSS to 
date md report CD aU problems. t.ecbninl issues or majoc developments durin& lbe repcxtina 
period. Tbc technical swus tq)Ott will include a report oa lbe scalDs of comortium 
collaboouive activities during the reponing period. 

2. BusiDess Swus Report. The business swus repon sball provide summarized details 
of me resource status of this Agreement. including the swus of tbe cootributions by tbc 
Coosatium participants. This report will include a quarterly ac:cOUDiing of CUI'l"ent 

expendiluru as outlined in the Annual Program Pian. Ally major deviations shall be 
explained along with· discussions of lbe adjusunent actions proposed. 

B. ANNUAL PROGRAM PLAN DOCUMENT 

The Consonium Executive Committee (CEC) sbalJ submit or otherwise provide to tbe ARPA 
Progmm Managa' one (1) copy of a report which describes the Annual Proanun Plan as dcsaibcd 
in Ankle IV. This documeat sball be submitted not Wet than thizty (30) calendar days foDowing 
tbc Annual Site Review as desai'bed in Article IV. 

C. SPECIAL TECHNICAL REPORTS 

As agreed to by the Consonium and the ARPA Pro,nm Manager, the CEC sbal1 submit or 
ocberwise provide to tbc ARPA ProJI3D1 Manager one ( 1) copy ot special rcpcxts on significant 
events sucb as significant target acallllplisbments by Consortium Members, sipifkant tests. 
experiments, or symposia. 

D. . PAY ABLE MILESTONES REPORTS 

The CEC sball submit or otherwise provide to tbe ARPA Prosr.un Manager, doc:umentatioo 
dcsaibinJ the extent of accomplishment of Payable Milestones. 'Thi5 infonnatioo sbaD be as 
required by .Atticlc IV. and shall be sufficient for the ARPA Program ManaJer to 
reasonably verify the accomplishment of the milestone of the event in aca.dance with 
the Statement of Work. 



' ' ' 

E. FINAL JlEPORT 
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(a) Tbc CCIOS()I'tium Executive Committee (CEC) sball submit or ocbcrwise provide a 
Fmal Report makiDJ full dJs.c~ of an major developments by tbe Consortium within s.iny (60) 
cal~ days ol com~ or termination ot this Agreement Wlth the approval of lbe ARPA ProJram 
Manaatt. repiDts ol publisbed attica may be attacbcd to lbe Final Report. Two (2) ropies sball be 
submitted or otherwise provided to the ARPA Prognun Manager, ooc (1) copy sba1J be submitted to lbe 
ARPA Apement Admini.sttator, and one (1) copy sball be submitted cr ocbcnvise JXOvided to 
ARPA/ MTO ( Aua: Assistant Director fer Pro8J31D Management One (1) copy shall be submitted to the . 
Defense Technical Infmnation Center (OTIC) addressed to Bklg. S I Cameron Station, Alexandria. VA 
22314. 

(b) Tbe Fmal Report shall be marked with a distribution statement to denofe the extent 
of its availability for distribution. .release, and disclosure witbout additional approvals or authorizations. 
The Rnal Report sball be marked on !he front paae in a conspicuous place with die following marking: 

"DISTRIBUTION STATEMENT B. Dislribution authorized to U.S. Government agencies 
ooly to proteCt infoonalioo DOt owned by the U.S. Government and protected by a 
c:oolraCIOr's '"limited righU" statement. <X received with the understanding Chat it DO( be 
routiDely transnrined OUlSide the U.S. Government. Other requests for this document shall 
be referred to ARPA Security and Intelligeoce Office ... 



Wli. J M.a.o1h 

88.1 1 1 

88.4 2 1 
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88.3 5 3 

98.4 8 3 
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BLIJE BAND CONSORTIUM 
SCHEDULE OF PAYMENTS & PAYABLE MILESTONES 

PAYAftl.E MII.FSTQN~ 

~te pi5le & piping tor Instal. of Emcore HT '"0" reactor system. 

AJGaN IIJma grwm on A 1a0, substrlltaa In existing Emcore UTM •ee 
ayatem. Deliver sampl .. to Xerox. Jnatall Sl doping aourct on ·a• 
rHCtor and begin n- and p-doping atudlea of GaN. 

Eatabllah detailed program plan & schedule w/ UNIPRESS (AXl) 

Complete plana & 1-=illtitl fot tNCtor forGaN growfl (ATM) 
EHD Of FIRST PAYABLE MILESTONE PEAIOO 

Emco~ ractor Installed & operalonal. Stuclea of aupert.ttiee buffer 

layer. Initiated. Prepare GaNIAizQ, and GaNISIC layera & dtllvtr 

sample• to Xerox. StNCbi,., Olar.c:tertzation of GaN-A110a Interface. 

lnltlate stucks of lnGaN ;rowth in -a- reactor 

Metal contacta for n-typt GaN filma. Oellvtr GaN w/ n-type lmpuritl .. 

to Xerox for m.teriaa characterization. I nltiate tlectliclal 
characterfutlon of GaN. lnvtatlgatt native defect• In GaN. 

Develop undoped GaN ftlma on 6H-SiC .W.tJatea & lnlrodUee n- and 

p-type dopanta. O.Uver aampfta to X~x. Characterization ol r .. ctor 

for GaN growth. DeliVer 2mm seale GaN l ingle eryatal IUbatratta 
to the eoneortlum for atudy. 

END OF SECOND PAY AILE IILESTONE PERIOD 

Complete inllallaticlc of DeW Emc:orc HT -o· rc.ctor. Demonstrate GaN 

and AlGaN powtb iD D rcactt. Deliver s~mplca to Xerox. Scaonin& PL 
operational. Wbole w.ter scana a! member' a GaN available. Structural 

charactcrizatioc cllhc GaNJSiC iotelf~. 

AlGaN.tOaN bcterotlnlctures dcm~u-ated. Deliver sample• to Xerox. 

Coatrollable a-type dopins in GaN demonstrated. with dopin& levels 
berwCCD 2xle>l' aod S x 1011 em:'. Elec:trical c::hanccerizacioc ol doaoc-
doped n-type GaN. CaJculate propertiea of p-type dopantt (Mg & Zn) 
In GaN. Oellver GaN wl1h p-type lmpuritlea to Xerox for materials 
characterization. 
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ARPA Co.sortium 

PAYMENJ PAYMENT 

$173,0 00 $173,000 

$40,000 $-40,000 

$188,000 $121,000 

$10,000 $10,000 

$227,000 S HS2,000 

$110,000 $110,000 

$99;000 $14,000 

uo.ooo $70,000 

$182,000 $1U,OOO 
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ARPA Couor1iaJD 
s:1:/i t .MQ.Q1b PAYABLE MJU,TQNQ PAYMENT PAYMENT 

88.4 . 10 6 D.uv.r 5mm tc8le GaH lk9e crysta&IUbatlalaa to Con.oftium for $1 10,000 $110,000 
epitaxian grow1h. Develop GaN ~s by the VPE rMthod. Such 
~ .. wiiS be gRMn on ZnO coal.ci aapphire substrate•. 

CharacteriZation of GaN on growth template. 

88.5 1 1 6 RIE eldling of GaN ftlms demonstrated. s•o.ooo $35,000 
ENO OFl'HIRD PAYABlE IILESTOHE PERIOO 

88.1 12 Q Pbo«opumpina set-up c:oalplele¢ Plawdie• initiaud. $10,000 $10,000 

88.2 13 9 StructunJ cbaracterizatioo ol AlGaN laycn. $40,000 $40,000 

88.3 14 9 Controllable p-type doping In GaN demonstrated between 1017 and $320,000 $330,000 

1011 cm4 . O.monstratlon of pin homojunctlon, w/ g~ epecc. of 

tum-on volta~ It" than o6.5 V and revttU breakdown volta~ greater 

than 10 V. Oellver sample to XIHOx. Metal contacts for p-type GaN 
films. Deliver heavily n-doped and p-Ooped e.mples to Xerox tor 

material study. Electrical characterization of acceptor-doped GaN. 

Calculate propertJ .. of n-type dopants (SI, 0, C) In GeN. Studies ol 

paaaivatlon in nitride ltm. Initiated. Doping dtl'l"'C)Nttated for p- and 
n-type GsN In 0 system. 

88.4 15 9 Development of GaN ftlms on tingle crystalline ZnO IUbsuates. $105,000 $105 ,000 
OsUver GaN aamplea tor Consortium growth & c:halxtertzalion. 

Del~., 1cm seal• GaN single Ctyltat sut>.trat•• ID eon •. tor eval. 

88.6 16 9 First LEO chip configuration & proceuing design~. n- and p-type $50,000 $65,000 
GaN fim etching. 

END OF FOURTH PAYABLE MILESTONE PERIOD 

88.1 17 12 StNetural characterization of h•avlty n-doptd & p-dop~ <liN. $30,000 $30,000 

88.2 18 12 Hetero}uncUon growth for fundamental band offset 1tudes. $ 15,000 $15,000 

88.3 19 12 pin AIGaNIGaN heterotunctfon demonatrat~. Performance $138,000 $330,000 
paramete,.. to be characterized Include I·V, optical power 

measurements, and spectral measurements. Turn-on voltage 

goal specification Ia leu than • ·• V. Deliver sam~ ... Including a 
single heterojunetlon to Xerox. 

88.4 20 12 Complete evaluation of SIC va. Al203. Develop AXT program plan $81 ,000 $81 ,000 
for Phaaell. Develop ATMl program plen for second year. 

Development of GaN film• on the M.plane of saphhlre. 

88.6 21 12 GaN LEO demonstration. Enumerate materials/modeling parameters $30,000 $30 ,000 
that criUc:ally lnfluenc• LEO op•ratlon. 

END OF FIFTH PAYABLE Mll.ESTOHE PERIOD 

YEAR ON£ TOTALS u ,ou.ooo $2,140,000 
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ARPA c-.xtiua 
~ t Msm1h PAYABLE MQ .OO'QNQ rAIMENT PADfENT 

B8.2 22 15 Sttuc:U., chal'actAMislics ol AIGaN/GaN heterqundlona. $225,000 $115,000 
lnGaN ftlm growV\ cfemcnatr.aled. lnGaNIGaN &ti'Uc!Ut .. d4Mivered 

to X~ for~. TMoNtical lnvutlgatlon of band OffM'- of 
fle AJGalnN mat_.. syttem. 

88.3 23 15 Electroroic charac:t..tz.ation lind Pl aiUdy oC defec:ta In ~ GaN. $40,000 uo.ooo 

89.4 24 15 IF AXT: Dell~ new reactor; or lF ATUl: Scale-up ot GaN growth $200,000 $200,000 
system. Comf:*riaon or GaH devices on qpphlra .nd SiC MJbstratea. 
O.velop n-type and p-~ AlGalnN on SH-SIC aubw.tea. 

BB.8 25 15 Sonc:lng to llfl)le ct.vlces cMmonstrated. $70,000 $80,000 

88.7 26 15 Owelopment or facet fonnatlon technologies. Including polishing, $80,000 sao,ooo 
EHD OF SIXTH PAYABLE Ull£STQN£ PERIOD 

88.1 27 18 Photopumping set-up complet.. $20,000 $20,000 

88.2 28 18 Structural charact•rtzatlon of lnGaN/GaN heter~Uona. Undoped $130,000 $95,000 
Met doped lnGaNIGaN double heterosttuc1Ure ~ cfemc>Mtrated. 

88.3 2Q 18 Electrical charac:t~uizalion end PL of defec'- In p-Ooped GaN and $75 ,000 $75,000 
c:aJc:ulatlon of energetl" of hydrogen In GeN. 

88.4 30 18 IF AXT: Deliver 1 em scale GaN lingle aysbll aubstrate(s) to $125,000 $125 ,000 
o1her Cons. Membatt. F~ new reactor. Development of 
GaN fllma on the VPE-grown GaN subatratn. lF An.: Develop 
GaN film. on VPE-grown GaN substrates. Charactenzatlon ~ 
n-type GaN grown at ATMI. 

BB.e 31 18 pin lnGaNIGaN heterojunctlon LEO demonatrated. OamQnltrate, via $140,000 $125,000 
maa84Jrementa of the optical emlulon spectra, golll In corporation 
lev-'• In exceN of 4% (ln0.04GaO.MN) within t\e lnGaN active 
region. Deliver to Xerox a homogeneous .noy representative of an 

LEO active region lor analysis. AIGa~nGaN hetatel*tructurea .nd 
LEOS demonstrated. 

88.7 32 18 Fabricate single mode ridgewavegulde with fee•'- and characterize $100,000 $100,000 
END OF SEVENTH PAYABL.E MlL.ESTONE PERIOD 

BB.2 33 21 Structural characterization of a homo;.neoua alloy representallve 
of a Ught enilltlng active region. 

$40,000 $40,000 

88.3 34 21 Electrleal characterizaUon ot • homogeneous alloy representative $75,000 $75,000 
ot a Ught emitting active region and lheoretlcaJ lnv•sllgation of 

hydrogen/lmpurtty Interaction. 

88.4 35 21 IF AXT: Establish growth conditions for new reactor. $75,000 $75,000 
IF ATMI: Characterization of 2" GaN substrate. 

Development~ AlG.alnN filrnt on VPE-grown GaN aubattatet. 
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diode operation. 
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wavelength In the blue portion of ltte electromagnetic apectrum. 

Characterization of AIGaNilnGaN OW diode laaer llructurM, 

Comp{.tlon of Anal Report. 
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ARPA 
PAYMENT 

$160,000 

$180,000 

$30,000 

$44,000 

sso.ooo 

$0 

$133.000 

$56,000 

$2,041,000 

$4,131,000 

$120,000 

$180,000 

$30,000 

$44,000 

sso.ooo 

$180,000 

$133,000 

S58,000 

$2,011,000 

$C,221,000 
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AGREEMENT NUMBER: MDA972-9S-~ 
A'ITACHMENT NO. -4 

FUNDING PROFILE 

A. CONSORTIUM MEMBER CONIBIBUIIQNS 

Member 

Hewlett-Packard 
SOL 
XeroxPARC 
University of Texas at Austin 
Boston University 
AXT {year· one) 
A TMI (year one} 
AXT or ATMI (year twO) 

TOTAL 

Con,ribution 

$1,117,000 
$ 979,000 
s 846,000 
s 446,000 
s 280.000 
$ 140 .ooo 
$ 140,000 
s 280,000 

$4,228,000 

B • PRQJECTED PROGRAM FUNDING COMMITMENTS* 

ARPA Consortium 
:fa;xmf:nts Contribution 

FY9S $1,269~000 $1.114,000 
FY96 $2.024,000 $2,131,000 
FY97 $ 843,000 $ 983,000 

TOTAL $4,136,000 $4,228,000 

• The ARPA "Payments" and Consortium "Contributions" listed here 
coincide with the.projected schedule for actually accomplishing the 
Payable Milestones. In tenns of Fiscal Year Appropriated F~ 
the Government's cost-share is from FY94 Appropriated Funds. 
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Abstract 
SDL, HP, Xerox, the University of Texas at Austin, Boston University, American Xtal 
Technology and Advanced Technology Materials, Inc., have formed a strategic consortium 
to develop and commercialize optoelectronics based upon the nitride alloys. This proposal 
describes the prior art achieved within the consortium and outlines a research and 
development program to achieve high perfonnance nitride-based LEOs and laser diodes 
operating in the visible and ultra-violet portions of the electromagnetic spectrum. 

I. Executive Summary 
SOL. Hewlett Packard (HP), Xerox, the University of Texas at Austin (UT), Boston 
University, Advanced Technology Materials, Inc. (ATMI), and American Xtal Technology 
(AXT) have teamed together to develop nitride materials for the demonstration of visible 
LEDs and laser diodes from the near ultra-violet (UV) to the yellow regions of the spectra. 
This proposal is in response to ARPA solicitation 94-30, addressing the development of 
large area, wide-bandgap bulk and epitaxial materials for heterostructures useful in 
optoelectronics. The proposed program is unique in that: i) the partners have demonstrated 
the highest quality GaN material made to date, ii) the partners represent the largest 
commercial manufacturers of optoelectronics in the United States, iii) the partners have 
successfully fabricated LED's in GaN materials, iv) the program is the only combination of 
all technologies required to produce and commercialize LEDs and laser diodes, and v) the 
consortium has unique systems expertise to allow the immediate integration of the devices 
into commercial systems. The attributes of the team are discussed below. 

The consortium has demonstrated the highest crystalline quality GaN 
materials. GaN material quality is best measured via X-ray full width· at half 
maximum (FWHM). SDL has grown GaN with a FWHM of 27 seconds. UT has 
demonstrated GaN films grown on sapphire with FWHM of 38 seconds. The 
demonstration of 27 seconds FWHM is the narrowest reported X -ray and 
represents the world's highest quality GaN. The materials grown by the UT and 
SDL are the only demonstration of fully planar growth and single crystal growth of 
GaN f.tlms. The background carrier concentration of GaN grown at SDL is 
2x1Ql5fcm3, the lowest demonstrated by MOCVD. Both p- and n-type conductivity 
has been observed in SDL and BU material. 
The consortium members represent world leaders in the field or 
crystal growth, materials characterization and device fabrication. All 
five team members have demonstrated their expertise in developing the highest 
quality materials in their respective areas; HP in the fabrication of high brightness 
LED materials, SDL in the development of high power laser diode materials, UT in 
the development of advanced materials, Xerox in the development of 
characterization and processing of semiconductor materials and ATMI and AXT in 
the fabrication of high quality substrate materials. BU is an expert in MBE growth 
and processing of GaN and has achieved a deep-blue GaN injection LED. 
HP and SDL represent the largest commercial optoelectronics 
manufacturers in the United States. The key to any program intended to 
leverage both military and commercial markets is the development of technology in 
organizations that have demonstrated sustained manufacturing capabilities. In the 
area of optoelectronics there are no companies, even in Japan, that surpass the 
commercial impact of either HP or SDL in their respective market areas. HP is the 
world's largest dollar volume manufacturer of visible LEOs and is the single largest 
optoelectronics manufacturer in the U.S . SOL is the world's largest dollar volume 
commercial manufacturer of laser diodes and is the largest volume commercial 
manufacturer of laser diodes in the U.S .. SOL has been chosen as the company 

Use or disclosure of the information contained on this sheet is subject to the restrictions on the title page of this 
proposal. This information is proprietary to the consortium. 
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with the greatest imp~t on the opt:CJelectronics market over the past five years by 
Laser Focus World. The mcorpoiition of these two program members into the 
consortium insure the rapid introduction of components into both military and 
commercial systems. In addition, HP and Xerox are two of the largest 
manufacturers of optoelectronic systems. The systems businesses of Xerox and HP 
will provide strong internal markets for this technology. 
Corporate Commitment: HP is committed to the proposed program as a result 
of strategic alliances with other members. Their corporate commitment to GaN 
materials development exceeds $10M over the next several years. SDL, in 
anticipation of the success of the program has begun negotiations with leaders in the 
data storage to manufacture and supply high volume laser diode products. Both 
SOL and HP are firmly committed to the rapid introduction of high-bandgap 
optoelectronics. 

The program is designed to address the crystal growth of GaN and related films by 
MOCVD, the studies of growth on and fabrication of appropriate substrate materials. the 
processes required for high quality buffer layers, and materials characterization to 
understand the crystallographic, electronic and optical properties of GaN alloys. Efficient 
LED demonstration will be made within the first year with the subsequent demonstration of 
laser cUodes occurring towards the end of the second year. Although devices are the 
program goal, the technical emphasis will be the development of high quality OaN-based 
materials. The program will address the following issues in the development of OaN·based 
visible emitters. · 

Slnale crystal crowth or GaN. The consortium will leverage the existing 
expertise of UT and SDL in the growth of high quality fJ.!ms to demonstrate single 
crystal low dislocation density GaN materials. Emphasis will be placed on the 
development of low dislocation epitaxy. The growth Will be investigated in 
MOCVD reactors at SOL. HP and liT with characterization performed at Xerox. 
Substrate fabrication and dermition. Critical to the successful growth of 
GaN films is the fabrication of appropriate substrates. GaN LEDs are currently 
grown on sapphire substrates. For higher performance devices, the program will 
develop advanced substrates. AXT will develop bulk GaN growth and A TMI will 
develop OaN substrates grown by vapor phase epitaxy (VPE) on sacrificial 
substrates. Boston University will evaluate the growth of GaN fllms on existing 
and developmental substrate materials including sapphire, ZnO, SiC, and hybrid 
substrates (i.e. VPE grown GaN substrates), and bulk GaN. 
Advanced materials development. The demonstration of visible emitters in the 
blue·green portions of the spectrum from band·to·band transitions requires the 
fabrication of low stress, low bandgap films. Due to critical thickness issues in the 
growth of InGaN materials the band-to-band recombination may be limited to high 
energy emission. As part of this program the consortium will develop both GaAsN 
and InGaN materials as the active regions of blue/green emitters. SOL has 
pioneered the development of OaAsN materials. 
Device development. The program goals are to demonstrate both LEDs and 
laser diodes in the viSible spectrum. The development of LED technology will occur 
first due to the high quality of existing GaN films grown by the consortium 
members. The final goal of the program is to demonstrate a laser diode operating at 
room temperature. 
Modeling and calculations of electronic properties. Xerox will develop 
theoretical bandstructure models to study the material characteristics including band 
alignment, doping properties, transition strengths and gain. 
Business plan. The industrial members have strong motivation to rapidly 
commercialize the advances of the program. The consortium is active in pursuing 

Use or disclosure of the information contained on this sheet is subject to 1he restrictions on the title page of this 
proposal. This information is proprietary to the consortium. 
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the market introduction of advanced laser diodes, LEDs, opto-electronic systems, 
and advanced substrate materials. 

The program is proposed as the core research effort to be pa.rtiaHy funded by ARPA. The 
corporate members are committed to developing viable GaN·based emitting devices and 
view the consortium as providing the critical mass necessary for success. Without ARPA 
funding • materials and device development will be considerably slower, a narrower range 
of parameter space will be investigated and there will be substantial duplication of effort 
and unneeded expenditures of funds. In conclusion, this proposal represents a teaming of 
the industry leaders in optoelectronic devices for the development of GaN-based materials. 
In addition the corporate members are heavily investing in this technology and view this 
consortium as a mechanism to insure rapid technology development for commercial 
introduction. The team members have demonstrated the greatest impact on the US based 
optoelectronic markets, the highest quality GaN films grown and the development of high 
quality substrate materials. This consortium represents a unique coupling of the technical '\ 
and market leaders in visible emitter technology, thus insuring a successful demonstration 1 
and commercialization of visible semiconductor devices. 

II. Technical Approach 
Due to the high bond strength, large bandgap energies and present quality of materials, 
nitride alloys have been chosen as the preferred materials for visible optoelectronic devices. 
The majority of commercially based optoelectronic companies have concentrated their 
efforts on the development of GaN films for both LEDs and laser diodes. Recent 
demonstrations by Nichia Chemical of GaN based LEOs has spawned a number of 
concentrated research efforts in this area including efforts at SDL, HP, Xerox, and the 
University of Texas at Austin. Although the current LED demonstrations have been 
encouraging, the reliability of such devices are insufficient for most commercial 
applications. As a result the consortium members have begun significant efforts in the areas 
of GaN based visible optoelectronics. In particular HP has initiated an internally funded 
program at greater than $10M over the next several years for the development of GaN 
based LEDs. SDL has initiated negotiations with data storage corporations for the strategic 
development of blue laser sources. Although the development of the GaN is being actively 
pursued by the consortium members with internal funding the proposed program is highly 
strategic joining the individual expertise in a strategic direction that would not otherwise 
exist. Not only are the team members committed to GaN materials, they are the industry 
leaders and arc the best avenue for successful commercialization of nitride technologies. 
To achieve the goals of the program the program is designed to address the technical issues 
including the development of efficient active regions that utilize direct band-to-band 
emission, the development of dislocation-free quaternary A1GalnN materials. the 
development of appropriate substrate technologies, and device process technology 
development. 
The technical approach to these issues is divided into four areas: 

•MOCVD growth techniques. 
•Substrate technologies. 
• Materials characterization. 
•Device fabrication and development. 

The goal at the end of the program is to demonstrate both high brightness LEDs and CW 
room temperature laser diodes. 
11.1 Materials Growth 
The MOCVD epitaxial growth process as pioneered by Dupuis and co-workers bas been 
applied to a wide variety of important Ill-V, 11-VI, IV-VI and 11-IV-V compound 
semiconductors. MOCVD is in world-wide use for the commercial production of 
compound semiconductor optoelectronic and electronic devices. Because of the commercial 

Use or disclosure of the informatjon contained on this sheet is subject to the restrictions on the title page of this 
proposal. This Information is proprietary to the consortium. 
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suitability of MOCVD crystal growth to large_ area prod1:1ction, the primary emphasis of the 
program will be the investigation of MOCVD based GaN materials. 
Currently, the highest quality nitride materials are grown at SDL, Inc. and the University of 
Texas at Austin. The material crystallinity of these materials, as measured by surface 
morphology, high-resolution transmission electron microscopy, high-resolution reciprocal­
space x-ray diffraction mapping, and background carrier concentration, is substantially 
superior to any other material yet discussed in the literature or through the nitride bulletin 
board. The current state-of-the-art in GaN growth, at either SDL or UT , produces material 
with the following characteristics: 

• X-ray rocking curve full-width at half-maximum (FWHM) of 27 
seconds, external to the consortium, the best value is 85 seconds. 

•Smooth epitaxial films, with full planarity achieved immediately. 

• Low dislocation materials, with dislocation densities 1000 times 
lower than GaN grown by Nlchia. 

•Extremely low, n-2 x 1015 cm·3, background carrier concentrations 
In undoped GaN materials. 

These material advances lie along a critical path to the fabrication of reliable semiconductor 
devices, and will significantly improve the device performance as demonstrated by the 
Nichia Chemical Co. As will be discussed in detail within this proposal, the LED lamp of 
Nichia. although exciting, has several difficulties. A primary difficulty is a relatively short 
lifetime, with degradation observable almost immediately. The second difficulty with the 
current LED is that the optical recombination mechanism is based upon donor-acceptor 
recombination. For both LED operation with good color saturation and for any laser diode. 
a spectrally narrow recombination mechanism is required, i.e., an active region typified by 
direct band-to-band recombination. Finally. the compositions used in the Nichia diode span 
a limited range of the AlGainN alloy composition range. 
The role of dislocations in optical recombination processes in the nitride alloys is an 
ongoing research topic within the consortium. It is obvious that dislocations are less 
hannful to the operation of nitride devices than in comparable arsenide or phosphide 
devices, however, it is believed that dislocations still impair device performance. 
Dislocations may impair operation in the following ways: i) non-radiative recombination at 
or near dislocations, ii) gettering of impurities dunng the actual growth process, iii) 
impeding carrier motion. 
Dislocation-free materials will be developed by pursuing growth strategies where (1) buffer 
layers and other epitaxially strategies produce a starting nitride layer free of dislocations and 
(2) all of the subsequent epitaxial layers are grown with a single lattice constant that 
matches the "seed" nitride layer. This epitaxial growth strategy uses quaternary layer 
structures to achieve this lattice matching. Thus, quaternary layer development is included 
within this proposal'. 
The achievement of dislocation-free structures will also be aided by the development of 
alternate substrate which more closely match the lattice spacing and thermal-coefficients of 
expansion of the nitride alloys. These substrates include ZnO, 6-H SiC, bulk GaN. and 
hybrid substrates fabricated by vapor phase epitaxy. 
To achieve -a spectrally narrow output for the LED lamp and to achieve the optical gain 
required for the semiconductor laser, an active region that is typified by efficient band-to­
band optical recombination must be developed. Furthermore. particularly for the LED, the 

Use or disclosure of the information contained on this sheet is subject ro the restrictions on the title page of this 
proposal. This information is proprietary to the consortium. 
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active regions developed must be capable of operation throughout the green. and blue 
portions of the electromagrietic spectrum. 
II .1.1 MOCVD Growth Development 
The recent breakthroughs of the groups at SDL and UT are critical in setting the 

· framework for the MOCVD development of this program. There are several critical 
MOCVD technologies to be developed within this program including i) the elimination of 
threading dislocations, ii) the development of lattice·matched quaternary AlGainN 
materials, and Hi) the development of efficient active regions typified by band-to-band 
recombination. 
The epitaxial films for the UT -Austin portion of this program in a new state-of-the-art 
commercial Emcore Model GS3200 LP-MOCVD reactor system. This MOCVD growth 
system will be dedicated entirely to the growth of m-V nitrides and will be available for the 
growth of LED and laser device structures in this program. The Emcore reactor has a 
capacity for simultaneously growing highly uniform epitaxial films on up to three 2.0 in. 
dia. wafers. A diagram of this system is shown in Fig. 2.1. 

Ftc. 2.1 

Hydrogen 

M01 ~ t:=====11 
M02 --+ c:::==n 
Hyd---.... 

Precursor 
Injection Into 

Growth 
Chamber 

Ill Ill 
I I I I I I I I I I I I I 

rScreen 

'''''''''''''· 
Wafers Heated to 

500-1000 oc 

::Exhaust 

Ferrofluldlc Seal 

Schematic diagram of the Emcore GS3l00 LP-MOCVD reactor to be 
used for the low·temperature arowtb of lnAlGaN epltasial ftlms. 

Reactors of this type are widely used throughout the world for the production of AlGaAs­
GaAs and lnGaAsP·InP low-threshold injection lasers and high-efficiency AlinGaP-InGaP 
LED's, including at vari_ous US and Japanese companies. in particular, at HP 
Optoelectronics. The UT-Austin Emcore GS3200 system is similar to the design of the 
larger production-scale Emcore GS3300 system that Hewlett-Packard Optoelectronics 
Division presently has in operation for the growth of Ill-V heterostructure materials. These 
larger growth systems employ a 7 in. diameter wafer carrier that can accommodate up to 
seven 2.0 in. diameter wafers. The reactor in use at SDL is a verticallow·pressure reactor 
designed for the cormnerciallaser diode fabrication. The ~ffering reactor designs will be 
compared throughout the program to ascertain the dependence of nitride film quality upon 
specific reactor geometry. In addition, aspects of growth tecbilology unique to the Nichia 
design. such as N2 carrier gas flow, will be examined for efficacy in the program. 

Usc or disclosure of the information contained on this sheet is subject to the restrictions on the title page of this 
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11.1.2 Visible Active Region Development 
The bandgap of the binary GaN is 3.4 eV, thus, band-to-band recombination from GaN is 
not visible but in the l:lltra-violet portion of the electromagnetic spectrum. The achievement 
of an UV laser diode is desirable for many applications. however, active regions emitting in 
the blue and green portions of the visible spectrum are absolutely critical for visual 
applications. The emission of GaN may be extended into the visible by: (1) doping of the 
active region with acceptors and donors (Nichia}, and (2) the use of an alloy active region, 
i.e., the addition of indium as a substitute for gallium or the addition of arsenic or 
phosphorous as a substirute for nitrogen. The latter approach leads to the formation of 
active regions under biaxial compressive strain . 
The use of donor-acceptor (D-A) recombination to achieve optical emission is less efficient 
than direct band-to-band recombination. Furthennore, the emission exhibits a strong 
saturation effect. In current GaN based LEDs, the D-A recombination saturates at a current 
density of -250 A/cm2, as shown in the Section Vll. Above this current level the emission 
shifts to a band-to-band transition which radiates in the near UV. Consequently, for the 
LED, the light output power saturates at relatively low drive current, thus limiting the 
output power achievable from the LED. In the laser diode, the D-A transition saturation 
prevents any possibility of stimulated emission. Therefore, for higher output power in an 
LED or for the high optical gain required for a semiconductor laser diode, efficient direct 
band-to-band recombination becomes a necessity. 
Strained-layer alloy active regions are in wide use within commercial optoelectronic 
devices, however, the use of strained-layer technology in the fabrication of nitride materials 
is very immature. The active region of the current LED technology employs an InGaN 
active region, grown upon a GaN substrate, however, the indium content of the active 
region is limited to -6%. Incorporation of higher levels of indium will be a focus of the 
research program. In addition. a novel active reiion is su&&ested: a GaAsN strained-layer 
QUantum well. 
The literature describes band-bowing effects in the ternary GaNP.J,2 Extensions of this 
work have led to the prediction of large band-bowing parameters in the ternary GaAsN. In 
addition, TEM studies at Xerox of the GaAsN films grown at SDL have shown the 
incorporation of -10% As in the GaN hexagonal matrix. This is sufficient to reduce the 
bandgap of GaN throughout the blue, green, yellow, and amber portions of the visible 
spectrum. The bandgap of GaAsN versus As content is shown in Fig. 2.2 . 
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Fig. 2.2 The bandgap of GaAsN and InGaN. 

The principal issues in designing the active region of either LEOs or laser diodes are ( 1) 
minimizing the bandgap of the active region and (2) maintaining the crystallinity of the 
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active region, i.e., not exceeding the active layer critical thickness. Thus, the bandgap as a 
function of strain is a figure of merit for any active layer alloy. For all values of strain, 
GaAsN has a substantially lower bandgap than InGaN. At a strain of 3%, where the critical 
thickness is -1 OOA, the bandgap of GaAsN is - 2 e V (-600 run, amber) while the bandgap 
of InGaN is still -3 eV (-410 nm, a barely visible blue). The GaAsN active region is 
capable of extending nitride-based LEDs and laser diodes throughout the visible spectrum. 
II .1.3 .Substrate Development . 
ln all epitaxial growth techniques, the quality of the epitaxial layers is closely tied to the 
crystallinity and thermal matching of the substrate. The ideal substrate for the growth of 
GaN is bulk GaN. However, at this point bulk GaN technology is incapable of offering 
substrates larger than -2 nun in diameter. Furthermore, the issues associated with the 
development of bulk GaN substrates are extremely difficult. Due to the high risk/high 
payoff of the bulk GaN substrate issue, two substrate vendors have been selected to attack 
GaN substrate issue. During the first year, proof-of-concept and scalability will be 
demonstrated. In year two, a single substrate vendor is selected, with an accelerated 
funding rate. 
In addition to the long-term investigation, this program addresses the short-term substrate 
needs of the consortium, i.e., for any given application, what substrate is best suited for 
the fabrication of high-quality epitaxial structures. Molecular beam epitaxy (MBE). with its 
attendant real-time in·situ growth monitoring, is ideal for evaluating the quality of the initial 
growth stages of nitride alloys on various substrates. Therefore, Boston University will 
evaluate the existing substrate technologies, i.e. sapphire, including m-plane, SiC.(4-H and 
6-H), ZnO, for which the consortium has identified a supplier, and "hybrid substrates" to 
be fabricated both at A TMI and Boston University. 
It is useful to discuss these currently available options. Sapphire substrates may be 
considered a commodity item. SiC substrates, while readily available are priced 40X that 
for sapphire, thus hindering research efforts. Further, the quality of the SiC surface 
preparation, as examined by high-resolution TEM performed at Xerox P ARC, is inferior to 
that of sapphire. · 
Another potentially suitable substrate is the aforementioned ZnO, where the lattice 
mismatch for GaN growth is 1.88%. The problems with ZnO as a substrate are that (i) 
there is a high equilibrium vapor pressure of Zn over ZnO at moderate temperatures, i.e., 
ZnO decomposes readily, starting at about 400 C, and (ii) ZnO is readily reduced upon 
exposure to hydrogen and/or ammonia at moderate temperatures. Surface passivation 
techniques were used in order for the ZnO to serve as a substrate. ZnO substrates currently 
are not available commercially. Good quality material has been grown in the past using 
hydrothermal growth techniques, but the processes were mothballed when it could not 
compete economically competing materials for acoustic wave applications. The consortium 
has access to these ZnO substrates and will evaluate their potential utility as a substrate 
material . Given positive research results within this program, ZnO could again become 
commercially available. 
II.t.3.1 GaN Substrate Development 
A recognized solution to the problems inherent in GaN heteroepitaxy is the development of 
a high-<{uality GaN substrate. The refractory properties of GaN which make it attractive for 
high-bandgap device applications also make it difficult to synthesize in large, single-crystal 
form. Additionally, GaN is impervious to hot acids and impervious to most hot bases. This 
makes any conventional surface preparation of GaN substrates for epitaxial growth 
extremely difficult. 
II.1.3.1.1 American Xtal Technology 
Recently, the High Pressure Research Center (HPRC) of the Polish Academy of Sciences, 
Warsaw, Poland has demonstrated the growth of high quality GaN single crystals by a gas 
pressure cell technique3. Although the originally-reported crystals were also only a few mrn 
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in size, the group first reported and showed (at the .Electronic Semiconductor Materials 
Symposium, San Jose. March 1~) platelet OaN single crystals with 1 em dimensions. 
Although the surface morphology of the platelets was poor, X-ray Bragg diffraction studies 
at the Cu Ka-Iine demonstrated that the crystallographic structure of ·the platelets was 
reasonable good (FWHM 25-30 arcsec). 
The platelet substrates which have been grown by the HPRC are degenerate n-type. For 
laser applications, it would be useful to have p-type semiconducting substrates also. For 
electronic applications, semi-insulating substrates offer significant advantages. The 
properties of GaN substrates and epitaxial materials were discussed in detail at the 8th 
International Conference of semi-insulating ID-V Materials in Warsaw, Poland {6-10 June 
1994). No fundamental limitation to achieving semi-insulating, n-type or p-type single­
crystal OaN substrates were identified, although the native defect properties of GaN are not 
thoroughly understood yet. 
Under the present proposal, AXT proposes to the development of high quality substrates 
and the surface preparation techniques required for homoepitaxy. AXT will supply GaN 
substrates to the consortium for homoepitaxial growth of ill-nitride compounds. The size 
and quality of substrates to be supplied will depend on the status of the development 
program with epi~ready substrates available late in the second year of the program. 
Since conventional techniques of substrate preparation are not ap.Plicable to GaN, AX:r 
proposes to explore unconventional methods of surface preparauon. AXT will explore 
diamond turning and excimer laser processing. Diamond rurning can be used for the initial 
polish of the surface with excimer laser ablation used for the final surface polish. A.XT 
proposes to explore include cutting and dicing. Due to the high strength of the material, 
controlled cleaving of GaN substrates of any substantial thickness is expected to be 
difficult Although we have experience of cutting ceramic AIN, which is more refractory 
and harder than GaN, with a diamond-coated wire saw, other techniques such as abrasive 
blasting or excimer laser scribing may provide a higher quality final surface for improved 
voltage hold-off and/or optical facets. 
II .1.3 .1. 2 Advanced Technology Materials, Inc. 
In this program, A 'Th-11 will examine a novel technique to produce low defect density OaN 
substrates. The key feature is the use of a sacrificial substrate which is removed from the 
deposited GaN layer at the growth temperature. This will eliminate the formation of defects 
wafer warpage or cracking resulting from differences in thermal coefficients of expansion. 
The dislocation density will be reduced by growing.thick GaN layers (25-lOOOJ.l.m). 
In addition to reducing the defect density, this sacrificial techni9ue has several significant 
advantages. First, large diameter substrates can be produced, bmited only by the size of 
available sacrificial substrates. For a silicon sacrificial substrate, this technique can produce 
GaN substrates greater than 10" in diameter. Second, the substrates are essentially epi­
ready; no substrate fabrication, i.e. sawing and polishing, is required. Third, substrates of 
varying compositions and doping density can be easily produced because these parameters 
are controlled by the gas phase deposition process. The doping can easily be varied 
throughout the thickness of the substrate, for example to produce a heavily doped layer at 
the back for low resistance ohmic contacts. The dopant may be introduced either from the 
gas phase or by diffusion from the sacrificial substrate. And finally, many substrates can be 
produced simultaneously. 
Efficient growth of GaN and removal of the sacrificial substrate requires a specially 
designed reactor. This reactor must be able to deposit GaN only on the front of the 
sacrificial substrate and not on the back. It must then be able to expose the back of the 
sacrificial substrate to a gas stream containing an etchant for the sacrificial substrate. If the 
etchant is selective, that is it will etch the sacrificial substrate but not the GaN, then both 
sides of the wafer may be exposed to the gas stream. If the etch is not selective, the reactor 
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may have to be designed to expose only the back to the etchant. Removal of the sacrificial 
substrate can be greatly eased by using a thirined substrate. 
Figure 2.3 shows a schematic of a two chamber system that we will utilize for this growth 
technique. The two chambers are separated by a carrier that has holes in it the same size as 
the sacrificial substrate, as seen in Fig. 2.3a. Small tabs on the bottom of the carrier hold 
the substrate in place. GaN growth occurs in the top chamber. Growth proceeds both 
perpendicular to as well as parallel to the substrate sutface. After several hundred microns 
of growth, the GaN will extend over the edge of the sacrificial substrate. This overhang 
helps provide a seal between the two chambers. Sealing is further enhanced during the 
growth step by keeping the pressures in the two chambers equal to minimize diffusion. 

Exh aust Wafer Carrier 

Growth Chamber Gas in ,., 
-~ '-

Etching Chamber Gas in 

Fie. 2.3 Schematic of two-chamber crowtb system. 

When the GaN growth is completed, the system is represented by Fig. 2.4. Without 
reducing the temperature. the etchant species is introduced into the lower chamber. The 
sacrificial substrate is etched away, leaving the GaN substrate sitting in the recess of the 
carrier as shown in Fig. 2.4c. During the etching sequence, cross-diffusion is minimized 
by keeping the pressure in the upper chamber slightly higher than in the lower chamber. 
The carrier can then be withdrawn to unload the system. It is clear that this or a similar 
system can be scaled up to grow on many substrates simultaneously. 

Carrier 

Sacrificial 
Substrate 

(a) 

Sacrlflclal 
Substrate 

(b) (c) 

Fla. 2.4 Schematic of water carrier showiD& (a) sacrificial substrate at start or 
crowth, (b) GaN grown on sacrificial substrate and (c:) GaN substrate 
after removal of sacrificial substrate. 

Growth of GaN 
The GaN will be grown using vapor phase epitaxy (VPE) in which HCI is reacted with Ga 
and NH3 in a hot wall system. VPE is chosen over metal-organic vapor phase epitaXy 
(MOVPE) because of the lower cost of the precursors and the ability to scale to larger 
~~~. . 
Silicon Etching 
Gas phase silicon etching is a well established procedure in the fabrication of silicon 
microcircuits. It is conunonly performed using gases such as HCl or SF6 in H2 at elevated 
temperatures. Silicon can be etched using HCI over a wide range of temperarures, 700-
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1200°C. Since typical GaN growth temperatures are around 1000·1100°C, it is clear that 
we will be able to etch the silicon at the sarile temperature used for GaN deposition. 
11.1.3.2 Alternate Substrate Development 
A parallel effort at Boston University will prepare and evaluate alternate substrate 
preparation and subsequent growth tectmology. The growth system of Boston University, 
a molecular beam epitaxy machine with an electron cyclotron resonance nitrogen source 
(ECR-MBE) is used to study the nucleation and growth kinetics on the alternate substrates. 
ECR-MBE is ideal for this task due to the extensive in-situ monitoring capabilities 
contained on the machine, allowing real-time evaluation of film growth. 

•Hybrid GaN substrates: These substrates will be grown at Boston University 
using the hydride VPE method. In this method, the GaN is fonned by the reaction of GaCl 
with NH3 and has been reported to have high growth rates(> 100 mmlhr.). The films will 
be grown on sapphire substrates, coated ftrst by the method of sputtering with (0001) 
oriented ftlms of ZnO. The sapphire substrates will be separated and reused by dissolving 
the ZnO with NaOH. The produced GaN wafers (1-2 inches in diameter and 0.5-1.0 mm 
thick) will be used in the epitaxial growth of m-V nitride thin films and junctions by the 
MBE and MOCVD method. 

•Bulk ZnO substrates: ZnO has a wurtzite structure. like that of m-V nitrides, and a 
lattice constant of 3.25 A. Thus this substrate can be used to fabricate lattice matched 
heterostructures out of the In-Ga-Al-N family, with energy gaps varying from 2.7 to 
4.5eV. As previously mentioned, a source for such substrates has been identified. 

•M-plane (1100) sapphire substrates: This substrate has the smaller lattice mismatch 
(about 2.6%) compared to the C-plane and R-plane sapphire. There is one report in the 
literature which shows that without either a GaN or AIN buffer, GaN ftlms grown on this 
substrate have the best surface morphology and photoluminescence, and good electrical 
properties. 5 
11.2 Analysis of Critical Materials Issues 
Xerox P ARC proposes to conduct basic materials studies on m-V nitrides and their alloys 
in suppon of the development of these materials for optoelectronic applications. There are 
three general objectives of these studies: ( 1) to provide timely feedback information on the 
properties of these materials to assist other members of the Consortium in optimizing 
growth and processing for high-performance devices, (2) to contribute to the determination 
of key materials parameters and the identification of key processing strategies for 
fabricating these devices, and (3) to make major contributions to the fundamental 
understanding of these materials in order to establish the scientific underpinnings for 
emerging high-bandgap optoelectronic technologies. These objectives will be pursued in 
close coordination with the other members of the Consortium. 
11.2.1 Crystallinity and Device Performance 
In all ID-V materials, a close link between dislocation density and optoelectronic device 
performance has been observed. Fig. 2.5 shows the optical recombination efficiency 
versus dislocation densities for a number of m-V binary and ternary compounds. The 
observed trend is that a reduction of dislocation density in m-v semiconductors raises the 
optical recombination efficiency. Second. the figure shows that dislocations are worse in 
some compounds than in others. 
Because of the good performance of the Nichia LED, a device with a high dislocation 
density. some members of tbe nitride community believe that dislocations. and poor crystal 
quality, have no deleterious role in nitride device physics. However, specific effects of 
dislocations are unknown, i.e., the performance of dislocation-free nitrides has never been 
measured. From Fig. 2.4 and extensive experience at HP and SDL with optical 
recombination processes, it is anticipated that low-dislocation nitride materials will have 
dramatically improved optical and electrical performance. 
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In all other m-v alloys, dislocations impact device performance in other areas including: 
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•Dopant gettering at dislocations, reducing dopant activation, 

•Degradation of _planar growth, and 

•Reliability degradation. · 
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Fla. 2.5 Emciency versus dislocation density In fil· V aemiconduc:tors. 

Dislocation elimination and understanding the impact of dislocations upon nitride 
performance are central to this proposal and will lead to the demonstration of significant 
device performance improvements. 
11.1.1.1 High Resolution X-Ray Dltfractometry 
To achieve rapid advances in materials growth, convenient characterization techniques must 
be employed. X-ray diffractometry is commonly used to assess the crystallinity of films. 
For the films commonly grown in the nitride community, i.e., with X-ray FWHM of 
hundreds of seconds, relatively unsophisticated X -ray techniques may be employed. For 
films of higher crystallinity, sophisticated X-ray techniques can provide substantial 
information concerning variations in lattice spacing within the epitaxial layer and also 
measure the mosaicity of the sample. Simply stated. mosaicity is a measure of the amount 
of tilt in local areas of the crystalline structure. A high degree of mosaicity indicates poor 
nucleation leading to 3-dimensional growth, thus high resolution X-ray studies will be used 
to further optimize buffer layer nucleation and crystallization. 
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A schematic of the high resolution X-ray system is shown in Fig. 2.6. The X-ray source is 
collimated with a four gemia.nium crystal monochromator having beam dispersion of 2-3 
arc second. The sample serves as the flfth crystal. The beam exiting the sample is passed 
through a triple axis optic with a double bounce germanium crystal and collected with a 
standard X-ray detector. As shown is the prior work section, this enables reciprocal space 
mapping of the diffracted spot, allowing a separation of lattice parameter variation from 
mosaicity effects. This provides a key artalytic tool required for characterization of the very 
high quality films grown within the consortium. 

X-ray 
Source 

4-crystal 
Monochromator 

(Bartels 220) 

Sample 

Triple-axis 
Exit Beam 

Optics 

X-ray 
Detector 

Fig. 2.6 A schematic of the X·ray reciproc:al·space mapping system. 

11.2.1.2 Transmission Electron Microscopy 
The fundamental quality of the epitaxial fum is dictated within the first few monolayers of 
growth. Therefore, understanding the initial substrate/film interface is important. The initial 
stages of growth are regulated by the quality of the thin buffer layers used as nucleation 
layers in GaN growth. Prior to the SDUX:erox/UT collaborative effort the development of 
buffer layer technology was based on trial-and-error methods. Because of this approach. 
the crystallinity of most nitride fllms has been relatively constant, at 100-400 arc seconds, 
for a number of years. The on-going MOCVDffEM consortium collaboration has resulted 
in rapid improvements in the general crystallinity of nitride fllms, ultimately yielding fllms 
with low dislocation densities and narrow X·ray rocking curves, FWHM 27 seconds, 
which are superior to any other epitaxial nitride fllm; indeed the consortium epitaxial nitride 
films now iP.PfOach the cxystallinity of the bulk nitride films &rown at the HPRC in Poland. 
Within the program, the detailed study of the interface structure of GaN thin films grown 
on various substrates such as sapphire, SiC and ZnO will be expanded. These studies 
involve high-resolution cross-section transmission electron microscopy (TEM) and 
modeling of the atomic bonding at the interface. 
As the program advances to the construction of heterostructures, the understanding of the 
mechanisms of strain relaxation due to lattice mismatch will become essential for the design 
of heterojunctions in the AlGalnN system. Of particular interest are misfit dislocations on 
the basal plane, their separation into partials with stacking faults, and in the relationship 
with threading dislocations. 
Dislocation densities may be a limiting factor in the production of high quality materials for 
laser applications. The consortium is currently monitoring threading dislocation densities 
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via cross-sectional TEM characterization, however, this technique is rapidly becoming of 
limited utility as the dislocation density of high-quality nitride ftlms drops below the 
detection limit of cross-sectional TEM characterization. Therefore, plan-view TEM, etching 
and X-ray topography are now being integrated into the characterization of more modem 
nitride films. 
11.2.2 Electrical and Optical Properties 
11.2.2.1 Optical Deep Level Transient Spectroscopy 

Fig. 2.7. 
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Apparatus for pbotoemisslon DLTS on 111-V nitrides. Subbandgap 
photons are used to emit charce from deep Ienis In the depletion layer 
of a Schottky diode at low temperature, with the transitions detected by 
a time-varyina capacitance. The components are labeled as follows: 
lf1ht source LS, )ens L, monochromator Me, beam splitter BS, shutter 
S, cryostat C, dlopper Ch, and detector D. 

Deep levels can degrade device perfonnance by introducing competing recombination 
channels for injected free carriers. Characterization and identification of deep level defects 
will be performed with two forms of deep level transient spectroscopy (DLTS). 
Conventional DLTS, which utilizes thermal energy for charge emission, will be used to 
characterize deep levels, but is limited to within approximately 0.8 e V of the band edges,. 
To overcome this limitation, we have developed an apparatus for photoemission DLTS on 
wide bandgap semiconductors (Fig. 2.7). In combination with other techniques, such as 
PL. we expect to achieve a detailed understanding of the nature and kinetics of deep-level 
luminescence centers in the ill-V nitrides and their alloys. The DLTS techniques will also 
be applied, in combination with TEM, to detennine whether dislocations introduce deep 
levels in these materials. 
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Il.2.2.2 Photoluminescence and Photopumping 
The routine study of the photohiininescence (PL) and optical characteristics of the epitaxial 
layers in this program will be made at HP, SDL Inc, Xerox, and also at UT and BU. It is 
essential that each of the organizations with growth responsibilities have a rapid-tum· 
around PL materials evaluation capability so that results can be used in the optimization of 
growth conditions on a timely basis. In addition, detailed optical studies will be carried out 
at specific laboratories in the consortium that have specific specialized capabilities. 
Photoluminescence (PL) techniques will be used to characterize the radiative 
recombination. Both low-temperature and time-resolved measurements will be performed. 
As a routine characterization technique, the PL intensity of selected emission bands 
provides a quick and convenient relative measure of material quality. As a research 
instrument, PL will be used to distinguish among the several channels of recombination, 
i.e., band-to-band transitions. bound exciton transitions, donor-acceptor pair transitions, 
and transitions to deep states, to determine phonon coupling • and to determine transition 
lifetimes. Given the range of PL emission bands that have been previously reported for 
heteroepitaxial GaN (i.e., band-edge, near band-edge, and deep-level transitions), it is 
anticipated that a comprehensive PL study will yield invaluable information for improving 
material quality and eliminating parasitic radiative. 
Time-resolved PL studies, photoluminescence-excitation (PLE) measurements. and optical 
pumping studies of epitaxial films and laser structures will be performed with the system 
shown schematically in Fig. 2.8. This high-performance laser system permits PLE and PL 
measurements in bulk, DH, and quantum-well samples in the AIGainN system. The 
system will be used to photopump single layers and heterostructures at temperatures 
ranging from 4.2 K to 300 K to evaluate the crystal quality of materials through the study 
of the fundamental optical transition energies in these materials due to both intrinsic and 
extrinsic processes. 

All lines 

lnnova 420 Argon-ion laser 

Sample 

Janis He 
Cryostat 

A. = 700-1 000 nm 

Mira 900 Ti:Sapphire laser 

A. = 233·333 nm & 350·500 nm 

CSK SuperTripler 

Spex 1 702 1 ·meter 
-----4 Computer-controlled spectrometer 

Detector 

Fig. 1.8 Schematic diagram of tripled femtosecond Ti:Sapphire UV laser system 

In addition to the characterization of ''bulk" optical properties of these materials. detailed 
information can be obtained about bound exciton states, carrier lifetimes. heterostructure 
interface recombination velocities. and impurity bands. Selected samples will be optically 
characterized via variable-temperature photopumping to access the characteristics of 
stimulated emission in the nitride alloys. Samples will be characterized by pumping at 77K 
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and 300K to evaluate the heterostructure quality. The infonnation gained will be a guide for 
the design of injection lasers. 
the band offsets in these wide-bandgap materials. While theoretical and experimental data 
for the bandgaps of these binary and ternary materials is available, not much (if anything) is 
currently experimentally known about the band alignments in heterostructures in the 
InAlGaN system. We propose to make detailed studies of the PL of low-temperature QW 
heterostructures in this system and internal photoemission measurements to determine the 
conduction band and valence band offsets. These measurements will be correlated with 
theoretical calculations and photoemission data. These results will be important for the 
design and realization of low-threshold lasers and high-efficiency LEDs. 
II.2.3 Electrical Conductivity in Nitride Alloys 
A hurdle to the realization of high-performance optoelectronic devices will be the ability to 
controllably achieve high p~type doping. In Mg~doped GaN grown by MOCVD, activation 
of acceptor dopants (e.g., Mg and Zn) requires either low-energy electron beam irradiation 
(LEEBI) or thermal annealing, or a combination of the two. The fonnation of acceptor-H 
complexes under the presence of hydrogen during the MOCVD growth is likely responsible 
for the need for a post-growth activation. The understanding and control of the 
compensation of p-doped GaN is a significant part of the program. 
High dislocation densities may impact impurity incorporation, distribution. and activation. 
The very high quality of the nitride films, as measured by dislocation densities and x-ray 
rocking curve FWHMs, grown within the consortium will allow the separation of 
properties intrinsic to the nitride alloys from the consequences of poor crystallinity. 
11.2.3.1 P-type Nitride Alloys 
Workers in Japan have pl!blisbed data describing the successful MOCVD growth of p-type 
GaN using Mg doping.6 In the first report of p-type OaN:Mg on a AIN buffer layer, 
Amano et al, used Mg-doping in MOCVD-grown GaN films to dope the films with 
acceptors. After growth, the GaN layers were annealed using low-energy (5 keV) electron 
beam irradiation (LEEBI). After irradiation, the layers showed p-type behavior with a 
resistivity of 0.2 O-cm.6 In other work, Nakamura, et al, grew p-type GaN:Mg films on 
GaN buffer layers made conductive with post-growth thermal annealing at -700°C for 20 
min. These results show promise for the achievement of low-resistivity p-type AllnGaN 
alloy films grown by MOCVD. Other workers have speculated that the process of 
annealing (either by thermal treatment alone or in conjunction with LEEBI) can reduce the 
H-ion content of films, which contributes to the reduction of the compensation in p-type 
wide-bandgap semiconductors.' Note that LEBBI produced only a thin layer of "p-type" 
material -500 nm thick, while thermal annealing produced p-type conduction throughout 
the Mg-doped GaN epitaxial layer. 
Our initial approach will be to study the thermal and electron-beam induced dissociation 
kinetics for activation of acceptor impurities. An effective experimental technique to obtain 
phenomenological parameters for such dissociation processes involves the usc of 
capacitance-voltage measurements to monitor in situ the recovery of dopants in the 
depletion layer of a diode as the dopant-impurity complexes are thermally dissociated; the 
technique will be extended to examine electron irradiation. Such studies will identify ( 1) the 
microscopic mechanism responsible for low p-type doping efficiencies in MOCVD-grown 
GaN, (2) the mechanism utilized in the LEEBI technique, and (3) processing strategies that 
will maximize p-type doping efficiency. Electron and hole concentrations and their 
mobilities will be characterized by variable-temperature Hall effect measurements, which 
also provide information on charge scattering processes and dopant activation energies. 
These measurements will be supplemented with capacitance-voltage measurements 
(variable temperature and ac frequency) on current rectifying devices. SIMS studies will be 
used to determine the actual concentrations of dopant atoms incorporated under different 
growth conditions. 
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The thermal annealing facilities required for the dopant activation experiments are in place at 
all facilities. During this program, p-type dopants and growth/post-growth procedures for 
AllnGaN alloys will be established to produce low-resistivity p-type materials. In Year ll 
these results will be furthered and utilized for the construction of improved injection 
electroluminescent devices. Ag~ it is critically important to the growth of dislocation-free 
materials for these measurements to be meaningful. 
In most MOCVD nitride systems~ the backgroond doping level of OaN is heavily n-type. 
The high background level interferes with p-type doping and is not desired. In OaN grown 
within the consortium. the background dopant level is -2 x 1015 cm-3. This level is a 
significant indication of the MOCVD capability of the consortium, since the control of the 
background doping level is tied to precise control of the m-v ratio in the gas phase, the 
growth temperature and the cleanliness of the MOCVD reactor. Although a complete 
discussion of the defects/contaminants in MOCVD GaN is beyond the scope of this text, a 
brief discussion of the current scientific difficulties with this issue is warranted. 
It has been proposed that the dominant n-type behavior of the m-v nitrides is primarily due 
to native defects, namely, N vacancies.8 This analysis has been called into question since 
Khan, et al.9 An alternative explanation for these effects could be due to background C and 
0 incorporation into the films grown at different temperatures. As was pointed out by 
Jenkins and Dow in 1989, the effects of defects and contaminants can be critically 
important in the realization of low-resistivity p-type AllnOaN fllms.lO Dupuis bas also seen 
defect-related doping effects in the growth of AlGaAs-GaAs injection lasers on Si 
substrates.ll The LP-MOCVD systems to be used in this program have been specially 
constructed to eliminate 0 contamination with high-purity proprietary sources used to 
reduce unintended dopant incorporation. 
11.2.3.3 Ionic Bonding In Nitride Alloys 
Compared to conventional ill-V arsenides and phosphides, the character of atomic bonding 
in the nitrides is highly ionic. The importance of this was first pointed out by Kurtin, 
McGill, and Mead in 1969.12 Based on a wide variety of empirical evidence they described 
a fundamental transition in the electronic nature of solids. It was shown that valence band 
excitations (holes) are expected to be much more localized in m-V nitrides than they are in 
more covalent semiconductors. This localization affects the electronic and optical properties 
of the materials. 
Specifically, ionic semiconductors such as OaN are expected to show limited Fermi level 
pinning at their free surfaces. That is, any states associated with th~ surface are either few 
10 number or energetically located outside the energy gap of the material. As a 
consequence, ohmic contacts to n-type materials should be relatively simple to make using 
low work function metals such as In, AI, or Ti. Indeed, we have already fabricated non­
alloyed ohmic contacts to n-type GaN using a TiAI composite contact. Ohmic contacts to p­
type GaN are expected to be more difficult, though ohmic AuNi contacts have been 
demonstrated by Nichia Chemical. 
Another implication is that hole mobilities may be low in GaN. In fact, with the exception 
of one literature report. which has been widely disputed in the nitride community, hole 
mobilities have been reported to be less than 10 cm2N-sec. This is clearly important in the 
design of LED or laser structures, dictating that the current path through the p-type layers 
must be kept very short. 
Finally, it is recognized that dislocations and other extended defects can sometimes behave 
like internal surfaces within semiconductors. If surface states are less important in ionic 
materials it follows that dislocations and other defects may be more benign than they are in 
covalent materials such as OaAs or InP. This is certainly born out by the fact that the LEDs 
produced by Nichia Chemical have dislocation densities in excess of 1010 cm·2. However, 
even if dislocations are more benign in the nitrides, they impose an upper limit on the 
efficiency of visible LEOs made from every other material sy~tem. Their role in limiting the 
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efficiency and lifetime of laser diodes is also well documented. Therefore, we believe that 
substantial improvements in epitaxial material growth will be needed before GaN devices 
can be fully exploited on a commercial basis. 
11.2.4 Heterojundion Development 
All commercial laser diodes and high-efficiency LEDs are formed of layered structures that 
are optimized to produce high quality materials of varying refractive index and bandgap 
while maintaining a common epitaxial lattice constant. By maintaining an invariant lattice 
constant throughout the crystal, a dislocation-free crystal may be grown. The only 
exception to this rule is the usage of strained-layer quantum well active regions, however, 
strained-layer active regions are grown with thicknesses less than the so-called critical 
thickness and therefore introduce no ne.w dislocations. As descn'bed throughout this text, 
dislocations and defects in ill-V materials can interfere with conduction processes, dopant 
activation and optical recombination and significantly degrade the reliability of an 
optoelectronic component. 
The ternary materials AlGaAs and AlGaP, where AI and Ga are nearly the same size in the 
crystal lattice, are nearly lattice-matched across their entire compositional range. However, 
AlGaN is not an inherently lattice-matched system with -3% mis-match from AlN to GaN. 
Therefore, to grow nitride alloy heterostructures, as needed for high-performance 
optoelectronics, requires by definition quaternary alloy development. In this section of the 
proposal, an overview of the heterostructure systems available in the AlGalnN system is 
presented. 
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The dependence of the energy gap upon the lattice parameter of materials in the Al-In-Ga-N 
system are ·shown in Figure 2.9. along with the lattice parameters of several possible 
single-crystal substrates, e.g., a(6H)-SiC and (0001) Al203. Important physical properties 
of the ill-V nitrides are listed in Table 2.1. Note that AllnGaN films grown on a(6H)-SiC 
substrates will be under tension and that a range of compositions can be grown lattice­
matched to (000 1) ZnO. Several approaches to reducing the dislocation density and strain 
in the epitaxially grown films will be evaluated, as discussed below. One possibility is the 
use of low-temperature GaN buffer layers. As discussed more fully below, the groups at 

Use or disclosure of the information contained on this sheet is subject to the restrictions on the title page of this 
proposal. This information is proprietary to the consortium. 



I 
' . I 

I 
. I 

I 
n 
I 
~ I 

I 

l I 
~ I 

19 

SDL and UT-Austin have recently produced the highest quality heteroepitaxial films of 
GaN using (0001) Alz03 using at low-temperature GaN buffer layer. 
Dupuis has done extensive research in the heteroepitaxial growth of GaAs on (100) Si 
substrates where the lattice mismatch is approximately +4%.13-15 Many of the 
considerations that apply to the growth of GaAs/Si are also relevant for the growth of Al­
Ga-In-N semiconductors on lattice-mismatched substrates such as those listed in Table 2.2 . 
For the case of lattice-mismatched heteroepitaxy. it is advantageous to be able to grow films 
at lower temperatures since the strain in an epitaxial layer at room temperature can be 
directly related to the lattice mismatch at the growth temperature and the differential 
coefficient of linear thermal expansion, aa.T. between the substrate and the film. It is 
desirable to use a film/substrate combination for which the layers are not only lattice­
matched but which also have similar coefficients of thermal expansion. A comparison of 
the O.T data of Tables 2.1 and 2.2 shows that both ex-SiC and a-ZnO have thermal 
expansion coefficients that are much closer to the experimentally detennined values for A1N 
and GaN than does sapphire. It is expected that InN will have a similar value for O.T. As a 
result, epitaxial fllms in the AllnGaN system grown on SiC or ZnO substrates will have 
less residual strain due to differential thermal expansion than for AlGainN/ AhOJ fllms. 

Tab) l.l e p ropert es o u te 1nary l f W rtzJ B' ompoun D t e • 8• D• ys c ds l h AI G I N S tem* 

Material Eg (eV; um) a(!) c: (!) ut aT (106 K•l)• 

AlN 6.2; 200 3.104 

GaN 3.5; 354 3.180 

InN 2.2; 563 3.533 
* Data from Ref. R 10 except as indicated. 
t Measured near the band edge. 

4.978 

5.178 

5.105 

• Measured for "a-axis" in the temperature range 300 • 1273 K. 

2.2oatL9s£Rl9J 5.6c 

2.2~12.sb S.6£Rll] 

2.24a not known 

8 Calculated values from W. A. Harrison. Electronic Structure and tM Properties of Solids, (W. H. Freeman & Co., 
San Francisco, CA. 1980.), p. 114, 115. 

b D. D. Manchon, A. S. Barker, P. J. Dean, and R. B. Zeaerstrom, Solid State. Commun. 8, 1227 (1970). 
c M. Neuberger, Handbook of Electronic Materials, Vol. 2. 1/l·V SemicontiUJ:ting Compounds, JFI/Plenum, New 
York, 1971), p. 18. . 

Table 2.2 Properties of Possible Substrates for Epitaxy in tbe AI·Ga-ln-N System* 

Material Orientation Strueture Eg (eV) a (A) c <A> <XT (lo'K-1)• 

a-At203 (0001) rhombohedral >6 4.76 12.99 8.88 

a(6H)-SiC (0001) wurtzite 2.86 3.0865t ts.ut 4.78 

a-ZnO (0001) wurtzite 3.2 3.250 5.207 4.3 
f Data from CRC Handbook ofChemrstry and Physics. R. C. Weast. ed. (CRC Press, Boca Raton, Fl, 1983) except 

as indicated. 
• Measured for "a" axis over the range 300.1273K. 
t C. M Wolfe, N. Holonyak, Jr., and G. E. Stillman, Physical Properties of Semicondru:tors, (Prentice Hall, 

Englewood Cliffs, NJ, 1989), p. 340. 
a W. D. Kingery. H. K. Brown, D. R. Uhlmann, Introduction to Ceramics, Second Edition (John Wiley & Sons, 

New York, 1976), p. 594. 

Probably the most important single recent contribution to the improved growth of AlGaN 
has been the use of low·temperature buffer layers for heteroepitaxial growth of GaN and 
AIGaN alloys on sapphire and other substrates.I6 The first reports of the improvement of 
GaN/ Ah03 films using low-temperature buffer layers was made by Amano. et al. in 1986. 
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In retrospect, this work should be "obvious" to anyone familiar with the area of GaAs on 
Si because this same approach was used in the first demonstration of improved 
heteroepitaxial growth of GaAs on .( 1 00) Si substrates. It is not surprising that many of the 
same "tricks" can be used for both types of heteroepitaxial growth for, in many respects, 
the major problems, i.e., lattice and expansion coefficient mismatch, are the same. In the 
proposed program, work on various schemes for the growth of dislocation-free, lattice­
matched heterostructmes will be undertaken. 
As mentioned above, the use of alternate "nearly lattice-matched" substrates will be studied 
extensively. For example, as indicated in Table 2.2 and shown in Fig. 2.3, a(6H)-SiC has 
a wu~ite lattice structure with a (0001) growth plane that bas an "a" lattice parameter of 
3.087 A corresponding to a lattice mismatch of ~a/ao- -3% relative to GaN and- -2% for 
AlN. This is to be compared with a measured lattice mismatch forGaN on <X-Al203 (which 
is rhombohedral) of llalao > -18%. This is a significant improvement of over an order 
magnitude of reduction in the mismatch. Furthermore, it is important to note that the films 
will be under compression instead of tension. This could significantly alter the dislocation 
density and defect structure of GaN/SiC films relative to GaN/Alz03 ftlms.17 We will 
explore these effects and compare the results with GaN!ZnO films (which will be under 
tension) where the mismatch is -+2%. It is also interesting to note that Gao.slno.2N alloys 
C8;Il be grown which are lattice-matched (at 300K) to ZnO. This alloy has a calculated 
energy gap of Eg - 3.1 e V ( -400 nm) and would be a possible candidate for the active 
region of a UV semiconductor laser. In addition, calculations of the electronic structure and 
donor and acceptor energy levels of the AlGalnN alloys show that both p- and n-type 
doping should be possible in these ternary systems, suggesting that low resistivity layers 
required for efficient injection luminescence should be achievable. tO · 

It should be noted that our experience with the growth of InGaAs and InGaAsP lattice­
matched to InP has shown that somewhat better epitaxial layers can be obtained by growing 
films lattice-matched to the substrate at the growth temperature instead of at room 
temperature. Because of the differential coefficient of linear expansion between the film and 
the substrate, cooling from the growth temperature to 300K can contribute to some 
additional strain in the epitaxial layer. It is also relevant to consider the improved 
performance of strained-quanturn-welllasers in the AlGaAs-lnGaAs-GaAs system. These 
results suggest that some strain in the laser active region may be desirable. We will study 
these effects in the nearly-lattice-matched fllm/substrate systems and determine the optimum 
alloy compositions which can be grown. 
Another significant feature of the proposed research program is the growth and 
characterizatio~ of AllnGaN quaternary epitaxial layers. It is well known that the growth of 
lattice-matched quaternaries of InGaAsP (for long wavelength infrared as well as visible 
red lasers) and AlGalnP (for short-wavelength red and yellow lasers) has resulted in the 
demonstration of high-performance lasers in wavelength ranges for which there is no 
corresponding lattice-matched ternary composition in these systems. IS In fact, most of the 
current technological and commercial developments in the area of semiconductor injection 
lasers today are focused on the growth of quaternary laser active regions in these systems. 
While only recently has a limited report of the rowth of AllnGaN quaternary alloys been 
made19, the ternaries AIGaN20 and GainN2 have been grown throughout the entire 
composition range and it is known that there are no fundamental reasons why well-behaved 
quaternary alloys should not exist. In fact, as shown above in Figure 2.9, the bandstructure 
calculations for the GalnN and AlinN ternaries show well-behaved conduction bands as a 
function of alloy composition.lO Combining the available experimental and theoretical data 
for the three ternaries, AIGaN, GainN, and AllnN, we expect that the entire parameter 
space of composition vs. lattice constant for the AllnGaN quaternary can be calculated with 
good accuracy. Using these calculations, lattice-matched quaternaries with different 
compositions and energy gaps can be grown. 
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In summary, the ternary and quaternary alloys of GaN will be developed throughout this 
research program, leading to the fabrication of dislocation-free nitride alloys. the 
foundation of high-performance optoelectronics. 
11.3 Device Development 
The program consists of two efforts: the LED effort of HP with the goal of rapid 
introduction of blue LEDs. and the laser diode effort with the goal of demonstrating CW 
operation of an injection laser diode by the conclusion of the program. In this section of the 
proposal, basic device considerations are outlined. 
11.3.1 Laser Design and Processing 
II. 3 .1.1 Optical and Electronic Confinement 
The design of optimized low-threshold heterojunction semiconductor lasers and high­
efficiency LED's will be guided by the already established principles for high-performance 
III-V heterostructure lasers. The key features of the required device structure are the 
confinement of the optical field to the waveguide layer(s) in the direc.tion normal to the 
junction plane and the confinement of injected carriers to the active region. The confinement 
of carriers and the optical field can be readily accomplished in the InAIGaN system through 
the use of the lattice-matched ternary and quaternary alloys. Using the experimentally 
determined values of the index difference, ~n. and the energy gap difference, ~E8, 
between the "cladding layers" and the "active region" required for low-threshold AIGaAS­
GaAs injection lasers, we can get some feeling for how feasible UV lasers in the InAlGaN 
system will be. As an example, consider the case of a conventional Alo.4Ga.o.6As-GaAs 
DH laser strocrure, which is a standard low-threshold laser structure in the AlGaAs system. 
In this case, the index difference, An, between the Alo.4Gao.6As cladding layers and the 
GaAs active region is an - 0.28 at the GaAs laser energy of Etaser = 1.38 e V and 6Eg -
0.476eV. These values will be used as a benchmark to develop a "first guess" laser 
strucrure in the InAlGaN system. 
As a specific case, let us consider the possibility of using alloys lattice-matched to (0001) 
ZnO substrates. These have an energy gap, E and an index of refraction, n(Eg). at the 
corresponding bandgap energy that is interme~ate between the values of the binaries of 
which they are composed. If we take the values of n given in Table 1 and use a linear 
function for the dependence of n(E', x) upon x in the Ga1-xlnxN system, we ftnd that at the 
bandgap energy of Gao.sino.2N (Eg = 3.1 eV), the estimated value for the index of 
refraction of Gao.slno.2N is n(E8 = 3.1 e V) == 2.44. 
If we take the simple approach that we require a cladding layer for this Gao.slno.2N 118Ctive 
region" that has an energy gap -0.48 eV higher, (as determined above for the 
Alo.4Gao.6As-GaAs laser above) we conclude that we need an alloy with a bandgap energy 
-3.58 eV. Using the equation for Eg(x) calculated in Ref. 10 for the Alt-xlnxN system, we 
calculate that this energy gap corresponds to an alloy of composition Alo.49lno.stN. This 
alloy has an estimated value ofn(Eg = 3.58 eV) = 2.08. We conclude that a DH structure 
consisting of cladding layers of Alo.49lno.SIN and an active region of Gao.slno.2N emitting 
light at Eg = 3.1 eV (A.= 400 nm, in the UV) will have values of ~n- 0.36 and a AEg_-: 
0.5 eV and will thus satisfy both the requirements of ~n- 0.28 and liEg- 0.476 eV. 
Thus, we expect that such a DH structure is capable of confming electrons to the active 
region of the laser structure. The estimated lattice mismatch between the active region and 
the cladding layers in this DH structure will be ~a/ao - 1.7% which is small enough to be 
acceptable. Note that. as discussed above, the lattice mismatch can be entirely eliminated by 
employing quaternary AlGa!nN cladding layers. · 
The DH laser structure is shown schematically below in Fig. 2.1 Oa. The active region of 
this laser could also be designed to include a MQW structure with Gao.slno.2N QW's and 
barriers of Alo.42lno.ssN (Eg = 3.3 eV) which have a lattice mismatch of- 0.8% relative to 
the active region. Based upon the experience with other III· V quantum-well injection 
lasers. this would probably result in the lasing at slightly higher energy, a lower threshold 
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current. and higher differential quantum efficiency. This QW device structure is shown 
schematically in Fig. 2.1 Ob. 
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Facet Formation 
A fundamental consideration in the fabrication of conventional injection lasers is the 
formation of cleaved facets for the Fabry-Perot mirrors to provide feedback for the optical 
field. The consortium has extensive experience in the fabrication of Fabry-Perot (FP) 
geometry injection lasers. Cleaving the (0001)-oriented lnAlGaN fllms on (0001) Alz03 
substrates is expected to be more difficult than cleaving (100) GaAs substrates. However, 
cleavage appropriate for FP laser diodes bas been demonstrated at SOL. If cleaving proves 
unsatisfactory. specialists at SDL will use reactive ion etching (RIE) for the formation of 
stripe-geometry device structures. SDL has an on-going technology development program 
in the etching of FP mirrors for high~power AlGaAs-GaAs lasers and has demonstrated 
highly reliable high-power AlGaA.s and AlGalnAs laser diodes using etched mirrors. 
11.3.2 LED Processing 
The bright blue LED announced by Nichia Chemical Co .• Japan. in November 1993 was a 
singular achievement, placing the wide bandgap nitride technology in the forefront for 
visible emitters. While the potential of the group m nitrides had been recognized for many 
years, attainment of useful devices had been. until now. elusive. The feasibility for 
practical, working light emitting devices was proven, and with this achievement the whole 
spectrum of UV and visible wavelengths became available for exploitation. The Nichia blue 
and green devices indicate that with this materials system. and suitable improvements in the 
technology to enhance the light output. a bridge may be made with HP's current AllnGaP 
LED technology to achieve total visible spectrum coverage. LEDs will then compete 
directly with fluorescent lamps as light sources. 
The luminescence mechanism in the Nichia LEDs, both blue and green. is dominated by D­
A pair recombination at low currents. With increasing current the impurity emission 
becomes saturated and band edge emission becomes dominant. The resulting emission 
spectrum, is quite broad. This leads to an LED that exhibits poorly saturated color output, 
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and is thus of limited utility for full color displays. This will severely limit the market 
access of the Nichia lamp. 
By moving away from impurity dominated recombination to pure band edge emission one 
achieves two things: brighter LED devices and color purity. Both enhancements are 
required to be successful in the market place. To attain this, both purity and crystal quality 
of the grown layers in the device must be improved. Also, greater indium content in the 
grown layers must be achieved in order to extend the range of emitted wavelengths into the 
yellow-green. Direct band-to-band recombination is a key for commercially successful 
LEDs and is thus a primary effort of the LED program. 
The current Nichia LED is a "pseudo-" double heterostructure. having an n-type GaN 
confming layer on the bottom and a p-type AIGaN confining layer on top of the Zn-Si­
doped In.06Ga_94N active layer. While this configuration works, it is not optimized. More 
closely matched confining layers will be required for a band edge emitting active layer, and 
lattice matching layers may be necessary to reduce defects. Fully lattice-matched symmetric 
structures, using quaternary AIGalnN layers, are obviously the preferred approach to the 
fabrication of highly efficient LED heterostructure and thus form the second effort of the 
LED program. 
The primary degradation mechanism of the Nichia LEDs leading to their short lifetime of 
-3500 Hrs, has been identified as failures in their p-contact current blocking layer. This 
layer, thought to be a Ti3Ni compound, appears to short out under stress conditions. Thus, 
the poor reliability observed with these devices does not seem to be associated with the 
nitride materials system, per se, but with the device design and processing. More suitable 
cWTent blocking layer schemes and more robust device designs will be selected. Possibly 
the blocking layer will be eliminated and current spreading window layers used instead. 
This could improve both the efficiency (light extraction) and high current reliability. 
An approach to increase the light extraction from these nitride device~. would be to try 
window layers of suitable thickness. This has proved very advantageous for the AllnGaP 
LEOs. As much as 10% more light can be extracted from the chip than without such a 
layer. However, a primary issue with these nitride based LED devices is the low 
conductivity of the nitride materials, especially, the p-layer. Assuming a hole mobility of 10 
cm2N.sec, a hole concentration of 1018 cm·2, an electron mobility of 100 cm2N-sec and 
an electron concentration of 1Ql8 cm·2, one calculates the slab resistance ~hown in Figure 
Fig. 2.11 as a function of slab thickness. 
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Fig. 2.11 Slab resistance of GaN as a function of slab tbkkness. 

More importantly. one must consider the effect on current spreading. This is shown in Fig. 
2.12. which gives the normalized current density at a distance of 100 from the contact edge 
for various slab thicknesses. A comparison with p-GaP is included which is used as a 
window layer for light extraction from AlinGaP LED devices. The normalized current 
density as a function of distance for the contact edge for various slab thicknesses is shown 
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in Figure 2.13. Clearly, both the p-doping mobility and concentration must be increased in 
order to enhance device performance. 
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If suitable nitride based window layers can not be grown, it may be possible to wafer bond 
suitable layers to the device. This technique has been pioneered by HP in their development 
of transparent substrate AIInGaP LEDs.n 
To com~te in the LED marketplace ,.high volume manufacturing procedures must be in 
place With high yielding processes at each step of the way. This requires the use of multi­
wafer epi reactors capable of handling 2 inch and/or 3 inch diameter wafers. Maintaining 
composition uniformity (including dopant incorporation) and layer thickness uniformity, 
both across the wafers and from wafer to wafer is required. Extensive optimization of 
growth conditions will be required to achieve this. Obtaining growth uniformity will be 
facilitated by in situ monitoring. robust device design. and robust processes. It is 
paramount to understand the sources of variability in the process and the interplay between 
reactor hardware and process variables. Failure Mode Effects and Criticality Analysis24 
will be used as well as HP's e:xtensive experience in the high volume production of 
AllnGaP to produce the efficient and uniform materials required for high volume LED 
production. 
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III. Program Plan 
III.l Manaeement Plan 
The consortium consists of SDL, HP, Xerox, University of Texas at Austin (UT), Boston 
University, A.XT, and ATMI. The program manager will be Dr. David F. Welch, Vice 
President of R+D at SDL. The core industrial pan.ners to the program are SDL, HP and 
Xerox. These team members will collaborate fully and openly on the MOCVD crystal 
growth of nitrides. Inputs into this industrial team will come from the other consortium 
members. UT and B U will transfer growth and processing technology to the industrial core 
members. AXf and A TMI will develop GaN substrate growth technologies and deliver 
evaluation substrates to the growth members. The program managers and principal 
. . b . . lis d bel mvesugators )y orgaruzauon are te ow. 

Institution Program Manaaers Principal Investigators 

SDL Dr. David F. Welch Dr.Jo Major 

HP Dr. George Cn!.ford Dr. Grant Elliot 
Xerox Dr. Nevill~ Connell Dr. Noble Johnson 

UT Prof. Russell Dupuis Prof. Russell Dupuis 

Boston University Prof. Ted Moustakas Prof. Ted Moustakas 

AXr Dr. Heikki Helava Dr. Heikki Helava 

ATMI Dr. Duncan Brown Dr. t..iichael Tischler 

111.2 Task Division 
To achieve the goals, the program is divided into several tasks to be performed at each 
organization. The MOCVD crystal growth will be performed at HP, SDL and tn'. The 
material characterization will be performed at Xerox. The theoretical and empirical analysis 
of the physical properties of the nitride alloys will be achieved at Xerox. This effort will 
supply the needed fundamental knowledge base to aid in the fabrication of high­
performance LEDs and laser diodes. In the second year of program funding, Xerox will 
begin investigation of processing techniques unique to the construction of the nitride 
injection laser diode while HP and SDL will pursue device structures necessary to 
demonstrate the LED and laser diodes. An industrial task breakdown is shown is Table 3.1 

Table 3.1 The task breakdown of the industrial partners. 

HP·OED Xerox-PARC SDL 
Growth Structure Growth 

•Horizontal •Dislocations • Verucal Quartz 
•Buffer Layer •Heterojunctions •Buffer Layer 
•Substtates Electronic -GaA.sN 

•lnGaN •Transport •Substrates 
Processing •Defects, modeling Processing 
•LED specific Processing •laser diode specific 

<:ontacts •Dopant Activation •WG Fabrication 
•Etching, Diffusion •laser diode Facets 

The university efforts are focused at the development and characterization of alternate 
substrate technology, at Boston University, and the development of MOCVD growth 
technologies at UT . 
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The device effort of the program is divided into two tracks: the LED manufacturing effort 
led by HP and the laser diode effort led by SDL and Xerox. The LED effort is a rapid track 
to prototype LED fabrication. The laser diode effort will focus upon continued material 
improvements, ultimately leading to the consortium demonstrating the first CW laser diode 
based upon nitride alloys. 

Table 3.2 The task breakdown of the academic: partners. 

Boston UT 
ECR·MBE Growlh 
HybridGaN Emcore MOCVD 

ZnO Quaternary Development 
M-Plane Sapphire Source Issues 
Doping, Contacts 

The substrate development effort Will be handled in parallel by AXT and A TMI during the 
fmt program year. This approach is chosen because of the high risk of GaN substrate 
development. The emphasis will be on a thorough proof-of-concept with particular 
emphasis on developing methods compatible with the demonstration of technologies 
compatible with industrial and technological needs. In year 2, the consortium will select the 
substrate vendor with the most technically sound approach to substrate development and 
fund this company at an accelerated rate. The bulk substrates will be made available to the 
consortium. BU will pursue evaluation of commercially available substrates and evaluate 
the substrate technologies developed within the program. B U will use MBE growth as a 
tool to ascertain the quality of the substrates used throughout the program. 
The work of A TMI. will be supported by a subcontract from A TMI to Professor Thomas 
Kuech at the University of Wisconsin. 
111.3 Cost Model · 
The cost of the program as broken down by year and company is shown in Table 3.3. 
Within the table, the price is represented as ARPA funds/Matched funds. All values are in 
thousands of dollars. 

Table 3.3 The cost breakdown of the proposed proaram. 

Company/Year 1 2 Total 

HP SSO/SSO SSOISSO 1100/1100 
SDL 500/500 SSOIS~O lOS0/1050 
Xerox 447/458 460/474 907/932 
UT-Austin 2931358 1861'200 479/,8 

BU 150/172 1501128 300/300 

AXT 150/150 • lSO/lSO 

ATMI 1501150 • 1501150 

AXT/ATMI 3001300 3001300 

Total 2240!2338 1896/1902 4136/4240 

Although not fotmally committed as matching funding, HP is estimating internal nitride 
funding to exceed $10 million over the next several years due to the high commercial 
importance of nitride development. 
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IV. Statement of Work 
The consortium proposes to develop GaN and related alloys for the purpose of 
demonstrating advanced optoelectronic devices. The goal at the end of the base two year 
program is to demonstrate CW LEDs and laser diodes. The goal specifications of the LED 
are optical power exceeding 4 m W, operating wavelength between 480 nm and 570 run and 
an external efficiency exceeding 4%. The goal specifications of the laser diode are 
continuous wave operation between 360 run and 540 nm at room temperature. 
•LED: >4% ,p>4mW,480nm<A.<570nm 
•Laser Diode: CW. 360 < A. < 540 run 
To achieve these goals the consortium will separate the tasks of epitaxial growth, substrate 
fabrication, materials characterization, and device fabrication as discussed in the task 
description above. In addition to the technical tasks the consortium will support quarterly 
review reports and an annual meeting. and a program fmal report. At the conclusion of the 
program the consortium will supply ARPA with working devices, LEOs ( 1 0) and laser 
diodes (5), that best represent the above stated goal specifications. 
The consortium will provide ARPA with samples of the substrates that are produced during 
the program that best meet the technical and manufacturing needs of the consortium. 

V. Mllestone Chart 
The milestones of the program are designed to ensure efficient collaboration and to rapidly 
develop materials and device technology leading to the final demonstration of LEOs and 
laser diodes based on nitride materials. 

Milestones for Materials and Device Development Program 

YEAR ONE I YEAR TWO 

t;S 
~ >4-., 1'><1 JDW 

410 IIIII < l. < 57f -
~ y ./.,-: 

~; ~-: ~ ~# 
j 

·11 11 8 ~ ·~ 

J • . 1 contiftoc IMterials 

I ~ :... II improvement 

:!] -{ ·"'(I') 
.!I ~! 

&~5 0 §1 
CD 0 

J 
Flc. S.l(a) The mitestoaes ot tbe Materials and Dnice Development Program. 

The milestones of the proposal as outlined in Fig. S. l(a) and S. l(b) are divided into four 
categories, basic materials research and processing techniques, LED performance , laser 
diode performance, and substrate milestones. 
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Milestones for Substrate Development Program 

YEAR ONE I YEAR TWO 

Proaress 
AXT Develop Bulk OIN Growth Review 

Select 1nc:reGe Sub&trate Sbzalld Quanciry 
Su.bstrat.e 
T~ Delmr 

Prototrpes 

Ql: Q2: Prosress 
ATMl GaN onSi SiPleh Review 

-
Ql: 

BU VPBRe.:tor CompletE Study ofZnO, SiC 4: M -plaDe S~ - -
Q2: 

MBEl.ED 
onVPEOaN 

Flaure V .1 The Teclmkal MUestooes of the Substrate Development Pro&ram. 

VI. FacUlties and Equipment Description 
Materials GrQwth: 

28 

HP: LEC GaAs and GaP substrate growth. OaAsP hydride VPE, AlGaAs LPE, 
AllnGaP and AlGalnN MOCVD. The largest substrate capability in the U.S. 
SDL: AlGaAs, AlGalnAs, AlGalnP/GaAs, OalnAsP/GaAs, GalnAsP/InP and 
AlGalnN MOCVD. 'Three reactors on-line. fourth reactor in pre-construction phase; 
ATMI: Full facilities for bulk and epitaxial SiC and m-V materials growth. 
AXT: Full bulk growth facilities for GaAs and InP substrate production. 
Xerox: Xerox-PARC bas full MOCVD capability. 
University of Texas at Austin: EMCORE MOCVD reactor, procurement of second 
reactor for dedication to AlGalnN growth contingent upon funding availability. 
Boston University: A Varian GEN n MBE System with a compact ECR 
microwave plasma source used for the formation of active nitrogen and a complete set of 
surface analytical equipment (mass spectrometer, RHEED, etc.) 
Material Characterization: 
Optical: Variable-temperature PL and EL, Time-resolved PL. wafer mapping, IR 
and microscopic IR, FI'IR, Ellipsometry, Cathodoluminescence, optical recombination 
lifetime measurements, and Raman Spectroscopy. 
Structure: X-ray rocking curve and reciprocal space diffraction mapping, Laue X-Ray, 
High-Resolution TEM with energy dispersive spectroscopy micro-probe, atomic force 
microscopy, SEM, Alpha-step, 
Electrical: Photoexcitation DLTS, Mercury Probe, E.B.l.C., C-V, Polaro~ Variable­
Temperature Hall Measurement, Sheet Resistance Measurement, DL TS, Raman 
spectroscopy. 
Facilities are readily available in the inunediate area for SIMS, Auger, EBIC, EDAX, and a 
wide variety of other materials characterization techniques. 
Processine Egujpment: 
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Full equipment is in place for the mass production of both LEDs and laser diodes. This 
equipment includes: Reactive Ion etching, Diffusion Furnaces, Passivation Deposition 
(SiN, SiON), Back Lapping, Edge Profilers, Evaporators (Resistance and E-beam), 
Sputtering Machines, Rapid Thermal Annealing, Photolithography, Etching 
(Semiconductor and Metal), Plasma Etching, Wafer Sawing, Wafer Scribing. 1 J.Lm 
projection lithography, an optical coating facility and other processing equipment 
Packaadn& Equipment; 
The packaging facilities for LEDs and laser diodes, at HP·OED and SDL, respectively, are 
the largest such facilities in the United States and represent a substantial advantage over 
other potential consortia. 
LED and laser diode Test Epipment; 
The most complete LED and laser diode evaluation facilities in the United States exist at HP 
and SDL, respectively. Xerox P ARC also has a complete laser diode test facilities. 
Hiah·Baodeap Materials Modelina: 
ffiM RS-6000 scientific work station, Silicon Graphics IRIS graphics work station, 
custom software for total-energy calculations and materials simulations. 

VII. Relevant Prior Work 

The members of the consortium represent the cutting edge in optoelectronic device 
technology. The consortium members have demonstrated the highest quality GaN materials 
grown to date and have extensive experience in the areas of materials development and 
characterization, device design and fabrication, substrate fabrication, and commercialization 
of the technology. Thus, the consortium members uniquely meet the goals of the ARPA 
program, which is to develop and commercialize advanced optoelectronic materials and 
devices based on nitride alloys. In this section of the proposal, recent work relating to the 
development of GaN and related alloys performed by the consortium members is 
discussed. The work includes systematic transmission electron microscopic (TEM) 
investigations of buffer layers in GaN growth, characterization of the electrical and optical 
properties of the nitrides, growth of GaN with unmatched crystallinity, and a thorough 
analysis of the current Japanese LED effort including degradation effects of the current 
commercial LED. 

VII.l Structural Properties of Nitride Alloys 
During the past year, groups at UT-Austin and SDL, Inc. have begun to study the use of 
MOCVD to grow heteroepitaxial AllnGaN films. In a very short time, extremely high· 
quality GaN heteroepitaxial films having world·record X-ray diffraction rocking curve 
FWHM values have been grown. At UT the epitaxial layers are grown in a specially 
modified Emcore GS3200 UfM MOCVD system, while at SDL the layers are grown in a 
vertical low·pressure reactor. Fig. 7.1 shows the optical transmission spectra for three 
GaN fllms of varying thickness. The absorption spectra shows band·edge absorption at 3.4 
e V with interference fringes reflecting the GaN layer thickness. 
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Fig. 7.1: Room-temperature (300K) optical transmission spectra tor various GaN 
beteroepitaxial layers grown on (0001) Al:z03. 

The structural quality of the GaN epitaxial films is analyzed using a five-crystal 
diffractometer. Cu Ka radiation is used and rocking curves through the (0002) GaN and 
Al203 lattice Bragg peaks are made. The FWHM of the (0002) OaN diffraction peak has 
been studied as a function of the thickness of the OaN fllm.. The FWHM of the -0.25 J.UD­
thick films are -100 arc sec while thicker films, -0.5 Jl.Dl. have reproducible FWHM values 
ae-38-40 arc sec. A typical (0002) X-ray rocking curve for a 0.48 ~-thick OaN/Al20J 
fllm is shown in Fig. 7 .2. Pendellosung fringes appear on either side of the main GaN 
peak. These fringes ~ only observed for thin, very high-quality epilayers. This is the first 
observation of Pendellosung fringes in any OaN X -ray rocking curve. These fringes offer 
evidence of high structural quality and allow film thickness to be detennined from fringe 
spacing. The spacing of ... 38 arc sec gives a thickness of 0.44 J.Ull, in agreement optical 
transmission data of Fig. 7.1. · 

-500 

38 arc sec 

Pendellt>sung 
Fringes 

-400 ·300 ·200 -100 0 

Bragg Angle (arc sec) 

GaN epilayer 
peak 

100 200 300 

Fie. 7.2: Five-crystal {0002) X-ray rocking curve ot a -0.48 Jim-thick GaN 
epitaxial layer on a (0001) Al:zO 3 substrate. Note that the obse"ation 
of PendeUosung fringes indicates that the film is of very high quality. 

Subsequent to the achievement of the UT group. SDL has produced OaN films with 
roc Icing curve FWHM of 27 arc seconds as shown in Fig. 7 .3. The rocking curve is nearly 
symmetric. This profile is actually one of 140 profiles performed during a fifteen hour 
reciprocal space mapping of the 0002 diffraction peale. The incident optics are a four crystal 
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monochromator; the sample is the fifth crystal, with a triple axis, double crystal collection 
optic system. The noise in the measurement, when compared to the UT film. is due to 
limiting the collection time per data point. 

lOOK 
Copper lea 
Incident optics • Bartel's 220 - lOK 'Inple axis c:iiffracted beam optics 1\ 

Q,) Scan step size: 0.00075 degrees t I 
FWHM= -a I 

(,) 

)\ 
27 seconds Cf) lK 

bO 

8 
~ 100 
c:: 
:s 

~ 8 10 >. e 
I 

~ 
1 

0.1 
- 500 0 500 

Omega-Two Theta (seconds) 
Fie. 7.3 The omega· two theta scan of an SDL GaN mm. 

The reciprocal space mapping of the 0002 diffraction point is shown in Fig. 7 .4. The plot 
is a contour mapping of the omega versus omega-two theta scan. The vertical distribution is 
a measure of the mosa.icity of the film. The SDL film has a narrow mosaicity distribution 
with a FWHM in the vertical direction of 35 arc seconds. The horizontal distribution is the 
standard omega-two theta scan shown in Fig. 7 .3, and measures variation in the lattice 
spacing of the crystal. The diagonal trace is an instrument artifact; the secondacy divergence 
of the X-ray beam. 
The dependence of the FWHM of the X-ray rocking curve upon thickness of GaN/AlzD3 
ftlms as reported by previous workers includes a "best" result of ~6-96 arc sec for a film 
having a thickness -4 ~ grown by MOCVD on a GaN buffer layer2S while a more typical 
"best" FWHM is d6-360 arc sec or more for -4 J.Uil-thick films.26-29 Recently, an X-ray 
rocking cur:ve having a FWI-nv1 value of .!\0- 98 arc sec was reported for an MOCVD­
grown AlN/(0001) Ah03 film but the film thickness was not indicated.30 The X-ray 
studies of SDL and UT represent both superior crystallinity and, for the case of reciprocal 
space mapping, more thorough characterization than has been performed by other 
researchers. 
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Fl1. 7.4 Tbe reciprocal apace mappin1 of the 0002 diffraction point of GaN. 

10000 ,.-- - --------------""'!! 

1000 

100 

e-
1 

>< 

Fla. 7.S 

00 0 
o UT-Austin 

• Nichia 

0 APA 
0 0 

0 Northwestern 
o Doo 

• b. uruc 

• SOL 

2 3 4 s 6 7 8 

Thickness (J.llll) 
Comparison of r eported X·ray FWHM nlues of GaN/AlzO 3 
beteroepitaxial films vs. layer thickness. Data are from indicated 
referencea. 

Figure 7.6 shows a room-temperature photoluminescence spectrum of a -0.5 J.Lm-thick 
GaN film grown . The narrow linewidth of the band-edge peak at -367 nm and the high 
intensity of this peak compared to the deep-level emission at longer wavelengths further 
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indicate the samples to be of good optical quality. Room-temperature cathodoluminescence 
spectra taken on other samples showed narrow, intense band-edge peaks at -367 nm. 

-

Fla. 7.6 

He-Cd irradiation, 325 nm@ 35 mW 
T·300K 

300 350 400 450 500 550 600 

Wavelength (run) 

650 700 

Room-temperature (300K) photoluminescence spectrum of a relatively 
thin (-0.5 J.Lm) GaN/sapphire epitaxial film. A H~Cd luer (A. -325 nm, 
35 mW CW input power) was used as an excitation source. 

The results presented here were obtained for relatively thin layers. Kuznia, et al. 26 have 
reported that improved film properties are consistently observed for films employing an 
AlN buffer layer, an optimal buffer layer thickness, and a total ftlm thickness greater than 
-4 Jl.IIl. Thus, while we have not fully optimized our growth procedure, the structural and 
electrical properties of our relatively thin GaN heteroepitax.ial fllms represent a significant 
improvement in the quality ofheteroepitaxial ill-Y nitride films. 

Fig. 7.7 A TEM Image or Nicbia LED. The dislocation density Is -toll cm·l. 

From a structural standpoin~ the material grown within the consortium, at UT and SOL, 
Inc, is the best available GaN epitaxy. Indeed, the rocking curves generated .within the 
consortium, with a FWHM of 27 arc seconds, are now comparable with the best J2Wk 
substrate GaN material available} The consortium has compared these next-generation 
nitride films with the existing technology of the Nicbia LED. Fig. 7.7 shows the micro­
structure of the Nichia lamp with a dislocation density of - 101 1 cm-2. In addition, many 
regions of three-dimensional growth are easily observable . 
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Fig. 7.8 shows a TEM cross-section of UT GaN. Our observations show dislocation 
densities lower than Nichia, by about two orders of magnitude. In addition, the lJT GaN 
has a nearly perfect interface with the sapphire substrate and is planar throughout the entire 
growth. 

FiJ. 7.8 

Sapphire 1----i 
0.1 Jim 

Cross-sectional TEM of GaN film erowf' at ~e Univ. of Texas by Russ 
Dupuis. The dislocation dell5lty ia -10 em· , two orders of magnitude 
lower than the Nkbia material. 

TEM work has also explored the characteristics of nitride fll.ms grown upon SiC substrates. 
SiC is an interesting alternative to sapphire as a substrate for epitaxy of AlGaN films. Its 
main advantages lie on the good lattice match and thermal expansion properties between the 
nitride alloys and SiC. We have studied the crystalline structure of GaN films grown on 
SiC by MOCVD, using A1N buffer layers.31 A TEM image of a GaN film grown on SiC at 
SDL is shown in Fig. 7.9. The density of dislocations observed is approximately lOS 
dislocations/cm2, -lOOOX lower than the Nichia sample. 

Fie. 7.9 TEM micrograph showing the GaN/~lN/SiC epitaxial structure grown at 
SDL. The dislocation density is -10 cm-1 . 

A micrograph of the film is shown in Fig. 7 .10. The stacking of the 6-H SiC is visible. 
The SiC/AlN/GaN interface is seen due to the change in sequence between SiC and GaN. 
The interface structure is almost entirely coherent, and few misfit dislocations are observed. 
The surface of the SiC is not perfectly polished with large steps in the SiC surface 
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identifiable. The hardness of SiC makes surface preparation difficult. however, a planar 
SiC surface would obviously increase the crystallinity of the epitaxy. 

Fie. 7.10 Lattice image of the subttrate reaion of a GaN/ AIN/SiC thin film. The 
AIN/SiC interface Is vitible by the chance in atacldng sequence. 

The GaN fllms grown on the SiC substrates also have reasonable X-ray FWHM (Fig. 
7.11 ). The typical rocking curve FWHMs of GaN grown on SiC at SOL vary from 80-120 
second, with 95 seconds being a typical value. 

Fia. 7.11 
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The x-ray rocking curve of a GaN epitaxial layer crown upon an AIN 
buffer layer on a 6-B SiC wafer. 

VII.2 Electrical and Optical Properties of Nitride Alloys 
Controlled doping is a critical requirement for the realization of light emitting diodes. In Jr 
type material grown by MOCVD. activation of acceptor dopants (e.g., Mg and Zn) requires 
either low-energy electron beam irradiation (LEEBI) or thermal annealing, or a combination 
of these two processes. In contrast. p-type films have been obtained by MBE without the 
need of such post-growth treatments. The formation of Mg-H complexes during the 
MOCVD growth is likely. To understand such processes, direct hydrogenation of p-type 
GaN were studied.32 Hydrogenation substantially decreases the hole concentration in p­
type material but has little effect inn-type material. (Fig. 7.12) Further studies will identify 
strategies to maximize doping . 
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Fls. 7.12 Dependeaee of the carrier density on hydroaeneation temperature in 
epitaxial layers of GaN. 

We recently discovered new vibrational modes in Mg-doped GaN with incorporated 
hydrogen. 33 The modes are shown in Fig. 7.13 and form two pairs. Based on selection 
rules, one pair, room temperature frequencies of 2168 and 2219 cm-1 was assigned to 
distinct Mg-H complexes. The Mg-H complexes appear to be responsible for low doping 
efficiencies in as-grown p-type GaN. The origin of the second pair of modes at 2151 and 
2185 cm-1 is speculatively linked to the presence of diatomic molecules such as N2. 

2219 c:m·t 2168 cm·l 

Conf. I Cont. n 

~ ll$0 2200 2"0 2100 10$0 

Frequency (em· 
I) 

Fie. 7.13 Local vibrational modes In Me-doped, hydrocenated GaN. Also shown 
are possible hypothetical strac:tural c:onflanratlons of two Inequivalent 
sites for the Mg-H complex In GaN. 

In the DLTS evaluation of GaN (see Fig. 7.14). two new electronic defects (at 0.49 eV and 
0.18 e V) were characterized in near-ideal Schottky diodes fabricated on MOCVD-grown 
GaN. 34 Important future studies will include the determination of the prevalence of the two 
newly revealed deep level defects and identification ~f their chemical nature. 
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DLTS on n-type GaN 
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DLTS spectrum for a Schottky diode on n-type GaN. The thermal 
acthation eaergy for electron em.laalon is lilted next to each peak. The 
diode atrucmre ts ahowu ln tbe iDiet. 

Doping studies of the MOCVD GaN samples of SDL and UT are now beginning. The SOL 
samples are characterized by very low background doping by optimizing growth 
temperature~ gas chemistry, growth rate and other reactor specifics provides a solid starting 
point for the attainment of reliable n- and p-type doping. Fig. 7.1 S shows the background 
doping of a OaN sample grown at SOL. P-type conduction following a 7000C anneal step 
has been observed in GaN:Mg grown at SDL. 
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The backgrouDd carrier conc:entratfon of nndop\d Gaf arown at SDL, 
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surface. 

The samples grown at UT exhibit n-type doping with a very high conductivity, implying 
that the carrier mobility may be substantially higher in these higher quality films. A Tencor 
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Sonogauge RT instrument was used to obtain room-temperature resistivity data on several 
UT samples at HP Labs. These experiments yielded very reproducible resistivity values of 
-0.004 0-cm for the best samP.les. The corresponding mobility-carrier concentration 
product was found to be -1.5xl(}21 (V-s-cm)-1. The Tencor instrument routinely produces 
GaAs resistivity values in excellent agreement with van der Pauw measurements taken on 
the same GaAs samples. Initial Hall measurements on our GaN layers using the van der 
Pauw technique were inconclusive. but indicated the films to be heavily n-type with net 
carrier concentrations of n-8x1Q18 cm-3. Coupled with the mobility-carrier concentration 
product, this would imply a mobility of J.Ln-190 cm2N -s. which is encouragingly high for 
this doping level and film thickness. For comparison. Figure 7.16 shows the mobility­
carrier concentration product as a function of thickness for our best sample along with 
previously reported GaN/ Al20J electrical characterization data. 
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Fla. 7.16 Dependence of the mobllity·carrler concentration product (at 300K) upon 
layer thickness for one of our GaN/sapphir e films aad recently 
publlabed data from other 1roups for thicker GaNJsappbirc ntms. 

VII.3 Computational Analysis 
Xerox PARC has carried out state-of-the-art first-principles calculations on atomic and 
electronic structures of compound semiconductors. including properties of binary bulk 
materials, alloys, defects, and interfaces. Previous work on many aspects ofill-V material 
physics places Xerox P ARC in an excellent position to tackle the theoretical understanding 
of GaN, its alloys. defects, and interfaces. Extensive test calculations brought to light 
severe deficiencies in the computational approaches used by other groups. In particular, it 
is important to include both proper treatment of the Ga 3d electrons in the calculations35 
and interactions beyond nearest neighbors. Because of the small lattice constant of GaN, 
interactions between second-nearest-neighbor Ga atoms can be quite sizable, and affect the 
electronic properties. The tight-binding approach does not reveal this detail. 
While the wurtzite phase is the ground state forGaN, the cubic phase has been found to 
occur during growth on appropriate substrates. Analysis shows that the atomic structure is 
extremely similar. and that the differences in formation energies are negligible. The 
electronic structure exhibits some change, attnoutable to the lowering of the symmetry 
when going from zincblende to wurtzite. These effects are illustrated in Fig. 7.17. for the 
case of vacancies. Overall, the native defects are expected to behave very similarly in the 
both phases. 
The shortcomings of a tight-binding treatment36 in predicting the properties of the nitrogen 
vacancy are due to considering only nearest-neighbor interactions. As a result, the splitting 
of the Ga-dangling-bond-related defect levels is severely underestimated. 
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Schematic illustration of the electronic structure of the 1alllum and 
nltroceo vacancies In cubic and wurtzlte GaN. For comparison the 
results of a tight-binding calculation are 1hown. 
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The results for formation energies of the various native defects are displayed in Fig. 
7.18.37 Under conditions of thermodynamic equilibrium, the formation energy of a defect 
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determines the concentration of the defect. It is seen from Fig. 7.18 that interstitials and 
antisites have formation energies which are too high to allow these defects to appear in 
appreciable concentrations. Only vacancies are found to be energetically favorable. 
The fact that the formation energy depends on the Fermi level is related to the OCCUIIence of 
native~efect-induced levels in the band gap. The N vacancy behaves as a donor. However, 
as can be seen from Fig. 7 .18, the formation energy of the isolated nitrogen vacancy in n­
type material is quite high, -4 e V, so that its concentration will be negligible. Thus, the n­
type conductivity of as-grown GaN is not attributed to the nitrogen vacancy. 
VII.4 Device Related Prior Work 
Boston University has begun device development including the characterization of p-type 
films, the development of working contact schemes, the construction of working p-n 
junctions, LEOS, and preliminary work concerning reactive ion etching (RIE) of nitride 
alloy thin filins. 
Recent progress in the etching of nitride alloys is summarized in Fig. 7.19 and Table 7.1. 
A typical etch rate, for a base pressure of 11 mT and a cathode voltage of 600 V, is a 
maximum of 200 Aimin, or approximately 1 ).lllllhour. These rates are sufficiently high for 
many device fabrication steps, including the fabrication of semiconductor laser diode 
facets. The etch rate can be raised further by decreasing the base pressure of the system as 
shown in Fig. 7.19.38 
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Fig. 7.19 Tbe etch rate or GaN as a ruac:tioa or ps pressure. 

Table 7.1 Etcbina rates or GaN (llmT and V = 600 V) 

Gas Etcbin2 Rate (AimJn} 

C02f2 185 
CFJBr 150 

CF:!Br/ Ar (3: 1} 200 

CF4 120 
SF6 100 

H2Cl4 (2:1) 30 
Ar 65 
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The achievement of p-type doping is illustrated in Fig. 7.20 which shows (left panel) the 
mobility of p-type GaN versus reciprocal temperature and (right panel) the hole 
concentration of Mg-doped GaN from ECR-MBE. 
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Fie. 7.20 P-typt dopiaa ln ECR·MBE GaN. 

The achievement of p-type doping coupled with the achievement of reliable Ohmic contacts 
has produced a working p-n junction LED from the Boston aroup as shown in Ftg. 7 .21. 
The LED has a turn-on voltage of approximately 3 V DC and has an emission spectrum 
cente~d at -2.8 eV, a deep blue color_39,40 
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Fie. 7.11 The operatfoa of tht P.·D juac:tioa LED. 

VII.4 Current Commercial LED Technology 

HP has been collaborating with outside laboratories to evaluate the various blue 
technologies for the past few years. With the comm~rcial availability now of bright blue 
and green LEOs from Nichia Chemical Corp., it seems apparent that the GaN system will 
dominate the wide bandgap LED field. The ll· VI devices have severe reliability problems 
and there is no solution on the horizon. The reliability of the GaN system is expected to be 
much better. HP has been evaluating LEOs from Nichia Chemical Corp. While the early 
results have not confirmed their long term reliability. as will be discussed below, the 
primary degradation exhibited by the Nichia devices is due to device design and processing 
tather than an inherent problem with the materials system. Extensive longer term reliability 
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studies are not yet complete. A summary of the salient features which have not been 
published by Nichia or others follows. 

Table 7.2 compares the performance of the Nichia blue and green LEDs with existing high 
brightness LED technologies. The efficiency of the blue GaN device is >40X the efficiency 
of the existing commercially available SiC blue LEDs . 

TABLE 7.2. LED Performance Comparuon 

·Material System( color) l..(nm) E.Q.E. (%) Flux (mlm) Vf(V) 

TS AIGaAs(red) 650 16 320 1.85 
TS AllnGaP(amber) 590 11 800 1.95 
LPE GaP: N(green) 572 0.4 120 2.2 

SiC(blue) 482 0.04 4 3 
InGaN(blue) 471 2.5 190 3.8 

InGaN(grecn) 527 2.6 480 3.6 

The efficiency and power out versus drive current for the Nichia blue and green LEDs are 
shown in Figure 7.22(a) and (b) respectively. The LEDs exhibit a well-behaved I-V 
characteristic with external efficiencies that peak at 3% and 4% for the green and blue 
emitters, respectively. The saturation of the efficiency is a consequence of utilizing aD-A 
n:combination mechanism for optical recombination. 
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Fig. 7.22 The eledl"o-optical perfornumce of the Nicbia LEDs. 

Luminescence spectra for both the blue and green emitting devices are shown in Fig. 7.23. 
The dominant emission mechanism is due to donor-acceptor pair recombination. At high 
current levels the impurity band saturates and bandedge emission becomes predominant. 
The LED chips are separated by scribe and break techniques, which appear to result in a 
low yielding process. Most LED chips are separated by sawing. 
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Tbe optical emission spectra for the blue (left) and creea (rlcht) LED. 

An SEM micrograph showing an overview of the Nichia LED is presented in Fig. 7 .23. As 
noted thereon, a semi-transparent metallic current spreading layer is used to provide 
uniform emission from the diode, increasing the extraction efficiency. Then- and p-type 
metallization schemes have been detennined as Al!ri and Au/Ni, respectively. A current­
blocking layer is used to prevent light generation below the top (p·type) bonding pad and 
force the current through the emitting region. This further increases the extraction efficiency· 
of the die. 

Fig. 7.23 An SEM image of the Nichia LED. 

The epitaxial layer structure has been determined by SIMS. The structure differs from what 
has been published by Nichia in that the lower cladding layer of the double-heterostructure 
does not contain Al. This data is presented in Fig. 7 .24. 
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The Nichia LED exhibits considerable degradation, even under normal operation at room 
temperature as shown in Fig. 7 .25. An intensive effort well beyond the limitations of this 
text, has revealed that the primary failure mechanism is breakdown and leakage through the 
current-blocking layer underneath the p-type contact. The structural integrity of the nitride 
materials appears to be unaffected by nonnal operation of the LED. 
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The industrial partners of the consortium are leading manufacturers of optoelectronic 
components and systems. HP is the largest supplier, in dollar volume~ of visible light 
emitting diodes in the world with strong product lines throughout the red, amber, yellow, 
and green portions of the visible spectrum. HP is also a systems company involved in 
sophisticated instrumentation, computers and computer memories, and printing. Xerox is a 
world leader in high-performance optical systems including copiers, printers, systems 
reprographics and network systems. SDL is the leading supplier, worldwide, of OEM 
high-power laser diodes and laser diode optical systems. 
the material development program will lead to the demonstration of commercially viable 
LED technology and prototype LD technology. Blue and green LED commercial 
introduction, while not a milestone of the program. is certain!~ the over-riding goal of HP. 
At the end of the two-year base program, HP will have a solid materials knowledge base 
with prototype high-performance LEDs, and will begin the development of high-volume 
manufacturing technologies. At the end of the third year option, HP will be well into the 
process of commercialization of the technologies developed throughout this program. 
The LD technology will be at the prototype demonstration at tlie end of year two. The third 
year program is focused on the fabrication of single-mode CW laser diodes with output 
powers on the order of 10 mW. The single-mode laser diode technology is required to 
access many of the markets listed below. The development of volume manufacturing 
technology for the laser diode would begin in year four. 
It is the intent of the consortium to produce high-volume components to satisfy existing and 
emerging applications and to integrate these enabling components into consumer products 
produced both by members of the consortium and other manufacturing fl11ll.S. 
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VIII.2 Market Analysis for AIGalnN Materials: 
The introduction of blue LEDs and laser diodes addresses existing markets and enables 
future markets, primarily via cost reduction when compared to existing component 
technologies. The markets immediately available for the LED consist of automotive 
applications, traffic management displays, and the commercial signage industry. The 
availability of cost effective, high performance blue and blue-green LEDs alone would 
rapidly double the market for LED lamps and displays, which is currently estimated at 
$1.2B. 
HP Optoelectronics Division is the world's leading manufacturer of light emitting diodes in 
terms of sales dollars, and is among the largest (including Japan~se) producers in volume. 
HP is much larger than any non-Japanese producer. Most recently HP has announced its 
super bright TS AllnGaP LED which exhibits 80 Cd at 20 mA drive current. These LEDs 
are manufactured using MOCVD technology. HP is vertically integrated, growing bulk 
single crystals, growing epi layers via hydride VPE, LPE, and MOCVD, fabricating LED 
chips and displays and shipping these to customers worldwide. HP bas a renowned ill-V 
materials technology R&D effort. This expertise bas allowed the development of the worlds . 
brightest LEDs and the transfer to cost effective, large volume manufacturing (many 
millions of devices per month). HP is accelerating its GaN program over the next several 
years to bring this blue imd blue·green technology to the market place. HP intends to 
leverage the high volume MOCVD technology utilized for AUnGaP production to develop a 
AlinGaN devices. In order for blue LEDs to fmd wide market acceptance, their price must 
be in the $0.20 ea. range, with an unpackaged chip cost somewhere in the $0.05 ea. range. 
Automotive industry designers consider LEOs the technology of choice for back lighting of 
instrument clusters, convenience switches, LCD displays and climate control panels. 
Availability of blue LED technology would enable all vehicle lighting to be fulfilled with 
LEDs. In the traffic management industry, makers of traffic signals have demonstrated 
substantially reduced electrical power consumption and operating costs through the use of 
high performance red (stop) and amber (caution) LEDs. Blue·green LED technology (go) 
will enable an all-LED traffic light. Blue LEDs will enable substantially greater usage of 
LEOs as full color signs capable of conveying greater information through graphical 
displays become common. 
To project the cost of the finished devices, HP will use cost models developed for the 

. AllnGaP high brightness devices. The overriding cost factor is overhead: occupancy, 
depreciation, maintenance materials, expensed equipment, indirect labor, and direct labor 
payroll tax and benefits. Direct costs for materials and labor play a relatively small part. 
Lamp cost ultimately is driven by (1) process yields (epi, wafer fab, die fab, and 
assembly), (2) die size (influences the number of die per wafer; important since a wafer is 
the primary unit processed through the majority of the high costing steps), and (3) volume -
the greater the volume the lower the cost since the relatively fixed overhead costs are spread 
thinner and thinner with increasing volume. 
SDL, Inc., is the largest dollar volume manufacturer of semiconductor lasers worldwide. 
The facilities of SOL are vertically integrated containing a complete semiconductor laser 
diode fabrication facility, opto-mechanical packaging facility and global marketing. The 
semiconductor lasers developed within the framework of this proposal wilJ rapidly exploit 
existing high-end markets, where a high unit cost can be tolerated, followed by penetration 
into mass consumer marketplaces where the laser unit cost must be on the order of a few 
dollars for a read blue laser diode and -$1~100 for a higher-power single-mode readlwrite 
laser. 
For the semiconductor laser diode, the most immediate market is the replacement of the Ar 
ion gas laser. The Ar laser is used at the S-25 mW output power level. The market for these 
lasers, selling at $3.SK each, is approximately 12,000 units per year giving a total revenue 
for this market of $42M. The second market is biotechnology, where blue lasers are used 
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for cell sorting and DNA sequencing. This market is price sensitive, however, at the laser . 
unit price of $1 K, the biotech market will be expanded by an additional 40,000 units per I } 
year. Thus, immediate replacement markets represent yearly revenue of approximately 
$80M. 
In the longer term, three broad markets are available; printing, optical storage, and 
displays. The projected market for optical printing is shown in Table 1. All dollar figures 
are for constant 1993 dollars, i.e., zero inflation. 
Tabl 1 Th k fi . al . . e . e mar et or optJ.c pnntmg. 
Year 1993 1998 2003 2008 2013 

Units (Millions of Units) 3.6 7.2 11.6 16.3 20.8 

Revenue (Billions of Dollars) 3.3 5.1 8.2 11.5 14.8 

Although many comparues sell laser pnnters the vast majority of low-end printers use the 
Canon engine, with an OEM price of $75. The price of the complete laser printer is likely to 
decrease slowly from a current average printer price of $920 to an average printer price of 
$710 in the year 2013. The cost of the laser diode source will at maximum represent 10% 
of the engine price, thus, the printing market will likely require laser diodes in the price 
range of $5. Furthermore, blue laser diodes will be a minority of the lasers used for 
printing; potentially capturing 10% of the market. Based upon unit sales of3.6 million in 
1993 increasing to 20.8 million in 2013, the total potential market for blue laser diodes in 
printing is currently $1.8M and increases to $10.8M in 2013. 
In the high-end printing market, the laser is not such a price-sensitive element. According 
to detailed market studies of general office usage, the xerographic marks on paper industry 
in the US had a value of $48B in 1990 and is expected in increase to about $125B in the 
year 2000. With the advent of high speed xerographic engines an increasing fraction of the 
much larger print shop market will be captured. The blue diode lasers made available in this 
program will complement the red and IR lasers already used in laser printing systems. The 
immediate impact will be to allow the use .of more stable photoreceptors for high speed 
printing. 
The optical storage industry represents a much larger market. Data storage, both magnetic 
and optical, represented a $24B market in 1992. Currently. CD-ROM is the most visible 
optical storage device. The CD-ROM uses low-power 780 nm laser diodes. Because the 
packing density of optical storage varies as the reciprocal of the wavelength squared, 
moving the wavelength to UV wavelengths dramatically increases the capacity of the CD­
ROM system. 
Table 2. Worldwide Optical Memory Market 
Year 1993 1998 2003 2008 2013 

CD· ROM 
Units (Million) 2.5 8.0 8.0 3.0 2.0 
Revenues($ Billion) 1.0 2.4 2.0 0.6 0.4 
Read/Write 
Units (Million) 0.5 3.5 8.8 16.9 26.8 
Revenues($ Billion) 1.0 3.9 8.7 15.4 24.2 

... 
Due to the development of optical data storage systems that feature read/write capabilities. 
CD-ROM market will peak at approximately $2.4B and subsequently decrease. The market 
for read/write optical systems is $LOB and increases to $24.2B in 2013. The pricing of the 
read/write data storage system is -$1000 dollars/unit. Of the system total price, -$100 will 
be directed to the. read/write engine. The blue LD will require an output power of -10 m W 
for writing and a power of -1 m W CW for reading. In volume, the laser price can only 
represent -10% of the total cost of the read/write unit, or about $10 dollars/laser diode. 
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Thus, the blue laser diode market is currently $5.1M and will increase rapidly to $0.27B in 
the year 2013. The comparison of the CD-ROM and read/write market is shown in Table 2. 
It should be stressed that although most laser printing applications can be envisioned 
without the fabrication of the blue laser diode, optical s~orage is absolutely reliant upon the 
blue or UV laser. The alternatives to the LD include frequency-doubled high-power . 
semiconductor LDs or semiconductor pumped upconversion lasers. The complexity of the 
frequency-doubled source virtually insures pricing incompatible with consumer markets. 
Although interesting, the upconversion laser is expensive, extremely fragile, and requires 
external components for modulation, three attributes that the consumer market will not 
tolerate. Thus, for consumer-oriented optical memories, the blue LD is an enabling 
technology. The fabrication of a blue LD will exclude other blue sources from the 
marketplace in optical storage. The last market that should be considered is simple 
illumination. The efficiency of red, orange and yellow LED lamps now exceed that of 
common tungsten lamps. Highly efficient green and blue emitters will make feasible 
efficient semiconductor light sources. 
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Summary: Milestones 1 and 2 are completed. Milestone 6 is 
partially completed. 

Milestone #1 (UT), Milestone Complete 

UT Austin 
• Prepared by: Russ Dupuis, UT Austin 
• Milestone #1: Complete plans and piping for installation of Emcore HT ''D" reactor 

system. 

• Summary: 
1. We have completed the installation of the EMCORE 0125 Nitride reactor. including 

connection of the electrical power, cooling water. process gas lines hydrogen line, toxic 
· gas monitors, exhaust, etc. 

2. We has sent samples of AIGaN/sapphire to Dr. Fernando Ponce of Xerox PARC for 
analysis. 

3. We have installed a SiH4 gas line for n-type doping of the EMCORE GS3200 existing 
reactor. 

4. We have initiated further studies of undoped and doped GaN/Sapphire fums. 

Milestone #2 (ATM, AXT), Milestone Complete. 

ATM, Inc. 
• Prepared by: Mike Tischler. A TM 
• Milestone #2: Complete plans and facilities for reactor for GuN growth 

• Summarv: 
The program .. to date is ahead of schedule. Our objectives were to complete the plans and 
facilities for the GaN reactor. The reactor is virtually completely constructed at this point. 
This includes a vented reactor cabinet. the plumbing for all gases and exhaust. the heating 
system, quartzware and valve control electronics. Safety features built into the reactor 
include automatic shutdown upon detection of hydrogen. overpressure of the reactor, loss 
of carrier gas or loss of compressed air. All facilities including electricity. compressed air. 
process gases. cabinet and process exhaust have been hooked up. TI1e process exhaust is 
scrubbed using an A TMI/EcoSys dry scrubber. 
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Plans for Forthcoming Reporting Period 
In the next reporting period we will focus on bringing the reactor on line. This will include 
leak checking and temperature profiling . 

. ..:..: __ :.__._-__ . - AX T 
• Prepared by: Heikki Helava. AXT 
• Milestone #2: Establish detailed program plan and schedule with HPRCI(.;NIPRESS 
• Summary: 
Gantt Chart included with repo~ however. it is subject to revision. AXT has initiated the 
effon for bulk crystal growth which is required under the Blue Band Program. Discussions 
and negotiations have been carried out with the High Pressure Research Center (HPRC. 
also called UNIPRESS) to establish the effort required to meet the deliverables objectives 
of the program. A subcontract has been established with HPRC by AXT and HPRC has 
delivered a program plan and the first samples of bulk single crystal GaN to AXT. 

Milestone #6 (AXT, ATM, BU), Milestone Partially Complete. 

AXT 
• Prepared by: Heikki Helava. AXT 
• Description: BB.4 #6 Deliver 2 mm scale GaN single crystal substrates to the 

consortium for study 
• Summary: 
Completed. Sample and micrograph delivered to Noble Johnson at Xerox-PARC 6/12195. 
The 2 rmn scale GaN samples which were delivered to AXT cover a range of growth 
modes of the crystal r:lnging from rod-like strucrures to smooth platelets. One platelet (SN 
0065. copy of micrograph included with this repon), as per AXTs SOW. with a smooth 
surface was delivered to XEROX-PARC for characterization. Accordine to HPRC's 
characterization. the smooth face is atomically flat and epi-ready; how~ver. the samples 
need cleaning lllld HPRC has not been able to establish entirely s:nisfactery cleaning 
procedures. The other face of the sample and both faces of very large crystals grow in 20-
40 angstrom stl!ps. In ord~r to utilize these crystals as substrates for ~!pi-growth surface 
preparation will be necessary. 
AXr is exploring the ductile diu.mond grinding of ultra-hard materials with Horizon 
Technology Group and NIST. AXT is also examining the laser polishing of GaN surfaces 
using excimer lasers. We plan to submit one sample to LPL. Inc. or Lambda-Physik to 
explore the energy requirements for laser processing GaN. Results from these tests will be 
reported in subsequent periods. 
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Technical Summary 

• All milestones of Quarter One have been met. 

• The Blue Band gave a kick-off presentation at Big Sky '95, copy of presentation included. 

Milestone Report: 

Milestone 3. 

• Emcore reactor installed and operational 

Hewlett-Packard 

The Emcore 3300 GaN MOCVD reactor (SIN 5182) installation was completed 25 January 

1995 and the initial acceptance growth runs were begun 6 February 1995. Early hardware 

problems were corrected, and the reactor acceptance was 



completed on 8 March 1995. Over 150 growth runs have been performed in this reactQr to 

date, investigating the effect of process variables such as GaN growth pressure 55-200 Torr), 

temperature 1020-1055°C). susceptor rotation (500-1000 rpm) and process gas flow rates 

(TMG, SiH
4 

NH
3 

and H
2
). 

Both GaN and AIN buffer layers have been investigated. It was determined that the best 

electron mobilities in n-type GaN fllms were achieved for those grown on GaN buffer layers 

21 nm thick, with significant reductions in mobility as one moves away from the optimum 

thickness. The mobility of n-type GaN grown on AIN buffer layers is much less sensitive to 

buffer layer thickness, but has lower peak mobility than those grown on GaN buffer layers. 

• Studies of SL Buffer Layers 

University or Texas at Austin 

Studies of SL buffer layers have been initiated. We have been working on superlattices 
constructed of AIN and GaN thin layers grown on (0001) Al

2
0

3 
substrates. Our first efforts 

are still being characterized at this time. 

• Deliver GaN/AI203 and GaN/SiC to Xerox SDL, Inc. 

• 

SDL. Inc. has sent GaN grown on AI 0 and SiC to Xerox for characterization. The sample 
. 2 ~ 

of GaN/~03 will be discussed in detail within this milestone summary. The results of the 

GaN/SiC characterization will be discussed in Milestone 7 of the next quarterly report. 

Structural Characterization of GaN/AI
2 
0

3 

Xerox 

The role of the substrate interface is critical for heteroepitaxy. The atomic arrangement at the 

interface between the substrate and the thin film determines the structural characteristics of 

the epilayer. One of the first activities in our research on ill-V nitrides for blue laser diodes 

has been in the understanding of the crystalline structure in the region next to the substrate. 

GaN thin films have been studied using cross-section TEM. The films were grown by metal 

organic chemical vapor deposition on (0001) Al203 substrates, using the well established 

approach of growth of buffer layers at low temperatures (520 to 550°C). followed by growth 

of the GaN epilayer at high temperatures (1020 to 1050°C). The most commonly used buffer 

layers are AIN and GaN. In this portion of the report we present the results we have obtained 

about the crystalline structure associated with growth using AIN and GaN buffer layers. No 

intentional doping was introduced. 

2 



A Epitaxy of GaN using AIN buffer layers 

These films were grown at SDL using TMGa, TMAI, and ammonia as sources. The film 

exhibited good crystalline and electronic properties, with x-ray diffraction rocking curves full 

width at half-maximum (FWHM) between 4 and 5 arcmin, and room-temperature electron 

concentrations at about 5xl01s cm-3• 

A lattice image of the AIN./ Al
2 
0 

3 
interface is shown in Fig. 1. The sapphire lattice is viewed 

in the <1-100> projection, with the basal (0006) plane and the (11-20) type planes appearing 

in horizontal and vertical projections, respectively. The buffer layer and the AIGaN film are 

observed in their <11-20> projection, where the horizontal corresponds to the basal (0002) 
planes and the vertical tO the { 1-100} type planes. A schematic diagram of the A.IN/ A1

2 
0 

3 
is 

shown in Fig. 2, where proportional projections of the lattices indicate the relative 

arrangement of the atomic species viewed in Fig. 1. Fig. 3 shows the atomic arrangement of 

the (0006) and (0002) basal planes of sapphire and AIN, respectively. A configuration 

satisfying the valence requirements is shown in Fig. 4. This cpnfiguration, where an 

aluminum atom is bonded to three oxygen atoms in the lower atomic layer, and to two 

nitrogen atoms in the upper layer, would give rise to a coherent, neutral interface. However, 

AlN grows in the direction of the basal planes, and instead of a two bonds to N in the vertical 

direction, it either has one or three depending on whether growth is in the polar (000·1) or 

(0001) directions, corresponding to growth with Al or N on top of the basal plane. 

respectively. In the following analysis we consider the implications of the· two polar 

orientations. on the observed high resolution images. 

3 



Figure 1: Cross section, TEM, lattice image of the substrate 
region of a GaAIN/ AIN/ Al

2 
0 thin film showing the atomic 

arrangement at the respective ~nterfaces. 



GOlrnen 
~---;.....~l---1~-· .AIUIIllltWft 

OM~ 

<11 ·20> AIN/ <1·100>S•pphlre 

Figure 2. The atomic arrangement of the (a) Al
2
0

3 
and (c) AIN lattice strucrures projected onto 

the basal plane. The bonding configuration between aluminum and the adjacent neighbors is 
viewed in direction normal to basal plane in (b) Al.,O, and (d) AIN. 
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(a) (b) 

(c) (d) 

Figure 3 the atomic arrangement of the (a) Al
2 
0 

3 
and (C) AIN lattice structures projected onto 

the basal plane. The bonding configuration between aluminum and the adjacent neighbors is 
viewed in direction normal to basal plane in (b) AI 0 and (d) AIN. 

Nitrogen 

(a) (b) 



Figure 4. Atomic bonding configuration of Aluminum between its oxide and its nitride. 
satisfying the covalent bonding requirements. 

Figure 5 shows two different projections of the same region of the AIN/ A~03 interface. 

These are the same projections depicted in Fig. 2, and are obtained by rotating the specimen 

30 degrees about the c-axis. The symmetry of the spots observed in these two projections 

indicates that the atomic sites are represented .by bright regions o.f the image. For AIN. each 

bright spot corresponds to an Al-N pair in the [01-10] projection, and a bright line (spots are 

not always resolved) in the 11-20 projection. 

Figure 5. Lattice images of the AINt A~O, interface taken in the (a) '[Ol-10] and (b) [11-20] 
projections of the so.me interface region." · 

Figure 6 shows the atomic arrangement exp~cted for the two possible polarities discussed 

above. In model A, AI occupies the top position in the AIN lattice. Interatomic separations of 

the Al-N and the Al-0 bonds are used in these diagrams. TI1e interplanar separations in the c­

axis direction is plott~d in Figure 6. A comparison of the two models and the experimental 

values, as shown in Figure 7, indicates that Model B is most likely associated with our 

7 



observations. This means that the AIN ftlm has grown with N at the top position of the basal 

plane. It must be noted that the polarity of growth is determined ·in the solid-phase 

crystallization process. 

Mode11 

{0001) 

AIH 

JOQitJ 

(t1001 

Goaygeft 
eAJumlnuM 

ONhroteft 

Figure 6. Two possible models of the AJN/ Al
2 
0 

3 
interface. The AlN film in model A is in the 

(0001) orientation with A1 on the top of the basal plane, and in model B in the (000-1) 
orientation with N on the top of the basal plane. 
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Figure 7. Interplanar separation across the Al 0 lAIN interface. 

Milestone 4 

• Initiate studies of lnGaN growth in "B" reactor. 

University of Texas at Austin 

Milestone 5 

We have initiated studies of InGaN growth in B reactor. Thin fllms of InGaN 
have been grown by MOCVD on GaN buffer layers grown on (0001) Al

2
0

3
• 

These films have been examined by X-ray diffraction rocking curve 

measurements. A FWHM value as low as 145 arc sec have been measured for 

an InGaN fllm -0.1 micron thick. 

• Metal Contacts for n-type GaN Films 

Hewlett-Packard, SDL 

Both institutions have verified that Tli AI as a core technology works well for n·type GaN. 

The literature shows that the best metal contact for n-type GaN is 20 nm of TI followed by a 

thick Allayer for good wire bonding yield. We deposited evaporated Ti/Al films through 

9 



resistance-heated boat evaporation. The Til AI n-type contacts were tested on n-type GaN 

samples with two different doping levels, 3.0xl011/cm3 and 1.2xl019/cm3
• Wafer dot-to-dot I­

V curves are attached for the as-deposited metal contacts, as well as after annealing at 400, 

500 and 600°C for one minute, and after annealing at 600°C for five minutes. All of the 

annealing experiments were performed in a Heatpulse 210 rapid thennal annealer 

manufactured by AG Associates. 

All of the films made ohmic contacts to the highly doped Si:GaN wafer. with lower 

resistance seen for increaingly more intense anneal conditions, as expected. It was not 

possible to make ohmic contact to the 3.0xl011/cm3 Si:GaN film prior to annealing. The 

evaporated Tv Al contact gave the lowest resistance, followed by the sputtered TiW I Al.. 
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Contact resistance was measured by a standard TLM technique. We used 2.5 mm thick GaN 

film on sapphire substrate. Electron concentration in the fllm was n = 1010
11 

em -l and 

mobility m = 180 cm
2 

V-
1 

s-
1
• Pairs of rectangular contact pads 250 mm by 100 mm with the 

spacing between pads varying in the nominal range of 5-25 mm were patterned by a lift-off 

procedure. A titanium layer with a thickness of 40 nm was ftrst deposited by RF sputtering in 

Ar at the pressure of 10-
3 

Torr followed by aluminum layer 200 run thick deposited by 

thennal evaporation. After the lift-off procedure, contacts were annealed in an RTA in an 

argon/hydrogen atmosphere. An annealing cycle consisted of the 30 second temperature 

ramp to 650°C, 30 second hold at this temperature and 1 min cooling to the room 

temperature. An actual spacing between contact pads after annealing was measured in a 

11 



scanning electron microscope. A typical dependence of the resistance between pads on the 

spacing for TlfAl contacts annealed at 650°C is shown in Figure 9. An extrapolation to zero 

spacing gives a resistance value of 0.7W. which in tum yields a value. of 8010.
5
Wcm

3 
for a 

specific contact resistance. An annealing at higher temperature (up to 850°C) did not result in 

significantly lower values of the specific resistance. 

R,Q 

Pad area a = 2.5- 1 o·4cm2 

5 10 15 20 25 
spacing, J.l.m 

Figure 9 

• Deliver GaN with n-type impurities to Xerox for materials characterization. 

SDL,HP 

Both SDL and HP have delivered n-type (Si-doped) samples to Xerox for analysis. The 

analysis of these materials follows. 
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Initiate Electrical Characterization orGaN 

Xerox 

l . 

We have initiated electrical characterization of GaN thin ftlms grown on sapphire c-plane 

subtrates. The variable temperature Hall effect measurement is a well-established and 

suitable tool to study the electronic properties of impurities or native defects, investigate 

scattering mechanisms that limit the carrier mobility, and determine the concentration of 

compensating centers present in the GaN epi layers. This information is essential for the 

growth of electronic-grade material that can be used in light emitting diodes (LEDs) or laser 

diodes(LDs). 

The Hall effect measurements were enabled by using a Vander Pauw geometry for the 

Ohmic contacts. The contacts were fabricated by vacuum deposition of fust Ti (200A) and 

then Au (2000A) in the four comers of 5 x 5 mm
2 

samples. These contacts exhibited Ohmic 

current-voltage characteristic over the entire temperature range of the Hall effect · 

measurements (80K - 500K). 

For n-type films~ the Hall effect data result in electron concentrations (Hall scattering factor 

is assumed to be of unity value) and electron Hall mobilities as functions of the sample 

temperature. With this data, activation energies for donors, their concentration and the 

concentration of the compensation can be estimated. 

The samples investigated are listed in Table I: 
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In addition to the Hall measurements. some samples were also characterized by room 

temperature (2K) photoluminescence (PL) spectroscopy. PL measurements reveal the 

presence of electronic states in the bandgap of semiconductors which may act as efficient 

recombination centers in LEDs or LDs. These electronic states may be useful in LEDs but 

need to be eliminated in l.Ds. In both cases characterization of these levels and the relation of 

their appearance to growth conditions is extremely important 

A. Hall effect results 

Hall effect data obtained from unintentionally doped, n-type GaN films are presented in 

Figure 1 (# 5033la) and 11 (*B938N). Figures lOa and lla show electron concentrations as a 
function of the temperature. The solid squares refer to the experimental data while the solid 

lines are results of fitting the charge neutrality equation to the experimental data. The fits 

show evidence of the presence of two independent donors in both samples. The activation 

energies for the donors. their concentration and the concentration of compensating acceptors 

are summarized in Table ll. 

Figure lOb and llb show the mobility measured with Hall effect as a function of sample 

temperature. The mobility at room temperature (300K) is 568 cm
2
Ns and 
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Figure 10: Electron concentration vs reciprocal temperature (a) and electron mobility vs 
temperature (b) measured with Hall effect from an unintentionally doped GaN fllm. The solid 
squares refer to the experimental data. The solid line in Figure 1 OA results from a fit of the 
charge neutrality equation to the experimental data. 
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Fi.:ure 11: Electron concentration vs reciprocal temperature (a) and electron mobility vs 
temperature (b) measured with ball effect from an unintentionally doped GaN film. The solid 
squares refer to the experimental data. The solid line in Figure lla results from a fit of the 
charge neutrality equation to the experimental data. 

410 em 
1
Vs and the maximum mobility is 950 cm

1
Ns at lSOK and 776 cm

2
N s at 150 K for 

sample I 5033la and I B938N, respectively. 

In Figure 12, similar results as in Figure 10 and 11 are shown for a GaN sample (4H9) which 

was intentionally doped with Si. The electron mobilities measured in this sample are 501 

cm
2
Ns and 764 cm

2
Ns at room temperature and at 160 K, respectively. Results obtained 

· with the fit of the charge neutrality equation to the experimental n vs. Iff data for sample I 

19 are also surrunarized in Table IT. 

16 



Table IT lists activation energies and concentrations of donors and compensation evaluated 

from variable temperature Hall effect measurements of the GaN samples available in the time 

period of this report. In addition, room temperature and maximum electron mobilities are 

shown. The data show the presence of a shallow donor with an activation energy - 15 me V 

to be present in all the OaN samples. This donor is likely to be the "autodoping" center that is 

responsible for the n-type conductivity of unintentionally doped GaN ftlms. Its chemical or 

structural nature is still unknown but Si, 0 or nitrogen vacancies are likely candidates. 

a) Temperature (K) b) 

1018 500 200 100 104 "I 

n-type GaN (undoped) 

~ 
#SOL B938N 

e -0 
0 ~ -c E 
:8 (,) -t! ~ -c 

1017 - . Q) :0 CJ 0 

A. c 
~ 0 

0 c 
c e • e - • 0 

' u· g • J! w • w ' ' 1016 102 .~ 1 I I I ,_l_ 

2 4 6 8 '1 0 12 101 102 103 
1000 IT (1/K) Temperature (K) 

Figure ll: Electron concentration vs reciprocal temperature (a) and electron mobility vs 
temperature (b) measured with Hall effect from a Si-doped GaN film. The solid squares refer to 
the experimental data. The solid line in Figure 12a results from a fit of the charge neutrality 
equation to the experimental data. 
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There is also evidence of a second donor species in the investigated GaN fllms. films grown 

at SDL show a second donor with an activation energy of -90 meV, while sample grown in 

the EMCORE reactor(# 15. # 19) at HP exhibits a second donor with an activation energy of 

-30 me V. Sample # 50331 a which was also grown at HP but in a horizontal MOCVD reactor 

shows evidence of a deep donor level with an activation energy of -400 meV. These second 

donor levels are likely to be related to impurities. 

Table ll. A summa of test results. 
1 2 N2 Ncomp 

(em ·3) (me V) (em ·3) (em ·
3

) 

1.6xl0 
l.lxlO 
2.0xl0 
2.9x10 8x10 

B. Pl spectroscopy 

m( 
2 

(em Ns) 

Three of the samples listed in Table I(# 15, # 19, and# 50331a) were characterized with 

room temperature and low temperature (2 K) PL spectroscopy. As an example a PL spectrum 

taken at 2 K from sample# 50331a is shown in Figure 13. The PL was excited with the 325 

nm line of a HeCd laser and the spectra were recorded in the wavelength range from 300 nm 

to 750 nm. The spectra shown in 
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Figure 13: PL spectrum taken at 2K from an unintentionally doped GaN film. The PL lines are 
identifted by labels. 

Figure 13 exhibits a narrow peak at 357 nm (3.476 eV) which is related to the recombination 

of a donor-bound exciton. The full width at half maximum of this line is 2.4 meV. This 

narrow line width of the BE exciton lines is evidence for the high crystalline quality of fllm # 

50336a. The spectrum also exhibits recombination between shallow donor and acceptor 

levels (zero phonon lines at 379 nm and 382.4 nm) and the yellow luminescence band 

centered at - 550 run. 

• Theoretically Investigate Native Defects in GaN 

Xerox 

Defect levels and formation energies of native defects are important to understand the doping 

properties of GaN. We have used state-of-the-art total energy methods to calculate fonnation 

energies, atomic geometry, and electronic structure of all native defects for all relevant 

charge states. The calculations employ density-functional theory and soft Troullier-Martins 
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pseudopotentials which take the Ga 3d electrons explicitly into account. Atomic relaxation 

was fully taken into account. Details of the method can be found in Ref. [l]. 

The calculations we~ perfonned both forGaN in the wunzite structure (which is the stable 

phase for bulk GaN) and for GaN in the zincblende structure (which can be stabilized in 

epitaxial growth). Our results show nearly equivalent formation energies and only minor 

differences in the defect levels indicating very similar defect properties in both structures. 

The main difference is a small splitting of the p-like defect states in the wurtzite structure 

caused by the reduced symmetry of the wurtzite structure. 

¥99 • 0· CD 
eeoo • • • • 000 0 • 8 

• • Jir ~ VB 
• • 

Vo. VH Ga. N, Gate Nea 

~-a- m&..na~ aaa.at. 

Figure 14: Schematic representation of the defect levels in GaN. The occupations are shown for . 
the neutral charge state, filled circles indicate electrons, open circles indicate holes. 

Figure 14 shows the positions of the defect levels for the neutral charge state. From these 

results we can immediately classify the defects into donors, acceptors, and amphoteric 

defects. The nitrogen vacancy and the gallium antisite are donors, the gallium vacancy an 

acceptor and the nitrogen interstitial and both antisites are amphoteric. 
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Figure 15: Defect fonnation energy as a function of the Fermi energy for vacancies (solid lines), 
antisites (long-dashed lines), and interstitials (dashed lines). Ga rich conditions (left) and N-rich 
conditions (right) are assumed. 

We have further calculated the fonnation energy (as function of the Fermi energy and of the 

chemical potential) for all native defects. The results are displayed in Fig. 15 for both Ga-rich 

conditions (which appear to be common in experimental growth conditions) and N-rich 

conditions. The most striking feature is the high formation energy of the self-interstitials and 

antisite defects. The defects with the lowest formation energy are the vacancies: under p-type 

conditions the nitrogen vacancy has a very low formation energy, while under n-type 

conditions the Ga vacancy has a low energy. 

The kinks in the formation energy are caused by a change in the defect charge state; 

increasing the Fenni level makes charge states with a higher filling more favorable. Both the 

sign and the value of the slope identify the charge state: a positive slope indicates a positive 

charge state, a negative slope a negative charge state. The position of the Fermi level at 

which the slope changes, i.e .• the position of the kink. identifies the transition level. 

These results also shed light on the issue of whether the nitrogen vacancy is the source of the 

n-type conductivity typically observed in as-grown GaN. Under n-type condition the 

formation energy of the nitrogen vacancy is quite high. In thermodynamic equilibrium, the 
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concentration of nitrogen vacancies should therefore be quite low. and they should not be 

responsible for the n-type conductivity. However, we note that the nitrogen vacancy in p-type 

material and the gallium vacancy in n-type material may act as compensating centers. 

Milestone 6 

• Development of undoped GaN films on 6H-SiC, introduce n and p dopants. Deliver to 

Xerox. 

Boston University 

!Introduction 

Boston University's responsibility within the consortium is to investigate the effect of 

substrate type and quality upon the growth of AIGainN. During the itrst quarter we 

investigated the growth and doping of GaN on 6H-SiC substrates. Some work was also 
initiated on the growth of GaN on ~ingle crystal ZnO substrates, however this work will be 
discussed in a later report. 

DGrowtb ofGaN on 6H-Sic 

The substrates used in this study were purchased from CREE Research and are research 

grade heavily doped n-type. 

a) cleaning procedures: 

The substrate were first degreased. subjected to the RCA etching procedure and 

passivated by immersing them in buffered HF. This cleaning procedure led to surfaces 

which give excellent RHEED diffraction patterns (with good Kikuchi lines). We 

therefore found that the recommended in-situ- cleaning procedure involving H2 plasma 

may not be necessary. 

b) Growth of undoped GaN on 6H-SiC 

A number of GaN filins were grown on 6H-SiC. Some of the films were grown with a 

low temperature AIN buffer while others were grown without any buffer. 

i) Properties of films 6H-SiC/ AIN/GaN · 

- XRD studies indicate that the FWHM of about lm thick films is about 17-18 min. 
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Hall effect measurements indicate that the films are n-type with carrier 

concentration varying from 1019 to 1021 cm·3 and electron mobilities from. 200 to 10 
cm2 v·t s·' respectively and resistivity of 10 ""ohm cm·l. Thus these fllms appear to 

be excellent n-type doped for device development However. these measurements 

assumed that the AIN buffer is an insulator and isolates the contribution from the 

substrate. We intend to do funh~r measurements to verify this supposition. 

- Typical room temperature photoluminescence data for such ftlms are shown in 
figure 16. These data indicate that most of the recombination occurs across the gap 

(3.40 eV) and some photoluminescence through centers in the gap. 

- SEM surface morphology of such m.ms reveal roughness of approximately 1000 A. 

ii) Properties of films 6H-SiC/GaN 
- XRD studies indicate that the FWHM of about 0.5 mm thick films is 9 min. 

However this should be considered as the upper limit since the resolution of our 

graphite monochrometer is 9 min. 

- Hall effect measurements on these samples could not be performed due to the 

direct contact with the conducting substrate. 
- typical photoluminescence at 78 K for such samples are shown in figure 7. The 

recombination occurs across the gap (3.45 eV). The peak at 2.70 eV is due to 
luminescence from the SiC substrate. 

- SEM surface morphology of such films indicates ·atomically smooth films. 

Furthermore the RHEED studies of such films indicate 2x3 surface reconstruction. 
In conclusion it appears from these studies that the low temperature AIN buffer when one 

grown on 6H-SiC may not be necessary since films grown without such a buffer appear to 

have superior structural and electronic properties. 

c) Growth of p-type GaN films on 6H-SiC 

The GaN films were doped p-type by coevaponiting Mg during the growth of the fllms. 

All p-type films were grown directly on the 6H-SiC without an AIN orGaN buffer. 

- The conductivity type on these fllms was confinned by the hot probe method. 

XRD data indicate that the FWHM of the rocking. curve of such films is larger (15 
min.) from the ondoped fllms. 

Photoluminescence spectra fro a Mg doped is shown in figure 18. The recombination 

is dominated by D-A transitions at -3.20 eV. 

SEM surface morphology is atomically smooth. 

d) Growth of n-type GaN films on 6H-SiC 

XRD of heavily Si-doped GaN film is 16 min. 
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Hall effect measurements could not be performed since both the film and the 

substrate are heavily do~ n-type. 

- Photoluminescence measurements for this is shown in figure 19. These data indicate 

both transitions across the gap 3.46 eV as well as D-A recombinations. We propose 

that part of the Si may have incorporated into N2 sites due to the amfoteric nature of 

Si -impurity. 

SEM studies show atomically smooth surfaces. 

ill Deliyerables 

1) One uodoped GaN film (GaN304) grown on 6H-SiC and one undoped GaN fllm 

(GaN298) grown on sapphire (0001) were delivered to Xerox on July 6, 1995. (See letter to 

Noble Johnson). These two samples will be used for electron microscopy studies. 2) One p­

type Mg doped and one o-type Si-doped films grown on 6H-SiC substrates are being 

delivered to Xerox simultaneously with this report. 
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Figure 16 Room Temperature Photoluminescense of GaN Grown on 6HSiC with AIN buffer. 
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Figure 17 Photoluminescence of GaN Grown SiC without AIN Buffer. 
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27 



Hoston University 

c:our,. ollll~ 
44 01-'nre SlttQ 
lol-. t.-.da-01115 
61713Sl·llll • 

. 
"r 

Dr. N.M. Johnson 
x~o~ 
Palo Alto R.esc~h C~nttr 
Po.lo ·"ItO. CA 943~ 

Dear Noble. 

l. Ga.~·304 Jrown on 6H-SiC · 
!. G~'f·29! ifOWU on C-plme sayphlR 

July 6, 1995 

Also. my stut!tnt R. Sin~h has sent tWQ samples of Ga.\; ~town on Z.OO ~ubsu:u~s. 

l. Gi1...'\.J06 grown on C·plar.e Z..O 
2. Qa.'-;-306 ~rown on Prism plane of 2n0 

Wtt. olso sent phocoluminescence &ta of these lwo so.mples pert'ormtd with a. H>!·Cd I~ 
ac li~uid niLroJen as well as th!! photoluminescence spectrum oJ' the ZnO subslrll~ . Thtt. photoh:· 
miMsc~ nt:c: dnt~ of t!'l~ G:~=' in<iie:ltes ~broad pc:Uc at 3. 17~V consist~nt with dopin~ of lhe :ll:.:s 
with Zn. tThes~ lhre:: graphs art: attach~d ior ~our revitw) 

Sincerely )'OW'S. 

T.O. }1ousW:a.s 

Letter to Noble Johnson 
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• Characterization or Reactor for GaN growth 

Advanced Technology Materials 

The GaN reactor is now fully constructed. The entire system, including supply lines, gas 

manifold and reactor have been leakchecked. The temperature proflle has been measured and 

initial growths will take place in the next reporting period. 

• Deliver l mm scale GaN single--crystal substrates to consortium for study. 

America Xtal Technology 

Tile mm scale GaN samples which were delivered to AXT cover a raJ:tge of gro~ modes of 

the crystal ranging from rod-like structures to smooth platelets. One platelet (SN 0065), as 

per AXT's SOW, with a smooth surface was delivered to XEROX-PARC for 

characterization, the smooth face is atomically flat and epi-ready; however, the sample 

probably needs cleaning and HPRC has not been able to establish entirely satisfactory 

cleaning procedures. The other face of the sample grows in 20-40 angstrom steps and is not 

suitable for epi growth. 

At a meeting with XEROX on 19 July 1995, XEROX showed data on PL and CL spectra of 

the sample as well as photo-micrographs of the sample. XEROX plans to use a proprietary 

technique for polishing the sample prior to growing MOCVD epi on it. 

AXT has initiated a purchase order for ductile diamond grinding of ultra-hard materials with 

Horizon Technology Group. Work at NIST bas produced <6 nM surface finish with hard 

diamond wheels on sapphire and silicon nitride. Hard wheels with precision grinding 

equipment are not practical for volume production. fiTG will polish sapphire samples with 

loose diamond grit and various laps to verify the lap requirements for ductile grinding of 

ultra-hard materials. Preliminary tests show that loose diamond can ductile-grind ultra-hard 

materials. 

References: 
[1] R. Stumpf and M. Scheffler, Comp. Phys. Commun. 79,447 (1994). 
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Summary: Milestones 7-11 have been completed. 

Milestone #7 (UT, HP, Xerox), Milestone Complete 

-• Milestone #7: UT: Complete installation of new Emcore HT "D" Reactor. 
Demonstrate GaN and AIGaN growth in D reactor. Deliver samples to Xerox. HP: 
Scanning PL operational. Whole wafer scans of member's GaN available. XE: 
Structural characterization of the GaN/SiC interface. 

• Summary: 

UT: The Emcore HT "D'' Reactor is now installed and is operational. It has been used to 
grow OaN and AIGaN films. Some of these films have been sent to HP for 
characterization. UT has · begun to study the growth of GaN in tbe new EMCORE '1)" 

reactor. ParameteiS for the growth of the buffer layer and the high-temperature layer have 
been varied. At this time. X-ray rocking curves with FWHM values of -700 arc sec have 
reproducible been obtained for lilms - 1.4 JU11 thick. AIGaN growth has been initiated. 
Samples have been sent to HP for characterization before sending them to Xerox for further 
analysis. 

HP: A room-temperature photoluminescence wafer mapping system has been designed and 
assembled which is able of rneasurin hundreds of points r wafer in under 10 



2 

channel detector. The software is designed to calculate the peak wavelength and emitted 
"power'' (actually integrated area under the PL spectrum) at each point, and provides output 
in the form of color-coded and automatically scaled contour plots. Examples of the peak 
wavelength and PL "power" maps for an InGaN layer are shown in Figures 1 and 2 below. 

Figure 1: PL peak wanlength map of loGaN test wafer. 

Distribution authorized to U.S. Government agencies only to protect infonnation not owned by the U.S. 
Government and protected by a contractor's .. limited rights" statement. or received with the understandiq that it 
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F'tpre 1: PL "power" map of haGaN tett wafer. 

Xerox: Electron Microscopy of the GaN/ AlN/SiC Epitaxy. The AIN/SiC interface has been 
studied using high resolution transmission electron microscopy. Cross section lattice 
images of the AlN/SiC interface have been analyzed to establish the connection between 
image contrast and the atomic positions in the lattice. Assuming atomically abrupt and 
planar AlN/SiC interfaces, four possible atomic bonding configurations are taken into 
account for SiC substrates with the (OOOl)Si orientation. Image simulations of these four 
interface models are compared with the experimental images. Considering variations at the 
interface of the image contrast. the basal-plane distance, and the projected charge density. it 
is shown that the C-Al and Si-N bonds are in agreement with the experimental images and 
are not distinguishable under our experimental conditions. The other two possiblilities. 
involving C-N and Si-Al bonds, are not consistent with our observations. 

There is much current in~t in the growth of epitaxial thin fllms of the group m nitrides. 
The bandgap of the A1GalnN system ranges from 1.89 to 6.2 eV at room temperature, 
extending from the red to the ultraviolet region of the electromagnetic spectnun. Recently. 
epitaxial thin films based on GaN have been successfully used in the fabrication of high 
efficiency light emitting diodes in the range between yellow and blue (Nakamura. 1995). 
This has been achieved by metalorganic chemical vapor deposition (MOCVD) of In1.xG~ 
thin films on sapphire substrates at temperatures above l000°C. The growth of these films 
requires the use of low temperature buffer layers, the most widely used being AlN {Amano 
et al, 1986) and GaN (Nakamur~ 1991). Transmission electron microscopy (1'EM) of 
actual high efficiency devices shows that GaN grown epitaxial.ly on sapphire contains a 
surprisingly high density of dislocations at the 1010 cm·2 level (Lester et al. 1995). On the 
other hand. high resolution TEM of the AIN/ Al203 interface shows that it can be relatively 
free of defects 



4 

Compound C-111 Sl.ff SK AI-N AI~ SI-Al 

~.~ 1.1. 1.71·1 ,,. , .. t.lt U0-2.U 

Sum of a-te rlldll 1.47 1.87 1.M U6 Z.Q) 2.4, 

in spite of the large lattice mismatch between both materials (Ponce, 1994). It is believed 
that lowering the defect density should improve the quality of the materials and provide 
improved device performance. From the point of view of lattice matching, a-6H SiC is 
thought to be an improvement over sapphire, and some significant progress has already 
been done in producing material approaching the perfonnance of epitaxy on sapphire (see 
e.g., Zubrilov et al., 1995). 

One of the key aspects in heteroepitaxy occurs at the interface between the film and the 
substrate, since it is there that the differences in crystalline structure and in chemical 
bonding between epilayer and substrate are resolved. The resulting atomic arrangement at 
the intetface will determine the degree of perfection of the epitaxial layer. The lattice 
structures . and lattice parameters of the film and the substrate play a significant role, 
especially in the case of coherent interfaces, where a periodic array of misfit dislocations is 
desired in order to retain the local coherency at the junction. In addition, the nature of the 
chemical bond at the interface will determine the atomic bonding coordination, and 
therefore the orientation and structural stability of the epilayer. 

The similarities between the lattice structures of a-6H SiC and the group ID nitrides provide 
a number of advantages. The 6H and wurtzite (2H) structures are tetrahedrally 
coordinated, with a nearest neighbor configuration similar to the zinc-blende structure. In 
particular, the lattice parameter of SiC is within 1% of the AlN value, and the values of the 
thermal expansion coefficient along the basal plane are nearly identical (See Table I). This 
close match at the basal planes is expected to facilitate the formation of highly coherent 
interfaces. The resulting atomic arrangement should determine the stable growth 
configurations as well as the polarity of growth of the AlN epilayer. 

The focus of the present paper is the determination of the atomic arrangement at the 
interface between AlN and SiC by high resolution transmission electron microscopy 
(HRTEM). Lattice images of the interface region~ taken at various defocus values. are 
used to det~;:rmine the specimen thickness and the objective lens defocus values. Assuming · 
atomically abrupt interfaces, the four possible interface atomic structures are considered. 
Calculated images corresponding to these atomic models are compared with the 

· experimental images. Two models involving C·N and Si-Al bonds are found to be 
inconsistent with the observations. Models involving Si-N and C-Al bonds are shown to 
be indistinguishable and consistent with the HRTEM observations. 

The epitaxial layers were grown by MOCVD on the Si-face of (0001) a-6H SiC, following 
the technique of Sasaki and Matsuoka (1988). An AlN buffer layer was first deposited, 
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followed by growth of GaN at 1 050°C. The microstructure of such films has been recently 
reported (Ponce, Krusor, et al, 1995). The specimen was oriented by x-ray diffraction and 
cut along bars for observation on the <11-20:> SiC projection. The specimens were 
mechanically thinned to about 20mm and subsequently ion milled with Ar+ at 4 kV to 
electron transparency. High resolution TEM was performed at the Atomic Resolution 
Microscope at Berkeley (operating at 800kV accelerating potential, C,= 2.0mm, Cc :::: 
l.Smm), with an instrumental point resolution of less than 1.5 A. Sample thickness was 
determined by linear extrapolation to the first extinction distance. Objective defocus values 
were obtained by callibrated increments from the Gaussian (minimum contrast) value. 
Image calculations were perfonned using the MacTempas simulation programs (Kilaas 
1995). 

fflrh resolution TEM q.ftht AIN/SiC Interfqce 

Figure 3 shows micrographs corresponding to a through-focus .. series of the AIN/SiC 
interface, taken at intervals of 12nm in the objective lens defocus(Df) values. These images 
indicate parallel epitaxy with [002]AIN /1[002]SiC, and [11-20]AlN// [11-20]SiC. A 
schematic diagram showing the atomic positions in this projection is shown in Fig. 4. 
Figure 3 shows a larger area micrograph for Df = -105nm from the same series as in Fig. 
1. The SiC lattice is viewed in the <11-20:> projection, with the basal (0006) and a { 1-
100} plane appearing in horizontal and vertical projections, respectively. The AJN layer is 
observed in its <11-20> projection, where the horizontal corresponds to the basal (0002) 
plane and the vertical to a { 1-100} plane. The respective interplanar separations are shown 
in Table 1. 

Measurements of the AlN lattice dimensions using the SiC as reference indicate no 
measurable strain present in the epitaxial layer. The position of the interface can be 
observed by noticing the change in the direction of the oblique planes. The position of the 
lattice spots in the SiC follows a zig-zag with a period of 6 basal planes (cf. the ball and 
stick model of the AIN/SiC interface in Fig. 2). In the AIN, the atomic positions have a 
period of 2 planes in the direction nonnal to the basal planes, a characteristic of the wurtzite 
structure. Thus, the 6H/2H interface is easily observed to be atomically abrupt and parallel 
to the basal planes. · 

The electron-optical parameters affecting the high resolution images were carefully 
determined following a method similar to the one described by Spence ( 1981 ). In Fig. 3. 
the increments in the defocus values are known from callibration of the electron microscope 
(performed by analysis of the diffuse scattering in an optical transform of an 
amotphous/crystalline interface). The absolute defocus value was detennined by 
observation of the minimum contrast value (Gaussian focus). The specimen thickness of 
the region in Fig. 3 was detennined by interpolation to the first extinction distance in a 
wedge sample to be around 8.5nm. In order to detennine the relatic:mship between the 
lattice images and the actual atomic structure, image simulations were performed for the 
range of possible electron optical parameters. The variation of the image characteristics 
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(e.g. location and shape of bright spots) in both AlN and SiC lattices is consistent with a 
spec~men thickness of 8.5 nn1. 

Fi&ure 3. Lattice lmacu in a throop-foc:aa series of the AIN/SiC 
baterfa~e. T1te defoc:u •aloes ue (a) -41.5am, (b) ·SSnm; (c) -67 .Sam, 
(d) -80nm, (e) ~92.5am, (f) ·105am, and (J) -117.5 am. 

Atomic bondine at abrupt-planar AIN/SiC inteifaces 

The detailed atomic arrangement at the interface, shown schematically in Fig. 4 with 
questions marks, is the subject of this article. For the silicon face of a (000 1) SiC 
substrate, there are four possible, atomically planar and abrupt, intelface bonding 
configurations as shown in Figure 6. Models A and C consists of Al·C and N-C bonds, 
respectively, which are oblique to the interface plane. The N-Si and Al-Si bonds in models 
Band D, respectively, are normal to the interface plane. In models A and B, the AlN lattice· 
is oriented in the (0001) direction withAl at the top position of the basal plane. Similarly, 
in models C and D, AlN is oriented in the (000-1) direction with N at the top position. 
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Fl1ure 4. Schematic diagrun of the interface between SIC and AIN 
duc: .... ed in thb work. 

AlN 

SiC 

SA 

Fipre 5. Lattice imaae of tbe AIN/SiC interface, for objecthe leu 
detocu of ·lOSnm and specimen thiclmeu of 8.5nm. 
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The intensity of lattice images for thin TEM specimens Oess than 12nm for SiC and AlN) 
have been shown to follow the projected charge density approximation (PCD) (Spence, 
1981) where the image intensity I is proportional to the projected charge . density of the 
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atomic columns rP: I (x,y) = 1 + A rP(x,y). A is a constant proponional to the value of 
image defocus and to the electron wavelength. Thus, the variation in I (x,y) at a fixed 
thickness is linearly proportional to the sum of the atomic numbers of the elemental 
constitutents of the atomic columns. The atomic numbers and the corresponding sum are 
shown to the right of each of the interface models in Fig. 6. In both AlN and SiC the 
resolved atomic columns correspond to dumbbells consisting of double columns of the 
elemental components, with a total sum of 20 for both of these materials, with 13 + 7 for 
AI+ N, and 14 + 6 for Si + C, respectively. This is the reason for the nearly identical spot 
intensities in the AlN and SiC regions in Figs. 3 and 5. The fact that the interface plane 
itself has a similar intensity means that its interface plane should have a sum of atomic 
numbers close to 20. 

(A) AI-C Bond z :a (B) N-SIIond z s:z 

1
' 20 • 

1120 
7 

(D) AJ..SI Bond z s:z 

1 
1J 20 

Flcare 6. Four po11ible boaclloa collflpratlou for atomically abrupt 
planar Interfaces c:orrespoadlD& to the (OOOl)SI surface of SIC. 

The chemical bond · lengths for these atomic species are shown in Table 2, and the 
characteristics of the atomic bonds relevant to the AJN/SiC interface models in Fig. 2 are 
shown in Table 3. It is interesting to note that the N-C bond is much shorter than the other 
bonds, while the Al-Si bond is much larger. Also, the N-C bond has a sum of Z equal to 
13, much lower than the rest; while the AI-si bond has a sum of Z of 27, much larger than 
the rest. 
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Imau simulation q(atomically·abrupt AIN/SiC interfaces 

Figure 7 shows the contrast transfer function for an objective-lens defocus of -1 05nm. The 
interplanar separations of SiC and AlN are shown for the relevant planes. The favorable 
position of the pass-band region in the contrast transfer function at spatial frequencies 
around 4 nm·1 is particularly favorable for white atom lattice structure images involving the 
relevant periodicities found in AlN and SiC, specifically the (0002), (11-20) and (1-100) 
reflections. 
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FiJare '7. Contrut traufer function of microscope, for -105 am 
defocu. Note that the relevant iDformadoa in the ranp cl - 2.3-2.6 1 
transfers ttronaly with the same phase. 

Figure 8 shows a montage of calculated images corresponding to a defocus of -1 05nm for 
various specimen thicknesses. calculated for the four models discussed in the preceding 
section. The projected potential density (PPD) indicating the position of the atomic sites is 
also shown. The position of the abrupt interface is marked with arrows in the left and right 
margins. At -105nm defocus the characteristics of the image do not change significantly 
with specimen thickness. These calculations show that models A and B are not 
distinguishable at our experimental conditions. On the other hand, models C and D show 
distinct interface features. Model C exhibits a bright row of spots at the interface 
coinciding with the C-N plane in Fig. 6c. Model D shows a broad, symmetric interface 
associated with the longer Si-Al atomic bonding configuration. 
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Fipre 8. Specimen thickness dependence in simulated images of 
interfac:e structures eornspondiDg to the four configurations iD Fie. 6 , 
at -105 nm defocus. 
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Figure 9 shows the variation of lattice images with defocus values for the four AlN/SiC 
interface models. These calculated images correspond to a specimen thickness of 8.5nm. 
The strong dependence of the image characteristics with defocus indicates the particular 
benefit of choosing Df = -1 05nm, where the image is closely related to the actual structure 
image corresponding to white spots at atomic positions. 
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Figure 9. Objective-lens defocus dependence in simulated images of 

· interface structures corresponding to the four configuratfoat in Fig. 6 , 
at a specimen thickness ot 8.5 nm. 

Structure detennination e.f the AlN/SiC inter/QCC 
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The riext step in our study is to detennine the extent to which the atomic bonding 
arrangement at the AlN/SiC interface can be· deduced by comparing calculated and 
experimental images. From the preceding discussion, the lattice image in Fig. S (for 
sample thickness of 8.5nm and Df = -105nm) resembles very closely the real structure 
image. For a narrow range of thickness and defocus centered around these values, bright 
spots correspond to the atomic dumbbells of the basai planes in Fig. 4. 

Some quantitative characteristics of the lattice image in Fig. 5 are plotted in Fig. 10. These 
plots were obtained by digitizing Fig. S and integrating the image intensity in the horizontal 
direction. The intensity variation of the maxima corresponding to the basal planes is shown 
in Fig. 1 Oa. The intensities of the basal planes at the interface are virtually identical. This 
indicates that the total atomic number of the dumbells at the interface must be very close to 
20 (which, as already mentioned previously, is the value for both AlN and SiC). Fig. 1 Ob 
shows the distance between basal planes in Fig. 3. Although there is some variation in the 
SiC values due to its high sensitivity to tilt, no significant variations are observed in the 
AIN. The width of the intetface (or equivalently the interplanar separation at the intedace) 
is 2.5 A, and closely resembles the mean values of AlN and SiC of 2.49 A and 2.52 A. 
respectively. For comparison, the values corresponding to the C-N and Si-Al bonds, from 
Table 3, are shown. The basal-plane integrated-intensity variations along the c-directi.Oii 
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for the calculated and the experimental images are shown in Figure 11 . Note the similarity 
between the experimental image (E) and models A and B. As previously mentioned, 
models C and D have unique characteristics at the interface which are not observed in the 
experimental images. 
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Flaure 10. Cbaracterutics of tbe lattice tmaae la Ftc. 3. {a} 
lntearatecl image intensity maxima of basal planes. (b) IDterplanar 
separation aecrosa ttac interface plane. 

Ftaure 11. Image iDtensttles intearated aloaa die bual plaDea, 
corr.,pondiDI to specimen thickness of 8.5nm and objecti-ve lena 
defoeas of ·105nm, correspondinc to tbe !oar models (A·D) ln Fia. 4, 
and tbe experimental image (E) in fipre 3. 

• DISCUSSION 
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The AIN/SiC interface has some interesting features which make it an ideal subject for 
characterization by HRTEM. The interface can easily be identified by the change in the 
stacking sequence from 6H to 2H. The fact that the Al-N and Si-C pairs have identical 
sums of atomic numbers and very similar lattice parameters, provides a uniform 
background against which the interface bonding arrangement can be evaluated. Based on 
the observation of abrupt interfaces, we use in this paper the assumption of atomically 
planar and abrupt interfaces, and we have clearly identified two atomic bonding 
configurations which are consistent with the experimental observations. One conclusion 
that is reached is that silicon terminated SiC surfaces generate epitaxy with AI in the top 
position of the basal plane. This result is consistent with electronegativity considerations. 
Al,Si, C, and N have electronegativity values of 1.5, 1.8, 2.5 and 3.0, respectively. Thus, 
A1 and Si behave as cations in the presence of C and N. A proper anion.cation sequence at 
the interface would imply the presence of Si-N and Al-C bonds, and would void the C-N 
and Si-Al possibilities. in agreement with our deduction from HRTEM observations. 

The images presented in this work correspond to the predominant fiat areas in the 
specimen. In general, the SiC surfaces exhibited a large degree of roughness which added 
complications to the defect structure of the ftlm. These effects are considered to be artifacts 
of surface preparation. The planar regions, on the other hand, represent the intrinsic 
features of the interface, and all such regions showed the same characteristics as described 
here. 

The difference in the electronic nature of AlN and SiC (III-V and IV -IV compounds, 
respectively), introduces the possibility of a charge-dipole at the interface (Harrison. 1978) 
and the consequent Coulomb instability. This topic will be discussed in more detail 
elsewhere (Ponce, Northrop and Van de Walle, 1995). 

• CONCLUSIONS 

The atomic arrangement at the AIN/SiC interface has been studied using HRTBM. Lattice 
images were obtained in the <1-100> projection of thin epilayers. 1be imaging parameters 
have been determined experimentally and by image calculations. Calculated images of the 
four possible combinations corresponding to atomically planar and abrupt interfaces 
indicate that these models are characterized by unique signatures in the basal-plane 
integrated intensity distribution in the c-direction. By comparing calculated images with the 
experimental image. it is determined that C-N and Si-Al bonds are not present. The Si-N 
and C-Al bonding configurations cannot be resolved under the experimental conditions and 
both are consistent with the experimental results. 
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Milestone #8 (HP, SDL), Milestone Complete 

• Milestone #7: HP ,SDL: AIGaN beterostructures demonstrated. Deliver Samples to 
Xerox. 

• Summary: AIGaN bas been grown over the entire composition range. SDL has 
observed that the aluminwn content of the film is not linear with the ratio 
Flow J.!(Flow AI+ Flow oJ. HP has observed difficulty in growing AlN at atmospheric 
pressme and that the in variable pressure experiments the AI content of the AlGaN film 
decreases with increasing pressure. These experiments indicate paruitic reactions 
between the AI source and NH3.Samples of heterostructures have been delivered to 
Xerox P ARC for characterization. 

HP: The growth of GaN. AIN and AlGaN using organometallic vapor phase epitaxy 
(OMVPE) has been studied as a function of reactor temperature and pressure. At 
atmosheric pressure, GaN with growth efficiency comparable to that of GaAs in the same 
reactor is obtained. In addition, the GaN growth efficiency changes little at different 
reactor pressures. These results indicate that parasitic reactions between TMGa and NH3 
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are not substantial. In contrast, the growth of A1N at atmosperic pressure has not been 
possible. By lowering the reactor pressure below 250 torr, AlN deposition can be 
achieved. However, the growth efficiency decreases at higher reactor pressures and higher 
growth temperatures, indicating that a strong parasitic reaction occurs between 1MAl and 
NH3. 

AlGaN epilayers have also been grown at different reactor pressures with a growth 
temperature of 1075 °C. In Figure 17, the AI solid composition, as measured by 
Rutherford Backscattering, is plotted as a function of reactor pressure. The experimental 
results are shown as points, and are compared to the theoretical result, shown as a solid 
line, which is· calculated by assuming that parasitic reactions occur between TMAl and 
NH3• A maximum of 16% AI was incorporated in the AlGaN layer at a pressure of 30 torr. 

Finally, AlGaN/GaN beterostrucures have been grown at different pressures and a fixed 
temperature of 1075 oc. The X-ray rocking curves are shown in Figure 13 for 
AIGaN/GaN hetcrostructures grown at different reactor pressures. The spectra have been 
aligned to the GaN peak. in order to show the AI composition in AIGaN. It can be seen that 
at a reactor pressure of 30 torr, the AlGaN peak is well separated from the GaN peak. As 
the reactor pressure is increased, the A!GaN peak moves closer to the GaN peak, indicating 
that less AI is incorporated at higher reactor pressure. At 250 torr, no distinctive AlGaN 
peak is seen. It is clear that the decrease in AI incorporation into AlGaN at higher reactor 
pressure is due to the parasitic reaction of TMAl with NH1. 
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The majority of work at SOL has focussed upon the growth of AIGaN with compositions 
less than Al0.2G&o . .N for two reasons. First, this composition range is sufficient for both 
electrical and optical confmement and second, the p-doping of materials with aluminum · 
composition higher than 20% has been problematic for other groups. 

Figure 14 shows the aluminum concentration versus the figure of merit Fl~w A!(Flow a. + 
Flow A1). The AI composition is measured by X-ray diffraction using the peak associated 
with the GaN as a reference. For samples withAl composition less than -35%, the films 
are smooth and specular. The single point at -60% AI is from a film with low growth rate 
and roughened surface motphology. 

An undoped doubled heterostructure of Alo. 10ao.~/GaN/Alo.tG&o.~ has been fabricated 
and sent to Xerox for characterization. The heterostructure has been designed to confine 
light and produce a -40" far-field. The broadening of the GaN reference is due to the fact 
that the GaN layer is both thin and buried under an AlGaN layer. 
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Milestone #9 (HP, SDL, Xerox), Milestone Complete 

17 
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• Milestone 17: HP,SDL,Xerox: Controllable n-type doping in GaN demonstrated, 
with dping levels between 2 x 1017 and S x 10111 cm·3• Deliver OaN with p-type 
impurities to Xerox. Electrical characterization of donor--doped n-type GaN. Calculate 
properties of p-type dopants (Mg and Zn) in GaN. 

• Summary: Both SOL and HP have demonstrated good control of n-type doping levels 
throughout the aforementioned range. The mobility values are comparable with the 
literatu~. Due to the desi~ for highly conductive material considerable effort has been 
expended on highly doped films. The lowest values of resistivity for n-type GaN 
achieved are 3.47 x 10·3 Ohm-an (sample doped 1.2 x 1019 cm3

, mobility of 150 
cm21Vs) and 5.79 x 10'3 Ohm-em (sample doped 5.4 x 1011 cm3

, the upper limit our 
SDL cu~nt flow capacity, mobility of 200) for HP and SOL, ~spectively. The doping 
level versus flow is well controlled throughout the range of interest. Both SDL and HP 
are currently concentrating on p-type doping levels. Both groups have achieved active 
p-type doping and p-n junctions. P·type samples have been, and will continue to be, 
delivered to Xerox for characterization. In the next quarterly report, the results of Mg­
doping experiments will be detailed. Xerox has completed a thorough evaluation of the 
behavior of Si in GaN and n-typc samples in general. The properties of Mg and Zn in 
GaN have been modelled theoretically. 

HP, SDL: Silicon doping of GaN is well-controlled across the range spanning 2 x 1017 to 
5 x 1011 cm·3

• We begin by showing, in Fig. 16, the linearity of the doping level as a 
function of Silane dopant flow {SOL). These doping values cover the useful range of the 
flow controller currently employed at SDL. The high degree of linearity shows the good 
degree of control of doping level. Similarly, HP shows, in table form, data on a variety of 
samples doped with silicon. 
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Fig. 16 
GaN. 

Tbe eledroa carrier conceatratioa of nrsu sUue flow In 

The results of a study of Si doping to produce ~-type GaN. 

Run Number Doping Thickness Carriers (n) Mobility (~) 

(~m) (cm,/V·s) 

l.S ''undopcd" 2.90 8.6E16 413 

16 . Si 3.05 2.9E17 471 

17 Si 2.88 3.8El7 469 

18 Si 3.15 2.1E17 481 

19 Si 3.02 1.9El7 463 

20 Si t.S& 4.2817 416 

21 Si 1.57 4.2El7 421 

23 Si 1.15 ~.9E18 216 

24 ''\~' 1.74 2.1E16 77 

2S "undoped" 1.81 4.9E16 385 

26 ''Undoped'' - 2.7E16 272 

S6 Si 2.78 3.0E18 232 

60 Si 2.70 1.2El9 150 
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To illustrate the current conductivity of SOL and HP n-type GaN, Figure 17 shows the 
resistivity of GaN materials and mobility versus carrier concentration for heavily (> 10111 

cm-3) Si-doped GaN. 

Fi&· 17 The mobility and c:o_adudivity of heavily Si-doped · 
materials grown at HP aad SDL. 

Xerox: The realization of light emitting (LED) or laser diodes (LD) requires the fabrication 
of contact and cladding layers with low electrical resistivity. Especially lDs ~ operated 
with high current densities to reach threshold for lasing. To avoid heating, the voltage drop 
across the device must be mi.nimized and, therefore, any series resistance avoided. This is 
especially challenging for m-v nitrides. since carrier mobilities are relatively low. as 
compared with other device grade semiconductors. Shallow n- and p-type dopants are 
required whlch are sufficiently ionized at the temperature at which the device operates. 

Si has successfully been used as a donor impurity in GaN and AIGaN for the fabrication of 
LEOs and transistors. However, quantitative infonnation on the electronic properties of Si 
donors is not available. We have investigated Si-doped GaN rums grown by metal-organic 
chemical vapor deposition (MOCVD) by variable temperature Hall effect measurements and 
low-temperature (2 K) photoluminescence (PL) spectroscopy. The thermal activation 
energy for ionization of Si donors and the position of the donor ground-state level in the 
bandgap of GaN were determined. 

The Hall effect measurements were enabled by using a Van der Pauw geometry for the 
Ohmic contacts. These contacts exhibited Ohmic current-voltage characteristic over the 
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entire temperature range of the Hall effect measurements (80 K - 500 K). An isotropic and 
temperature independent Hall scattering factor of unity value was assumed to derive 
electron concentrations from the measured Hall constants. 

The samples investigated are listed in Table I: 

Table 1: GaN samples investigated witb variable temperature Hall effeet measuremeou 

In addition to the Hall measurements, some of the samples were also characterized by room 
temperature and low temperature (2 K) photoluminescence (PL) spectroscopy. PL 
measurements reveal the presence of electronic states in the bandgap of semicondUctors 
which may act as efficient recombination centers in LEOs or LOs. These electronic states 
may be useful in LEOs but need to be eliminated in LOs. In both cases characterization of 
these levels and the relation of their appearance to growth conditions is extremely 
important. 

A. Hall effect results 

Hall effect data obtained from unintentionally and Si-doped, n-type GaN films are 
presented in Fig. 18. Figure 18a shows electron concentrations as a function of the 
temperature. The experimental data are represented by symbols. Th.e SiH4 flux during 
growth was ~ually increased from sample I 15, 19, 52 to 60. Consequently. the 
electron concentrations increased accordingly as determined by the Hall effect 
measurements. 

To obtain infonnation about the donors which determine the electron freeze-out behavior of 
our n-type GaN, we performed a least-squares fit of the charge neutrality equation to the 
experimental data. The charge neutrality equation for n-type. wide bandgap semiconductors 
(intrinsic carriers are neglec~) with M independent donors is given by 

where the index i refers to the i-th donor; NDi is its concentration. gi the degeneracy of its 
electronic state in the band gap, and MIDi the thennal activation energy of the donor 
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electrons. Ncomp is the concentration of compensating acceptors and NC is the conduction 
band effective density of states; k is the Boltzman constant and T the sample tempe.rature. 
For the fits shown in Fig. 18a an effective electron mass of 0.2mo (Ino = mass of a free 
electron) was assumed. The calculated electron concentration as a function of the sample 
temperature is indicated by the solid straight line. For these fits, two independent donor 
levels had to be employed. Defect parameters are summarized in Table II. The temperature 
dependence of the electron concentration of sample # 52 at temperatures below 250 K 
indicates defect band conduction leading to a deviation of the fitted curve from the 
experimental data. For sample # 52 only data above 250 K was used for the fit. The 
electron concentration of sample # 60 does not vary with the sample temperature indicating 
a doping level above the degeneracy limit. The charge neutrality condition as given in Eq. 
( 1) does not describe the temperature dependence of the electron concentration for a 
degenerately doped semiconductor and, therefore, no fit was attempted. The room 
temperature and the peak mobilities of the n-type GaN samples depend on the Si content 
(Fig. lb). Sample# 15, which has the lowest Si content. has a room temperature (300 K) 
mobility of 370 cm2 I Vs and a peak mobility at 150 K of 582 cm2 I Vs. The highest 
mobilities for Si-doped material are measured in sample# 19 with values of 501 cm1

/ Vs 
(300 K) and 764 cm1 / Vs (160 K). In sample# 52 the mobilities are 369 cm2 I Vs and 459 
cm1 I V s ( 190 K). For sample # 60 the peak mobility is measured at 300 K with 135 cm2 I 
V s. The temperature dependence of the mobilities at temperatures higher than the peak 
mobilities is well approximated by a power dependence - T -1.5 for all Si -doped GaN films 
shown in Fig. 18b (except sample# 60). 
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FiJ. 18. ElectroD coDcelltratlon vs reciprocal temperature (a) and Hall 
mobility n temperature (b) for Sl·doped GaN. Tbe symboll refer to the 
ex:perimental data. The solid lines in Fla. la result from least squares 
nu to the experimeutal data. The fits yield parameters for shallow 
donon which are su1IUII&rized In Table n. 

103 

Table n also shows results from secondary ion mass spectrometry (SIMS) for samples ## 
IS, 19, 52 and 60. The concentration of atomic Si [Si] was obtained by using an 
implantation standard. The Si concentration follows the amount of SiH4 flow which was 
increased from sample# 15, 19, 52 to 60. 1be comparison with the donor concentrations 
as obtained from the analysis of the Hall effect data leads to the conclusion that the donor 
labeled Dl is associated with Si incorporation in GaN. Its concentration N0 1 in samples## · 
15, 19, 52 and 60 increases according to the SiH4 flow and is, within the errors of the Hall 
and SIMS measurement§, equal to the atomic Si concentration in the samples. Therefore, it. 
seems reasonable to conclude that the shallow donor level with an activation energy (AEo1) 

in the range between 12 ~v and 15 rrr,V is due to Si incorporation into GaN. Also, a 
donor with a similar activation energy (17 meV) dominates then-type conductivity in our 
unintentionally doped GaN films. Results from the Hall effect (donor Dl) and SIMS ([Si]) 
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analysis of an unintentionally doped n~type GaN film(# 5033la) are presented in Table n 
and demonstrate that the dominant donor in this film is Si. 

Table 11: Parameters for sballow donors as determined from least•squares 
fits of the charge neutrality equation to the experimental Hall effect 
data and results from secondary ion mass spectrometry (SIMS) for n· 
type GaN samples (column one). The parameter set includes donor 
electron activation ener1ies (AED,, column two and four) and 
c:onc:entratlon of shallow donors (N01, column three and five) for two 
independent donors. Also given is the concentration of compensating 
acceptors (N~o•r• column six). SIMS result. for the Si content are 
summarized in column seven. 

Hall effect 

sample I t\Eo1 (meV) No1 (ca13
) AEsn (meV) N02 (cni') N_, (cni3) 

HP5033la 17 3.1xl017 no 

HP15 IS l.lx1017 37 3.9x1016 3.2X1016 

HP19 14 2.3x1017 34 6.9xl0 1
' 110 

HP52 12 7.4x1011 32 6x1016 no 

HP60 

SIMS 

[Si] {cui') 

4x1017 

2><1011 

5x1017 

9x1017 

2X1019 

A second donor level (D2) with an activation energy of- 34 m:V (A'BoJ is present in the 
GaN ftlms # 15, 19 and 52, as determined from the Hall effect analysis. We tentatively 
assign this donor level to the unintentional incorporation of oxygen in these GaN. 0 
substituting for N in the GaN lattice may act as a donor and is a common impurity during 
MOCVD growth. . 

B. PL spectroscopy 

A PL spectrum for sample# 5033la is shown in Fig. 19. Sample # 50331 contains 
4x1017 cm-3 of Si (SIMS, Table m. The spectrum taken at 2 K, exhibits features which 
are generally observed for n-type GaN. The strongest line (BX) appears at 357.0 run 
(3.473 eV) with a FWHM of -2.2 meV. This emission line is due to the annihilation of 
excitons bound to neutral shallow donors. At lower phonon energies a series of lines 
labeled ''DAP" is present in the spectrum. In the literature, they me usually referred to as 
due to donor-acceptor recombinations. The yellow lwninescence band centered at -2.2 eV 
is also present in our material. The inset in Fig. 19 magnifies the high energy portion of the 
PL spectrum. PL emission lines are labeled and indicated by_ arrows. The zero-phonon 
lines (ZPL) are indicated by solid lines and their firSt LO-phonon replicas by dotted lines. 
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The PL line labeled Ll is positioned at 358.6 run (3.458 eV) is likely to be an acceptor 
bound exciton. The lines L2 and L3 at 369.7 run (3 .353 eV) and 376.7 run (3.292 eV). 
respectively, indicate Mg contamination since these lines usually appear in our Mg-doped 
GaN; their origin is unknown. The emission lines labeled DAPl and DAP2 are usociated 
with donor acceptor pair recombinations and are positioned at 379.0 nm (3.272 eV) and 
390.0 nm (3.179eV), respectively. A broad PL line at (376.4±0.4) nm ((3.294±Q.004) eV) 
is labeled "CB". 
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Fl&· 19. PL speetrulll for Alllple I 50331a. PL emi11ioa liaa are 
labeled ••BX","DAP", ud "yellow PL band". The luet mas1lifla the 
lal&h eaerp portion of the spectrum. Zero-phoaoa Uua an iudlcatecl by 
arrows wltla solid llaes ud their first LO-phoaoa repllcu by arrows 
with doted lfau. The arrows labeled ucB" ladlcate a reeomblaatloa 
procesa that JDaY fnyoiTe the coadactioa baod u the illitial state. 

In the following, we use the PL emission lines CB and DAPl to determine tbe position of 
the optical donor level of Si donors at 2 K. DAPl is the highest energy line and therefore 
should involve the shallowest donors and acceptors, namely Si and Mg. We assume that 
the broad line "CB" is due to the same radiative transition, however, with the initial state 
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being the conduction band edge. The energy difference between the CB and the DAPl line 
yields the positi~n of the optical level in the GaN band gap at EC- (22±4) rneV. 

Due to its electronic properties (low thermal activation energy for ionization, efficient 
incorporation and high electron mobility of Si-doped GaN films) Si is well suited as a 
donor dopant for the growth of light emitting devices. . 

Xerox P ARC: Properties of p-type dopants (Mg. Zn) in GaN 

We have studied the properties of Mg and Zn acceptors in GaN .employing state-of-the-art 
first-principles calculations. Based on these results we identify the mechanisms which limit 
the achievable hole concentration. In particular, we investigate the following doping 
limiting mechanisms: (i) solubility issues, (ii) compensation or passivation by native 
defects or impurities, and (iii) the incorporation of the acceptors on other sites. 

Solubility: 

We have calculated a phase diagram for the incorporation of Mg and Zn acceptors in GaN 
assuming thermodynamic equilibrium. Acceptor incorporation may be limited by the 
formation of bulk Mg or Zn. However, our calculations show that ·an even more stable 
configuration is Mg3N2 (for Mg doping) and Zn3N1 (for Zn doping). Thus, the formation 
of these comi;>ounds is a lower limit for the Mgo. and ~ fonnation energy providing an 
upper limit for the solubility of Mg and Zn in GaN. 

Compensation by native defects: 

The incorporation of acceptors dramatically changes the position of the Fenni level which 
may enhance the formation of native defects acting as compensatin.g centers. In order to 
address this issue we combined the results about acceptor formation energies with our 
previous results about native defects. 

1 

Faml&lav (oV) 

2 500 1000 1500 

Tancaoaeao 

Flpre lO: Formation eoero Tt. Fermi level for the Mao. acceptor aucl 
the aative defects. The eorrespondinc eqnflibrium concentrations are 
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The results are shown in Fig. 20 where the formation energy of the M&;. acceptor and the 
dominant native defect under p-type conditions (the nitrogen vacancy) are shown. Using 

. the calculated fonnation energies and taking charge neutrality into account we can calculate 
the equilibrium concentration of the Mg acceptors and the native defects (Fig. I b). The 
results show that the Mg concentration, as expected, increases with the growth 
temperature. The only native defect which occurs in relevant concentrations is the nitrogen 
vacancy. At temperatures exceeding 1000 K the Mg acceptors become increasingly 
compensated by the N vacancies. Compensation by native defects is therefore potentially a 
major concern for high-temperature growth techniques. We note however, that in most 
high temperature growth techniques (MOCVD, HVPE) hydrogen is highly abundant which 
may reduce the compensation by native defects. Growth at ·low temperatures as 
characteristic for MBE may suffer less from this problem since non-equihlxium conditions 

. probably apply. This may explain why p-type GaN without post-growth treatment was 
successful in MBE. 

Incoxwration on other sites: 

Another mechanism that may limit the hole concentration, is self compensation of the Mg or 
Zn acceptor: instead of being incorporated on the Ga substitutional site the acceptor may 
be built in on other sites where it is electrically inactive or even becomes a donor. As 
possible configurations we have investigated the N substitutional site and several interstitial 
configurations. 

~.0 0.5 1.0 1-' 

Femi Earqy (eV) 

Ficure Zl: Formation eaero as a funetioo of the Fermi lnel for Me In 
dllferent confteuratiou (Mic; •• Me., MIN)· Abo indnded are the 
dominant natin defeds (nltroaen ucaacy V .~e>· 
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The calculated formation energies for Mg are displayed in Fig. 21. The positive slope in the 
formation energy indicates that Mg in both configurations acts as a donor: M& as a double 
donor, MgN as a triple donor. Figure 2 shows that the fonnation energies of M' and MgN 
are negligible; they become comparable with M&. only under extreme p-type conditions. 
We further find that theN vacancy is the dominant donor: its formation energy is lower for 
~Fermi energies. We therefore conclude that Mg will always prefer the Ga substitutional 
site: for Mg. incorporation on other sites can be ruled out. For other possible acceptors 
(particularly elements with a small ionic radius), such effects may be important. 

Milestone #10 (AXT, BU, ATM), Milestone Complete 

• Milestone #1 0: AXT: Deliver 5 mm scale GaN single crystal substrates to the 
consortium for epitaxial growth. BU: Development of GaN substrates by the VPE 
method. Such substrates will be grown on ZnO coated sapphire substrates. A'IM: 
Characterization of GaN on growth template. 

• Summary: AXT has delivered four 5-mm-scale substrates to Xerox PARC for groy.'th 
and characterization. BU has constructed two operational VPE machines and has grown 
GaN films on ZnO-coated sapphire substrates. ATMI has growri GaN both on 

· sapphire substrates and on the growth template. 

AXT: Four (4) 5 mm-scale platelet substrates were delivered to Xerox for characterization 
and epitaxial growth. These samples were labelled M3~BB-1, M3·BB·2, M3·BB·3 and L3-
BB-5. The samples were a significant improvement in size and quality over the previous 
delivery. All samples appear clear and yellow to orange in color. On face is flat and the 
other has the usual step structure. Xerox has polished samples and grown MOCVD epitaxy 
on both faces. The epitaxial quality appears to be very good. 

The results of loose diamond grinding show that with the appropriate lap selection an 
electronic quality surface can be produced on sapphire very rapidly when compared to the 
standard sapphire polishing technology. AXT will verify this technology on GaN 
materials. 

AXT recently visited HPRC and the most recent crystals are completely clear and glass­
like. They have found the proper growth conditions for high quality GaN crystals. HPRC 
projects that the new, larger growth system wil be substantially completed in January 1996. 
Growth in this system will start shortly thereafter. 

Boston University: We designed and constructed two different halide VPE reactors and we 
are in the process of srudying their relative merits. 

React A is schematically illustrated in Fig. 22 and is based on the original design proposed 
by Maruska [1]. The system is made of clear fused. quartz and it consists of two chambers 
separated by a large bore stopcock. The system employs a 3.zone high-temperature funace 
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leading to a temperature profile as shown in Fig. 23. The advantage of this design is that· 
the growth chamber is not exposed to the atmosphere during the introduction and removal 
of the substrate. Furthermore. the samples can be moved in the load lock chamber for 
cooling down in a ammonia atmosphere. The disadvantage of this design is the 
employment of vacuum grease as a sealant in the stopcock and the endcaps used for the 
injection of reactive and inert gases. We observed that the grease reacts with the byproducts 
of the process and fonns powdery deposits. A number of GaN samples were grown on 
this reactor at atmospheric pressure. 

n n 

BVPE GaN Reactor A.. 
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Reactor B is schematically illustrated in Fig. 24. The· novelty in this reactor is the physical 
separation of the Ga-chamber and the growth chamber. A number of samples were grown 
in this reactor at atmospheric pressure. 
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Three Zone Furnace ~ ~ · 
cam. .. 

BVPE GaN lteactor B. 

Since the beginning of the program, we have grown 54 samples in the two reactors. Tebj 
second reactor is · still under development. A number of deposition parameters were 
investigated. The most important parameters studied included the ratio NH3/HCL and the 
nature of the carrier gas (nitrogen, hydrogen, or helium). The fllms were evaluated by 
XR.D, SEM and photoluminescence measurements. The XRD rocking curve for fllms 10-
15 J.Un thick tends to be between 17-30 arcmin. Fig. 25 shows the rocking curve of one of 
the samples. 
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SEM morphology indicates that the fllms grown at ratios ofNH3/HCL of about 10-30 tend 
to be smooth. However, this conclusion is stil tentative and further studies will be 
conducted during the next quarter. An example of such SEM surface and cross·section 
morphology is shown in Fig. 26. This sample was grown at NH3/HCL = 13 at a growth 
rate of 1 S J.Lmlhour. 

Fig. 16 An SEM Image of GaN 1rowu via HVPE at BU. 
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The PL data show features either at 3.48 eV or close to 3.28 eV. A specific example 
showing both of these features is shown in Fig. 27. 
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Fia. 1.7 Typleal PL spedra of HVPE GaN. 

Boston University has purchased two sputtering targets for the development of ZnO 
coating on sapphire substrates by the method of sputtering. One target consists of elemental 
Zn and the formation of ZnO will involve the reactive sputtering in an oxygen atmosphere. 
The second target in ZnO and fonnation of ZnO films will involve sputtering in an Ar­
atmosphere. There are conflicting reports as to which is the better method of forming good 
crystalline quality ZnO. The development of ZnO coatings on sapphire will continue during 
the next quarter and GaN films will be fonned on such coatings by the VPB method. 

A1M: Our objectives for this period were to produce and analyze GaN on the growth 
template. In order to meet these goals~ we initially established a baseline for the reactor by 
growing GaN on sapphire substrates, and then proceeded to grow GaN on the removable 
growth template. 

High quality GaN was grown on (0001) sapphire ·substrates at growth rates in excess of SO 
J..Lmlhr. The crystal quality is excellent, as demonstrated by the narrow double crystal x-ray 
rocking curve (best FWHM = 184 arcsec.) shown in Figure 28. The room temperature 
photoluminescence (PL) spectrum (Figure 29) obtained from the same sample is dominated 
by near b~d edge emission at 3620A, with a FWHM of 47 A. The surface morphology is 
slightly rough, as shown in the Normarski optical microscope photographs of Figure 30. 
Additional work will be done to optimize the surface morphology. In general, these 
characteristics are comparable to high quality GaN grown by any method. 
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The results obtained in the growth of GaN on sapphire provided a baseline for the growth 
reactor, but it would 1?e difficult to remove the sapphire to leave a free standing GaN 
substrate. Thus, we initiated growth on a removable growth template. Initial GaN layers 
on the growth template were discontinuous and polycrystalline. Figure 31 demonstrates 
the lack of surface coverage that was obtained in some of the initial films, as the grown 
layer did not adequately 11Wet" the template surface. By adjusting growth parameters, 
continuous, single crystal GaN was obtained. 1be surface morphology of these layers is 
shown in the high magnification Nonnarski contrast interference microscope image of 
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Figure 32. The surface contains many hexagonal pits and is cracked. 9-29 scans 
demonstrate that the GaN filins are single crystal. The FWHM of the rocking curve of the 
(0002) peak is approximately 2 arcmin for these films. In addition, intense PL emission is 
measured from these GaN samples grown on the growth template. As shown in Figure 
33, the emission is dominated by near band edge emission at 3645 A, and no deep level 
emission was observed. In conclusion, very high quality GaN has been grown on 
sapphire substrates, and single crystal GaN has been grown on the growth template. 

Ffaure 31. Normarbt contnst illterfereDc:e mlcroecoJM lmalfl of tbe 
surface of an initial GaN sample crown on the 1rowtb template at a 
ma&nlflcatlon of 65 X. 

Flpre 32. Normarksi contrast l.uterference mlcroteope lmqes of tbe 
eurface of an improved GaN sample 1rown oa the II'OWth te•plate at a 
hlper aapiftcatioll of 645 X. 
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In the next reporting period we will focus on improving the surface morphology of OaN 
grown on sapphire, improving the overall quality of the GaN fllms grown on the growth 
template and delivering GaN samples to the consortium for growth and characterization. 

Milestone #11 (HP), Milestone Complete 

• Milestone 110: HP: RlE etching of GaN films demonstrated. 

• Summary: 

OaN. InOaN and AlOaN films have been etched~ reactive ion etching (RIE). Several 
different plasma chemistries have been invcstig including various combinations of . 
chlorine compounds. argon and methane/hydrogen. We are currently using a SiClJClz gas 
mixture to defme the mesas in our LED device fabrication process. Under standard 
conditions, the etch rat.e is approximately 50 nmlminute; the typical 1.5 micron tall mesas 
are etched in 30 minutes using Si02 and thick photoresist as the masking materials. Figure 
34 is a SEM micrograph of an army of mesas with n- and p-contacts after removal of the 
mask material. The uniformity is excellent over a 2.. wafer. Figure 35 is a higher 
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magnification view showing the smooth sidewalls and etched n-GaN surface at the comer 
of a single mesa. 

Figure 34: Aa array of RI'E·etcbed GaNIInGaN/GaN mau. 

Ficure 35: Edge of a sia1le mesa etc:bed via Rill:. 
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Summary: Milestones 12-16 lzave been completed. 

Milestone #12, Milestone Complete 

• Milestone #12: Photopumping set-up completed; PL studies initiated 

The PL systems are now installed and are operational. UT Austin how has a Coherent 
Radiation "Saber" CW UV laser operating at 244 run; and a Laser Photonics pulsed N2 
laser 

Milestone #13, Complete 

• Milestone #13: Structural· characterization of AIGaN layers. 

The microstructure of AlGaN layers grown epitaxially by MOCVD at SDL has been 
characterized using transmission electron microscopy. AIN buffer layers were first 
deposited on (0001) sapphire substrates at about 550°C followed by growth of a 0.5 J..lm 
thick Alo.sGao.sN film at 1050°C. Figure 1 is a TEM immage showing the associated 
microstructure. Misfit dislocations are obsrved at the substrate/buffer layer interface 
with a separation of about 20.3A. The buffer-layer/ AIGaN interface shows a misfit 
dislocation arrangement with a period of 226A. These values are consistent with the 
12.5% lattice mismatch between AIN and Al203, and the 1.19% mismatch between 
Alo.sGao.sN and AlN. The buffer layer leads to a film microstructure which can be 
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described as a columnar structure with a distribution of tilt and twist orientations. 
Materials with best electronic properti~s have a distribution of 5 arcmin for tilt, and about 
twice as much for twist. Threading dislocations observed in these materials are the result 
of these low angle grain boundaries. 

1'1&- 1 TEM mlaograph or tbeAlGaN film: (a) and (b) mtsnt 
dlstoaations at the AlN/Atl03 andAIGaN/AlN Interfaces; (c) and (d) 
stacking faul1!i along basal planes. 

Milestone #14 Milestone Complete 

• Milestone #14: Controllable p-type doping in GaN demonstrated between IQ17 and 
1 Q18 cm-3. Demonstration of p/n homojunction, w/goal specs of tum-on voltage less 
than 4.5 V and reverse breakdown voltage greater than 10 V. Deliver sample to Xerox. 
Metal contacts for p-type GaN films. Deliver heavily n-doped samples to Xerox for 
material study. Electrical characterization of acceptor-doped GaN. Calculate 
properties of n-type dopants (SI, 0, C) in GaN. Studies of passivation in nitride 
films initiated. Doping demonstrated for p- and n-type GaN in D system. 
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Figure 2: The Hall data of Alo.osGao.9sN grown at SDL 
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P-type doping has been demonstrated to a doping level of -2 x IQ18 cm-3. Figure 2 shows 
the room~temperature hole cortcentration and mobility. Figure 3 shows the hole 
concentration vs temperature. The composition of the sample is Alo.os0&o .. 9sN. Doping 
levels exceeding 1017 cm-3 have been achieved in Alo.1sGao .. ssN. HP, SDL (and Xerox) 
have all demonstrated good p-n junction operation. Figures 4 and 5 show the I-V 
characteristics of junctions fabricated at HP and SOL. respectively. The turn-on voltage 
of the p-n junction is - 3V with small leakage currents observed in reverse~biased 
operation. 
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HP and SDL have delivered both n- and p-type samples to Xerox for characterization. In 
fact, the p-type characterization shown in Figures I and 2 are the result of such 
collaborative efforts with the data of Figure 1 being generated at SOL while the data of 
Figure 2 has been measured at Xerox. 

SDL's investigation of p-metal contacts includes the following elemental metals- Ti, An, 
Pd, Pt. Ni - and the following combinations - NiAu, TiAu, TiPd, and PtPd. Currently 
our work has indicated that Pd is the best metallic contact to GaN:Mg and that of the 
metal combinations PtPd has good contact properties coupled with excellent thennal 
stability. · 

One of the difficulties associated with doping GaN p-type with Mg is the relatively high 
activation energy for ionization of the acceptors. Thus only -1% of the active acceptors 
are ionized at room temperature and contribute holes to the valence band for the p-type 
concentrations ofMg atoms are required to obtain sufficiently high hole concentrations at 
room temperature. The presence of many acceptor states leads to impurity band 
conduction. 

To illustrate these problems, in Figure 7, we show results from variable temperature Hall 
measurements (symbols) obtained from three Mg-doped GaN samples. The acceptor 
dopant was activated for all the samples shown in Figure 6. Figure 6a shows hole 
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Figure 7. Bole concentration vs. reciprocal temperature (a) and mobility vs. 
temperature (b) for three Mg-doped, p-type GaN samples. The symbols refer to the 
experimental data. The solid lines in · Figure 6a result from least-squares fits 
assuming a single acceptor and donor compensation to the experimental data. 

concentrations as a function of the reciprocal temperature; the Hall scattering factor was 
assumed to be temperature independent and of unity value. The temperature dependence 
of the hole concentration measured for sample Xerox# 49 is dominated by the ionization 
of a single acceptor. The Activation energy for ionization and the concentration of this 
acceptor were determined from at least-squares fit (solid line) of the charge neutrality 
equation to the experimental data. The activation energy 'is -170 meV and the acceptor 
concentration is 2 x 1019 cm·3. Our analysis of the Hall effect data also provides the 
concentration of any donors present in Mg.doped GaN samples. for the Xerox sample 
this concentration is -2 x 1018. An activation energy in the range between -160 meV and 
-185 meV is usually observed for Mg-doped GaN. The second sample shown in figure 7 
was grown at Meijo University in Japan (#50) and is shown here as a reference. The 
results for the activation energy, the acceptor concentration, and the concentration of the 
compensation are - 165 meV, 8 x 1019 cm-3, and 4 x 101& cm·3, respectively. the third 
sample was grown at SDL (#41-A694). This sample exhibits hole concentrations of 
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-2 x I018 cm-3 which are independent of the sample temperature. This behavior is 
indicative of impurity band conduction. As a consequence the SDL sample has the 

. highest hole concentration at room temperature (300K) as indicated by the vertical dashed 
line in Figure 6a. Hole mobilities for the three samples are shown in Figure 6b. Hole 
mobilities for the three samples are shown in Figure 6b . The Xerox sample exhibits the 
highest hole mobility, which corresponds to the lowest acceptor concentration. The 
sample which is dominated by impurity band conduction (SOL# 41-A694) shows the 
lowest hole mobility. Consequently, the resistivities of the p-type layers turn out to be 
nearly identical (-3Qcm at 300K). 

Published: 

1. Electronic and Structural Properties of GaN Grown by Hydrid Vapor Phase Epitaxy. 
W. GOtz, L.T. Romano, B.S. Krusor, N.M. Johnson, and R.J. Molnar, Appl. Phys. 
Lett. (1996) · 

2. Activation Energies of Si donors in GaN, W. Gotz, N.M. Johnson, C. Chen, H. Liu, 
C. Kuo, and W. Imler, Appl. Phys. Lett. (1996) 

3. Deep Level Defects in Mg..doped p-type GaN grown by Meta/organic Chemical Vapor 
deposition, W. Gotz, NM. Johnson, D.P . Bour, Appl. Phys. Lett. (1996) 

4 . Shallow dopants and the Role of Hydrogen in Epitaxial Layers of Gallium Nitride 
(GaN), W. Gotz; N .M. Johnson, D.P.· Bour, C. Chen, H . Liu, C. Kuo, and W. Imler, 
Proceedings of the 189th Meeting of the Electrochemical Society, Los Angeles, CA, 
May s- 10, 1996 

Submitted: 

I. Activation of Acceptors in Mg-doped GaN grown by metal organic chemical vapor 
deposition, W. Gotz, N.M. Johnson, J. Walker, D.B. Bour, and R.A. Street, Appl. 
Phys. Lett. 68 (5), 667 (1996) 

We have studied the properties of various donor impurities in GaN, based on state·of· 
the-art first·principles c'atculations. We arrive at the following conclusions: (a) Carbon is 
unlikely to incorporate on the Gasite, where it would act as a donor; it prefers to 
incorporate on the N site, where it acts as an acceptor. (b) Silicon and oxygen are both 
shallow donors in GaN, and can be incorporated in high concentrations. The solubility of 
Si is limited by formation of Si3N4; the solubility of 0 is limited by formation of Ga203. 
We propose that incorporation of Si and 0 as unintentional impurities is responsible for 
the observed n-type conductivity as-grown GaN. (c) The dominant native defect inn­
type GaN is the gallium vacancy. Its concentration is low enough not to cause signific!Ult 
compensation; we propose, however, that the gallium vacancy is responsible for the 
infamous "yellow luminescence." 
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1. "Hydrogen in GaN: Novel aspects of a common impurity11
, J. Neugebauer and C. G. 

Van de Walle, Phys. Rev. Lett. 75,4452 (1995). 

2. ••Role ofhydrogen in doping ofGaN", J. Neugebauer and C.G. Van de Walle, Appl. 
Phys. Lett. 68, 1829 (1996). 

Submitted: 

1. Gallium vacancies and yellow luminescence in GaN", J . Neugebauer and C.G. Van de 
Walle (Applied Physics Letters). 

At the University of Texas at Austin studies of H passivation in nitride films have been 
initiated. We have begun to study the incorporation ofH in GaN in the new EMCORE 
Dl25 reactor. Parameters for the growth of the buffer layer and the high-temperature 
layer have been varied. Samples are being grown under a variety of conditions and will be 
sent to HP for characterization and then to Xerox for further analysis. 

At the University of Texas at Austin, doping has been demonstrated for p- and n-type 
GaN in D system. We have grown n-type films using Sift( as a dopant source and have 
established growth conditions for n-type films with n-1El7 to 2El9 cm-3 concentrations. 
P-type doing studies using Mg as an acceptor atom are underway at time. We have not 
yet demonstrated good activation of Mg acceptors. Mg-doped GaN films have low 
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conductivities and the doping concentrations are not measurable but are believed to be p­
type from thermal probe tests. 

Milestone #15, Milestone Complete 

• Milestone #15: Development of GaN films on single crystalline ZnO substrates. 
Deliver GaN samples for Consortium growth and characterization. Deliver 1 em scale 
GaN single crystal substrates to Consortium for evaluation. 

• Summary: 

During this quarter GaN films were grown both on bare and ZnO coated (0001) sapphire 
substrates by the VPE method at growth rates varying from 20-100 J,.Lmlhour. Conditions 
and luminescence properties are similar to those produced by MBE and MOCVD. 

A large number of thick (20-1 SOJ.1m) GaN samples were grown on bare (000 1) sapphire 
substrates in order to optimize the deposition parameter space. The deposition rates 
were varied from 20-IOO ).1m/hour by adjusting the flow rate of HCI. The films were 
characterized by studying their surface morphology and cross-sectional views using SEM, 
their structure using XRD and their electronic properties by room temperature and low 
temperature (77K) photoluminescence spectroscopy. The optimized films show XRD 
curves of -9 min., a substantial improvement over last quarter's 17 min. figure and have 
featureless, smooth surfaces. · 

ZnO films were grown on sapphire substrates by sputtering either from a ZnO target or a 
Zn target. Films grown at above 300° C were found to. be crystalline with their (0001) 
axis perpendicular to the substrate. The surface morphology of these films is relatively 
smooth. GaN films (about 10 J.Lm thick) grown on a ZnO-coated (0001) sapphire 
substrate sho':' very dense cross-sectional views but rather rough surface morphology. 

Conclusions: 

Films grown directly on (0001) sapphire by the VPE method were found to have smooth 
surface morphologies if the growth rate is less than SO J.Lmlhour. ZnO thin films with 
good crystallinity and surface morphology were grown on (0001) sapphire by reactively 
sputtering either from ZnO or Zn targets. GaN films were grown on such substrates and 
show dense cross sectional view but rougher surfaces. 

References: 

1. l.D. Moustakas, Mat. Res. Soc. Proc. vol. 395 (1996). 
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Two (2) samples and micrographs delivered to AXT by HPRC. AXT has delivered these 
samples, of maximum dimension of 5-6 mm to XERQX.:PARC. 

Four (4) 5 mm-scale platelet substrates were delivered to XEROX-PARC for 
characterization and epitaxial growth. XEROX polished both sides of two samples and 
grew MOCVD epitaxy on both faces. The epitaxial quality was very good and the results 
were reported in a paper at the Boston MRS fall meeting. TEM measurements did not 
locate any dislocation defects on the good side (Ga side) of the crystals thus placing the 
upper limit of the dislocation defect density at less than 10"6/cm2. This is abou~ two 
orders of magnitude lower than the lower limit of the best GaN ~pitaxy on SiC. On the 
poor side (N side) a high density (108Jcm·2) of dislocation loops apparently originating at 
gallium inclusions was seen. The PL and CL show that the quality of the MOCVD films 
is better than films grown on sapphire or SiC. The FWHM of the lines was <2meV. 

A variety of processing errors with the remaining two crystals resulted in structures of 
poor quality. After review with Xerox of the procedures to be used in processing the 
GaN crystals AXT has supplied a fifth (5) 5 mm-scale crystals to Xerox for structure 
growth. 

Xerox has demonstrated that their polishing process which was developed for polishing 
facets for structures gown on sapphire works well for polishing the single crystal GaN 
substrates from Poland. AXT bas also been exploring the polishing of GaN using loose 
diamond slurry. We are currently exploring the effects of changing grit size, lap 
properties, pressure and speed on obtaining a growth-ready surface on GaN; however, 
this process is not ready for preparing the crystals for epitaxial growth. 

HPRC has installed a 20 mm diameter crucible. This is scaled up from their mm crucible. 
Currently they are in the process of optimizing growth in this larger crucible. Since the 
size of the crystals is limited by the scale size of the crucible. it should be possible to 
grow 1.5 to 2 em scale crystals. Also, HPRC has received a 60 mm diameter high 
pressure furnace. This will be able to hold 30-35 mm diameter crucibles which is 
projected to permit the growth of2-2.S ern scale crystals. This work would be completed 
in Phase II. 

Since the size of the crystals is limited by the scale size of the crucible, it should be 
possible to grow 1.5 to 2 em scale crystals. Also, HPRC has received a 60 mm diameter 
high pressure furnace. This will be able to hold 30-35 mm diameter crucibles which is 
projected to permit the growth of 2-2.5 ern scale crystals. This work would be completed 
in Phase IT. 

During the course of this program, HPRC has shown dramatic improvement in the 
quality of the GaN single crystals. The first crystals which were delivered to us were 2 
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M:M scale and dark brown, almost opaque. The next lot of 5 mm scale crystals were a 
clear yellow to orange color and much better in appearance. The 1 em scale crystals are 
almost colorless and transparent. When AXT visited HPRC last October, we were 
shown 5 mm scale crystals which were completely colorless and transparent. HPRC 
believes that the large crucibles will penn it the transfer of this quality to proportionately 
larger crystals. 

HPRC has completed the crystal deliverables for this program. They will prepare a plan 
for Phase II during which we expect to obtain crystals of 2·2.5 em size. In the meantime, 
HPRC is proceeding with th~ir optimization of the larger crucibles. During Phase I, 
HPRC met all of the program objectives ahead of· schedule and has shown excellent 
progress. 

We believe that a demonstration of a ill-Nitride laser on a homosubstrate is important for 
the success of our program as well as a key accomplishment for the Blue Band 
Consortium. 

We are continuing with the polishing studies. Initially, we are looking at purely 
mechanical polishing processes with various diamond grits in a loose slurry. One of the 
difficulties in polishing the small samples is that the Ga side grows slowly and theN side 
appears to grow more rapidly. Excessive polishing of the Ga side can lead to breaking 
into the poor morphology of the N side. The crystals also grow with stepped layers. If 
the surface alignment of the crystals is not carefully maintained the resulting surface can 
be badly misoriented. Epitaxial growth at Xerox demonstrated that badly misoriented 
surfaces nucleate hexagonal structures and the morphology is poor. Since the crystals are 
still quite small, care needs to be taken when mounting the crystals onto the polishing 
fixture to ensure that they are properly aligned. 

ATMI 

a. Technical Objectives for this Period 

Grow, characterize and deliver GaN samples for consortium growth and characterization. 

b . Work Carried Out 

Out objectives for this period were to improve the surface morphology and film 
uniformity of GaN and deliver GaN samples to the consortium members for evaluation. 

The surface morphology of GaN layers has been improved as compared to previous GaN 
layers grown by HVPE. A Nonnarski_ interference contrast microscope image, at 255x, 
of the surface of a GaN layer grown by HVPE on (0001) sapphire shows only slight 
texturing. The surface is smooth and specular to the eye. 
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The electrical characteristics of the GaN layers have been measured. Room temperature 
Hall effect measurements determined the layers to be n~type as grown with a background 
carrier concentration of J 18 cm-3 and mobility of90 cm2N-s. 

The.uniformity of the GaN on sapphire samples has not been optimized. At present, the 
variation in thickness across a 2 inch wafer, shown in figure 9, varies by approximately 
50%. We are confident that changes we are planning in the system configuration and 
growth conditions will further improve the thickness uniformity. Note that the average 
growth rate by this technique is greater than I 00 llJ1llhr for high quality GaN. 

The uniformity of structural quality was also measured. In figure 10, the FWHM: of 
double crystal x-ray rocking curves taken across a 2 inch wafer is plotted on a contour 
map. A large part of the film is very uniform, but there is as much as a 30% increase in 
FWHM: as you approach the edge of the wafer. 
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Accompanying this report is one 2 inch wafer ofGaN (-10 J.im thick) on (0001) sapphire 
grown by HVPE. The surface morphology and DCXRC map for this sample is shown in 
figures 1 and 3 above. A small piece (several mm across and -20 ~ thick) of free 
standing GaN is also being delivered at this time. Additional samples on sapphire will 
follow soon. 

c. Plans for Forthcoming Reporting Period 

A suitable baseline for GaN growth by HVPE has now been established and will be 
extended to growth of GaN on the growth template. In the next reporting period, we will 
develop a plan for the second year of this program. 
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Milestone 16, Milestone Complete 

• Milestone 16: First LED chip configuration and processing designed. N- and p-type 
GaN fit m etching. 

Several different chip configurations and LED fabrication processes have been 
investigated. The two-mask EV process is used for daily routine processing of device 
structures, and was used to fabricate the LED samples delivered to Anis in February. 
Mesa structures have been patterned in both n-and p-type GaN using RIE: then-type 
material was found to etch more slowly than p-type as shown in Fig. 11. 
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Overview: 

The BlueBand program is changing focus from· materials-related issues to increasingly 
device related milestones. In the first year of the program, basic materials issues such as n­
and p.type doping, AlGaN and lnGaN growth, native defect behavior, basic 
crystallography have been addressed. Homojunction, heterostructure and quantum well 
diodes have been constructed. At the point of writing of this report. HP has demonstrated a 
blue LED with -70% of the optical intensity of the Nichia quantum well device. 

In the coming year, the milestones, particularly of HP and SOL, become increasingly 
device driven. Upcoming milestones of this type include high-brightness LEDs, single 
mode waveguides, facet construction and the achievement of a pulsed injection laser in the 
nitrides. 

The consortium met during this quarter and decided the issue of substrate vendor 
downsolect Based upon both technical and financial reasoning, the BlueBand consortium 
has decided to continue into the second year with ATMI as the continuing substrate vendor. 

Summary: Milestones 17 through 21 are completed. 

Milestone #17 

Microstructure of undoped and highly doped GaN epilayers 

The microstructure of highly doped GaN layers grown epitaxially by MOCVD at Xerox 
P ARC has been characterized using transmission electron microscopy. High pUrity GaN 
was used as reference. In all cases, a columnar structure is evident, with column 
diameters between 0.2 and 1.0 nun. The characteristics of the columnar structure are 
reflected in the x-ray diffraction rocking curves (XRRC). A distribution of tilt of the c-axis 
of -5 arcmin and a distribution in the rotation of the c-axis of -8 arcmin is characteristic of 
some high quality materials. The addition of silicon for medium level carrier concentrations 
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(mid 1011cm·3) does not seem to affect the columnar structure. Higher carrier concentration 
(about 1019 cm·3) produces significant changes in the XRRCs and in the measured lattice 
parameter (cf work by Brent Krusor on HP samples). Similarly, the addition of 
magnesium does not affect significantly the microstructure for low/medium doping levels. 
Energy dispersive x-ray analysis supports the ~ncept of Mg3N2 precipitates for Mg 
concentrations above 1019 cm·3• Tbe nature of dislocations does not appear to chan&'e 
noticeably when crossing a p-n junction between highly doped materials. This has been 
observed in Nichia LEOs as well as in a number of odler samples. A few differences are 
observed with the use of other complementary techniques. 

(a) Undoped OaN: The columnar structure of high purity material is easily observed with 
cathodoluminescence (CL). The near bandedge emission appears to be associated with the 
center of the column, and the yellow-region with dislocated regions [ 1}. Dislocations have 
burgers vectors of a, a+c and c [2]. Nanotubes and inversion domains have been 
identified in certain regions of the sample. Most of the nanopipes are assoc~ated with screw 
dislocations with a burgers vector of c [3]. One issue which is very stimulating is that the 
lattice of GaN/sapphire seems to be fully relaxed from the thermal stresses expected from 
this system. Lattice parameter meuurements indicate that for device quality materials ~ 
is very little difference between bulk and beteroepitaxial lattice parameters. We have 
proposed a model for the relaxation of the thennal stresses based on the dislocation 
geometry [4]. 

{b) Highly Si- and Mg-doped films: The CL is unifonn spatially for high-luminescence 
wavelengths. The disappearance of the columnar structure (in the CL images, but not in 
the TEM images) is inttiguing. We have found that Raman scattering can be used to image 
the spatial variation of donors in the material. and images of donor distribution iD 
hexagonal hillocks have been obtained [ 5]. As grown Mg-doped films give a particular 
Raman signal at S 19 cm·1 which vanished after the thennal anneals used for acceptor 
activation [6). We are in the process of establishing the connection between CL. Raman, 
and the microstructure. We need to be able to quantify the strain associated with 
dislocations. We suspect that dislocations getter some of the dopants and as a result of 
dopant reaction with the core the dislocation strain is relaxed. 
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Mil~ston~ # 18 

Heterojunctlon arowth for fundamental bandotrset studies. 

UT Austin has successfully grown InGaN/GaN and AlGaN/GaN heterojunctions and 
samples. are being studied using low-temperature PL and will be supplied to the 
Consortium members for further study. 

Mil~ston~ 1119 

Fabrication of pin AlGaN/GaN heterojunctfon. Tum-on voltaae coal 
speclftcatfon Is less than 4.4 V. 

An Alo.01Gao,nN/GaN heterojunction was grown which showed diode behavior similar to 
the GaN/OaN bomojunctions that we have produced. I-V and L-1 curves for both junction 
types are shown in Figures 1 and 2. Light output for the beterojunction device is one-third 
that of the homojunction device. V characteristics are nearly identical, with a 20 mA Vf of 
7.6 to 7.7 volts. Peak wavelength is 471 nm for the Alo.01Gac,.nN/OaN device and 465.4 
nm for the GaN/GaN device. The forward voltage is greatly improved to a value of 4.4 
volts by increasing the Mg concentration m the p-GaN layer, facilitating ohmic contact 
formation. UT Austin has recently achieved p-type doping and has now demonstrated a 
working p-n GaN homojunction. This LED is now under characterization. 
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Electrical cbaracterfzatlon of p-n homojunctlons. 

The ability to dope GaN n- and p-typc by employing Si as a donor and Mg as an acceptor 
leads to the fabrication of p-n• junction devices. 1be diodes were arown on sapphire 
substrates and the p and n• layers were -5 ~ and 0 .56 ~ thick. respectively. The 
acceptors were activated with a standard postii'Owth furnace anneal. Reactive ion etching 
was employed to fabricate mesa structures with a diameter of 0.5 mm. Ohmic metal 
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contacts were deposited on the n• and p-layers. The perfonnance of the diodes was tested 
with current-voltage (I-V) and capacitance-voltage (C-V) measurements. Results are shown 
below. 



The analysis of the C-V data reveals an effective acceptor concentration (NA-ND) of 
-2><1018 cm-3 unifonnly distributed over the depth of the capacitance measurement. In the 
case of acceptors in Mg-doped GaN the C-V measurement determines the acceptor 
concentration (minus the concentration of donors) rather than the hole concentration. The I­
V characteristic of a representative diode is shown in the inset (above). The leakage cwtent 
at a reverse bias of -4 Vis -2.1 J.LA. 

The diodes were utilized in deep level transient spectroscopy (DL TS) measurements to 
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investigate deep level defects in p-type GaN for the first time. The diodes were wen suited 
for these measurements which use a 1 MHz test-signal to measure the differential 
capacitance. The analysis of the DLTS data yielded deep levels with activation energies for 
bole emission to the valance band of (0.21 ± 0.03) eV (ET(DLPl)). (0.30 ± 0.11) eV 
(ET(DLP2)). and (0.45 ± 0.10) eV (ET(DLP3)). Tbe concentrations of the deep levels 
(N1j were found to be (3.9 ± 2.3)xl014 cm-3 (NT(DLPl)), (S.O ± 2.0)xl014 cm-3 
(NT(DLP2)), and (8.6 ± 1.4)x1014 cm-3 (NT(DLP3)). 

The identification .of deep levels in GaN and the ability to control lheir concentrations are 
important issues for the fabrication of light emitters with m-V nitrides since deep level 



defects may act as effJCient recombination centers and influence the efficiency of LEDs or 
the threshold power for injection lasers. 

Publications submitted: 

1 A donor-lib de~p lev~l tkfect in Alo.uGa4 ,N clutracterir.~d by capacitance transieni 
sptJctroscopies 

w. Qijtz.. N.M. Johnson, M.D. Bremser, ~d R.F. Davis, Appl. Phys. Lett. (1996) 

2 Activation of acc~ptors in Mg-doped. p-typ~ GaN 

W. G~tz.. N.M. Johnson. J. Walker, D.P; Bour 

Sympo~ium E of the 1996 Spring Meetina of the Materials Research Society, April 8-

12. 
1996, San Francisco, CA 

Publications appeared: 

1 Activation Energies of Si Donors in GaN 

W, Gotz. N.M. Johnson. C. Chen, H. Liu, C. Kuo, and W. Imler. AppL Pbys. 
Lett. 68, 3144 (1996) . 

2 D~ep level d~f~cts in Mg-doped, p-type GaN grown by meta/organic chemical vapor 
d~position 

W, O~tz, N.M. Johnson, and D.P. Bour, Appl. Phys. Lett. 68, 3470 (1996) 

Milestone #20 

Substrates: Evaluate SiC vs. AJ20 3, MBE growth of GaN films on M-plane 
sapphire, proeram plaos for AXT and A TML 

All companies within the consortium have grown on SiC, aloo.a with the more common C­
plane sapphire. A1 ~ the consortium members are not planning to put significant 
emphasis on SiC, due primarily to tbe high cost of SiC substrates. Growth on mic:ropipe­
free SiC is more forgiving to process variations, however, no significant performance 
advantage in terms of mobility. diode performance. etc .• has been found 

GaN films were grown by the MBE method on the M·plane (lOiO) of sapphire, with or 
without a low temperature buffer. The structure and the opto-electronic properties of these 

films are summarized as follows. 

A. Filma UOWJI without a low tcmpcratgn buffer, 



The only cleaning procedure of the substrates was heating in molecular hydrogen to 7000C. 
Films approximately 1 J.UD thick were grown at this temperature and doped with the Si<ell 
at 1375°C. 

•SEM examination reveals relatively smooth surface morpholoiY but with micropores 

about IOOOA in diameter. 

• XRP examination reveals two reflections, a strona one with Miller indices ( 1122) and a 

weaker one with Miller indices ( l 0 l 0). 

• Hall effect measurements show that the material is heavily doped with canier 

concentration 3-4 x 1011 cm·3• electron mobility ~2 N -sec and resistivity 3 xH)"2 

ohm-em. 

• Pbotoluminescence measurements with a lOmW He-Cd laser show a strong 

luminescence across the gap (36Smn) with no observable yellow luminescence. 

B. Films arowo with a low temperature buffer. 

In this series of films the substrate was ftrst nitridated at 750°C. then cooled to soooc for 
the growth of a 250A thick GaN buffer and heated to. 750°C for the growth of about lJ.Un 
thick film. The temperature of the Si-cell was at 1350°C. 

• SEM examination reveals very smooth surface morphology. 

• XRD examination reveals again two reflections with indices (1122) and (1010} as in the 
previous case. 

• Conductivity measurements show that the material has a resistivity 130 o~ whicb is 
4.3 x lo' times larger than the resistivity of the samples grown without a buffer. 

• Photoluminescence measurements show a sharp photoluminescence peak at room 
temperature (FWHM = 79meV) occurring at 36Snm. The intensity is one order of 
magnitude weaker than in the previous sample. These samples do not show yellow 
luminescence as well. 

Conclusions: 

The main conclusions from this study can be summarized as follows: 

1. The low temperature buffer promotes two dimensional growth leading to smoother 
surface morphologies. This result is similar to growth on the c-plane. 



2. The investigated conditions lead to the growth of (1122) and (1010) planes. However. 
these planes are not well matched to the M·plane sapphire. The plane we want is the 
( 10 13), in which the mismatch with the sapphire ( 101 0) lattice in he two perpendicular 
axes is the minimum. (The mismatch is 2.6% in GaN [1210]/sapphire [0001] diteetion 
and 1.9% in GaN [3031]/sapphire [2110] direction). Further work is required to 
identify conditions for the epitaxial growth of the ( 10 13) plane. · 

3. The films without a low temperature buffer dope far more efficiently with silicon than 
the films with the buffer. The evidence suggests that the films with the buffer are more 
strained and this probably affects the incorporation of silic~n in the sites. 

4. The photoluminescence intensity is reduced as the carrier concentration is reduced. 
However, no yellow luminescence is observed even at low doping levels. This is 
genenslly opposite to GaN on the C·plane which shows yellow luminescence at low 
doping levels. 

AXT and HPRC have made dramatic progress in crystal growth. The most recent crystals 
are nearly 1 em in scale ( -8 mm by - 8 mm). They are quite clear and have smooth 
surfaces. Since the beginning of the program. the crystal area has been scaled up by a 
factor of two every three to four months. A!. the current rate of development. the crystals 
will reach 2-2.5 em diameter in approximately 12 months. MBE epitaxial growth at the 
University of Ulm shows the narrowest exciton lines for any GaN material. The FWHM 
of the lines is on the order of O.S meV. In addition, exciton lifetime studies at H.PRC show 
that the lifetime of the GaN on GaN epitaxy is an order of magnitude greater th~ that of 
OaN on sapphire. This is a clear indication of the superior quality of the GaN on OaN 
epitaxial fJ.lms. 

A reactor design was carried out for the growth of 2-2.5 em scale crystals. This design 
shows that the reactor for manufacturing commert:ializable substrates comparable to that 
for other crystal growth systems. The estimated cost, if built in Pol~ is competitive with 
other technologies. 

The polishing tests resulted in about a 6 A RMS surface finish. This is still not as good as 
shown by XEROX and further refinement of the technique is required. 



Future Plans 

AXT participated in the downselect meeting hosted by HP on 13 June 1996. The Blue 
Band Consortium decided against continuing support of bulk crystal development. Given 
the high quality of the epitaxy which has been demonstrated by the Blue Band and others 
on GaN substrates, AXT expects that a true UV or blue laser will be demonstrated 

3 ... 0 3.<C45 3.~0 3.455 3.460 3.~ 3.470 S.·H5 3.480 3.485 3.490 3.495 3.500 

Energy [eV] 

The low temperature PL of a GaN film, 1ro'Wil by MBE, oa a GaN sub1trate. 

successfully on the GaN substrates. 

ATMI: 

During this work period, we have further improved the uniformity and quality of GaN 
grown on sapphire by HVPE. In additi~ we directly addressed the components needed to 
make free..standing GaN, namely: 

• Improved the quality of OaN on the template substrate by HVPE 

• Reconfigured the HYPE reactor to allow for backside template etching 

• Demonstrated Si template etching at large etch rates 

Several samples have been delivered to the Consortium for epi-layer growth and 
char:acterization: 

• 3- 2" wafers of GaN grown on Sapphire 

• A small piece of free-standing GaN 



• GaN grown on the template substrate 

Plans for Second Year: 

We have demonstrated all the components needed to make GaN substrates by the method 
which we proposed in this program. These will be combined to remove the silicon template 
from crack-free GaN on silicon to produce free-standing GaN substrates. In addition, there 
is potential for other removable template materials which could act as a substrate for GaN 
growth. Among the candidates which are of inte~st are: 

• Lithium Gallium Oxide (LGO) 

• Lithium Aluminum Oxide (LAO) 

• ZincOxide 

Frnally ATMI has worked at predicting the wafer cost for a 2" GaN wafer grown via 
HVPE. The cost curve is $1500 @ 100 wafers/month (w/m}, $400 <it 1000 w/~ and 
$250 @ 10000 w/m . 

. Milestone #21 

GaN LED Demonstration 

Materials and modeling parameters that critically intluence LED operation 

Numerical device simulations can greatly aid the optimization of LED (as well as laser 
diode) structures. The ability to perform such simulations is currently hampered by 

. incomplete knowledge of a number of basic materials parameters in the nitrides. We have 
surveyed the literature to obtain state-of-the-art values for the key parameters, and identify 
areas where first-principles cakulations can provide new or more accurate information. 
Here we focus on parameters dc.scnoing the band structure of the component materials. 

For ternary alloys, linear interpolation between the values for the constituent binary 
compounds often provides adequate parameter values. However, some parameters exhibit 
nonlinear behavior as a function of alloy composition. 1be prime example is the bowing of 
the band gap. Our first~les calculations have produced values of b=O.S for AlGaN 
and bal.O for InGaN; these results are very close to those obtained by A. F . Wright and 1. 
S. Nelson [Appl. Phys. Lett.''· 3051 (1995)]. It is expected that refractive indices will 
also exhibit a n~nlinear dependence on composition. 

The band structure of the component materials is not only a function of alloy composition, 
but also of strain induced by lattice mismatch. The effect of strain on the band structure can 
be described in tcnns of deformation potentials. We have ca.lculated the following values 
(in eV, Pi.kus-Bir notation): 



( 

AlN GaN InN 

a (hydrostatic) ·9.1 -8.0 -5.0 

b ( 100 strain) -l.S -1.7 -1.2 

d (111 strain) -4.S -4.2 -3.0 

Finally, we point out that heterojunction band offsets may be the most crucial ~rs 
determining optoelectronic device behavior. Measured values of band offsets in the nitride 
system exhibit a great deal of scatter right now, which is at least in part due to improper 
inclusion of the effects of strain. First-principles calculations of the band ·lineups, 
including strain effects, are in progress. 

Published: 

'"Defects, impurities and doping levels in wide-band-gap semiconductors", C. G. Van de 
Walle and J. Neugebauer, Braz. J. Phys.l5, 163 (1996) . 

.. Native defects and impurities in o~·. J. Neugebauer and C. G. Van de Walle, 
Festktsrperprobleme/Advances in Solid State Physics 35, 163 (1996). 

Accc,pted for publicatiOJl: 

.. Gallium vacancies and the yellow luminescence in GaN", I. Neugebauer and C. G . Van 
de W aile (Applied Physics Letters, July 22 1996). 

Submitted; 

''Role of hydrogen and hydrogen complexes in doping of GaN". J. Neugebauer and C. G . 
Van de Walle, MRS Symposia Proceedings Vol. 42.3 (MRS, Pittsburgh, PA). 
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Overview: 

Device-rekzted work is now the focus of BlueBand. Topics discussed within this report 
include the fabrication of facets, wire-bonding to LED chips, and the scaling of the ATMI' ~ 
growth machinery to accommodate 2" wafers. 
Materials studies include TEM characterization of heterostructures, modeling of 
bandstructure offsets, and a DLTS study of defect states. 
Upcoming milestones include high-brighmess LEDs, single mode waveguides, and the 
achievement of a pulsed injection laser in the nitrides. 
The consortium presented results in Florida for the semi-annual DARPA review. 

Summary: Milestones 22 through 26 are completed. 

Milestone #22 

Structural characterization of AlGaN/GaN heterojunctions. InGaN flirn growth 
demonstrated. InGaN/GaN structures delivered to Xerox for study. Theoretically 
investigate the band offsets of the AlGainN material system. 

Structural Characterization of AIGaN/GaN Heterojunctions 

AlGaN/GaN heterojunctions are used for cladding layers in light emitting diodes and in 
diode lasers. Unlike the arsenides. the materials parameters of these nitrides vary 
significantly with the group ill composition. In the extreme case of AlN/GaN, the lattice 
mismatch of 2.4% requires a critical thickness for plastic relaxation of about 3 to IOnm 
(depending of the model used); and the thetmal expansion difference is equivalent to up to 
0.15% of lattice mismatch when cooling from the growth temperature. It is important to 
understand the mechanism of relaxation of the stress associated with the lattice mismatch in 
this system. We have perfonned microscopy on samples containing heterojunctions with 
various AI contents. We have successfully imaged misfit dislocations at interfaces 
containing Al-Ga variations ~50%. Fig. 1 shows a misfit dislocation at the 
AIN/ Al0.5Gao.sN' interface corresponding to a lattice mismatch of 1.19%. An extra atomic 
plane on the top half of the sample compensates for the difference in lattice spacings of the 
two materials. These misfit dislocations have a Burgers vector of magnitude 1/ :5ll '1.1 0 J 
corresponding to displacements on the basal plane. The separation of misfit dislocations is 
about23nm. · 



AlGaN/GaN heterojunctions are used for cladding layers in light e{Tlitting diodes and in 
diode lasers. Unlike the arsenides, the materials parameters of these nitrides . vary 
significantly with the group III composition. In the extreme case of AlN/GaN, the lattice 
mismatch of 2.4% requires a critical th ickness for plastic relaxation of about 3 to lOnm 
(depending of the model used); and the thermal expansion difference is equivalent to up to 
0.15% of lattice mismatch when cooling from the growth temperature. It is important to 
understand the mechanism of relaxation of the stress associated with the lattice mismatch in 
this system. We have performed microscopy on samples containing heterojunctions with 
various A1 contents. We have successfully imaged misfit dislocations at interfaces 
containing Al-Ga variations ~50%. Fig. 1 shows a misfit dislocation at the 
AlN/Al0.$Gao.5N interface corresponding to a lattice mismatch of 1.19%. An extra atomic 
plane on the top half of the sample compensates for the difference in lattice spacings of the 
two materials. These misfit dislocations have a Burgers vector of magnitude 1/ 3l1'21Uj 
corresponding to displacements on the basal plane. The separation of misfit dislocations is 
about 23nm. 

For lower compositional variations, the expected dislocation separation rapidly increases, 
exceeding O.lmm for 10%, and 0 .4 mm for 1%. In addition, the critical thickness for 
plastic relaxation (introduction of misfit dislocations) also increases rapidly, greater than 
20nm and 0.2 mm for 50% and· 10% variation of AI content, respectively. These 
separations are comparable to those observed in the dislocation network resulting from the 
columnar structure of these materials, with lateral dimensions ranging from 0.2 mm to 0.5 
mm. Using the model of a low-angle tilt domain structure, and the critical thickness model 
of People and Bean, it is believed that for compositional variations of less than 50%, the 
critical thickness and the misfit dislocation separation will exceed the average lateral 
dimensions of the columns, lattice mismatch strain will not be relieved inside the columns, 
and the long range strains will be relieved at the domain boundaries. 

TEM observations of cladding layers with AI compositions of the order of 10% are 
consistent with these considerations: such interfaces do not exhibit dislocations nor 
stacking faults. This seems to be one of the beneficial features of the columnar nature of 
the m-v nitride thin films. 

Fig. 1. Lattice image of a AlN/ Alo.sG3o.5N 
interface showing misfit dislocation on the 
basal plane with Burgers vector 1/ 3[1!10] . 
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Publications submitted: 
[ l ] Direct imaging of impurity-induced Raman scattering in GaN 

F. A. Ponce, J . W. Steeds, C. Dyer, and D . Pitt, Appl. Phys. Lett. (in press). 
[2] Observation of nanopipes and inversion domains in high quality GaN epitaxial layers 

F. A. Ponce, D. Cherns, W. Young, and J. W. Steeds; and S. Nakamura, submitted 
to Appl. Phys. Lett. ( 1996). 

[3] Observation of coreless dislocations in GaN 
D. Chems, W. T. Young, J. W. Steeds, F. A. Ponce, and S. Nakamura, Journal of 
Crystal Growth ( 1996) · 

[4] Detennination of the atomic structure of inversion domain boundaries in GaN by 
transmission electron microscopy 
D. Chems, W. T. Young, M. Saunders, F. A. Ponce, and S. Nakamura, 
Philosophical Magazine ( 1996). 

[51 Microstructure of Epitaxial III-V Nitride Thin Films 
F. A. Ponce, Chapter 6, in "GaN and Related Materials, S. Pearton, Ed. (1996) in 
press. 

Publications appeared: 
[ 1] Detennination of lattice polarity for growth of GaN bulk single crystals and epitaxial 

layers 
F. A. Ponce, D. P. Bour, W . T. Young, M . Saunders, and J. W. Steeds, Appl. 
Phys. Lett. 69 (3), 337-339 (1996) 

[2] Characterization of dislocations in GaN by transmission electron diffraction and 
microscopy techniques 
F. A. Ponce, D. Cherns, W. Young, and J. W. Steeds, Appl. Phys. Lett. 69 (6), 
770-772 (1996). 

[3] Transmission electron microscopy of the AlN-SiC interface 
F. A. Ponce, M.A. O'Keefe, E. C. Nelson, Phil. Mag. A 74 (3) 777-789 (1996). 

InGaN film growth demonstrated. InGaN/GaN structures delivered to 
Xerox for study. 

Numerous InGaN quantum well structures have been grown and characterized. The In 
composition in the wells has been varied to produce emission wavelengths from 420 to 540 
nm using the test structure illustrated in Fig. 2 

OaN (250 A) 

Fig. 2. InGaN quantum well test structure for In incorporation studies. 
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Fig. 3. Effect of growth rate on In incorporation. 
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Fig. 4. Effect of growth temperature on In incorporation. 



The effect of varying the growth rate while keeping the growth temperature constant is 
shown in Fig. 3. Fig. 4 shows the effect of varying the growth temperature while keeping 
the growth rate constant. These results demonstrate the means of improving indium 
incorporation by reducing the desorption of indium species from the growth surface, which 
is the key for growth of high-indium-<:ontaining lnGaN material. 

One design of InGaN/ AlGaN lasers is based on the use of multiple InGaN quantUm well 
structures. Such structures were grown to characterize crystalline and optical quality of 
InGaN quantum wells. High-resolution X-ray Bragg scan of InGaN/GaN multiple 
quantum well structure (MQW) is shown in Fig.S. The appearance of clearly visible 
satellite peaks around the principal diffraction peak of the MQW substantiates the excellent 
crystalline quality of the structure. The angular distance between the main (Oth order) and 
satellite (+1 or -1 order) peaks gives the period of the MQW as 50 nm. 

cps 

GaNbuffer 

34 34.2 34.4 34.6 34.8 
29 (deg) 

Fig.S. XRD Bragg scan of 10 period InGaN/GaN MQW structure 

Samples of quantum well structures with GainN wells have been delivered to Xerox for 
further characterization. Temperature dependent Hall measurements and low temperature 
photoluminescence have been perfonned. and results are being evaluated. 

Theoretically investigate the band offsets of the AlGalnN system 
Knowledge of the band discontinuities between AIN, GaN, and InN (and their alloys) is 
essential for designing optoelectronic devices. Experimental numbers for the offsets 
currently display wide scatter; these variations are at least in part attributable to the role 
played by strain at the heterojunction between these strongly-mismatched materials. We 
have performed first-principles density-functional-pseudopotential calculations to determine 
the band offsets, with particular attention to the role of strain. This approach has 
previously been successfully applied to a wide variety of semiconductor heterojunctions. 
To avoid complications associated with polar interfaces, we have first addressed the offsets 
for the nonpolar zincblende interfaces; however, we have strong reasons to believe that the 
results for other interface orientations and for the wurtz.ite structure will not differ by more 
than a few 0.1 eV. 



Because of the importance of strain, it is most convenient to express the band lineups in 
terms of a hypothetical unstrained offset, and then use deformation potentials to describe 
the effects of strain. Absolute deformation potentials av describing changes in valence-band 
positions under hydrostatic strain are listed in the Table 22.1. Combined with the 
defonnation potentials appropriate for uniaxial strains (reported in Milestone #21) these 
parameters allow determination of the valence-band offset for any strain situation. 

l Table 1: Absolute deformation potentials I 

I 
The crucial values then are the unstrained valence-band 

0.7SeV 

AlN GaN 

Fig. 6 . Uastni ned valence-band 
offset between GaN and AIN. 

offsets. illustrated in Fig. 22.1. For AlN/GaN, we find an offset of 0.75 eV, in good 
agreement with previous theoretical work. and with some of the experimental 
detenninations. Calculations forGaN/InN are in progress. In all cases we find that proper 
inclusion of atomic relaxation near the interface is essential. 

Published: 

"Hydrogen diffusion and complex formation in GaN'\ J. Neugebauer. W. Goetz, and C. 
G. Van de Walle, in Proceedings of the fl' International Conference on SiC and Related 
Materials, Kyoto, 1995, edited by S. Nakashima, H. Matsunami, S. Yoshida, and H. 
Harima, Inst. Phys. Conf. Ser. No 142 (lOP Publishing, Bristol, 1996), p. 1035. 

"Gallium vacancies and the yellow luminescence in OaN", J. Neugebauer and C. G. Van 
de Walle, Appl. Phys. Lett., 69, 503 (1996). 

Ace~ for publication: 

"Role of defects and impurities in doping of GaN", J. Neugebauer and C. G. Van de 
W aile, in Proceedings of the 2r Internaoonal Conference on the Physics of 
Semiconductors, Berlin, 1996, edited by M. Scheffler and R. Zimmermann (World 
Scientific Publishing Co Pte Ltd., Singapore, 1996). 

Milestone #23 

Electronic characterization and PL study of defects in n-type GaN 

Defects which introduce electronic levels into the band gap of semiconductors can be 
characterized by capacitance transient techniques. For example, deep level transient 
spectroscopy (DL TS) is a sensitive spectroscopic tool to detect and characterize deep level 
defects in ill-V nitrides. 
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Fig. 7. DLTS spectrum for unintentionally doped, n-type OaN grown by MOCVD. 
The DLTS signal is shown for two different emission rates e0 vs. sample 
temperature. Two peaks - labeled DLN1 and DLN2 - reveal the presence of two 
deep levels within the sensitivity range of our DLTS measurements. The peaks are 
labeled with the corresponding thennal activation energy for electron emission (.6.E) 
and the concentration of the deep level (N). 

We have investigated n-type (undoped· and Si-doped) GaN with DLTS using Schottky 
diodes. A typical DLTS spectrum is displayed in Fig. 1 for two different instrument­
detennined emission rates t11· In a DL TS spectrum, the DLTS signal is shown as a function 
of the sample temperature and each peak in the spectrum is related to a discrete deep level. 
The spectrum shown in Fig. 1 reveals two discrete deep levels located in the upper half of 
the GaN band gap. They are labeled DLN1 and DLN2• Parameters for DLN1 and DLN2 are 
depicted in the figure. 

To date, the chemical or strucrural nature of the deep levels DLN 1 and DLN2 are unknown. 
However, they seem to be present in all n-type GaN samples we have investigated with 
DL TS. Furthermore, DLN 1 and DLN2 were also detected in n-type GaN grown by hydride 
vapor phase epitaxy (HVPE). Since both growth techniques use different group m 
precursors but the same group V precursor (NH3) common impurities in NH3 or native 
defects may be responsible forDLN1 and DLN2• 

In ~eneral, deep levels are present in MOCVD grown GaN in concentrations below 101s 
em· . Therefore, deep levels cannot play a significant role as compensation for shallow 
donors or acceptors. Further studies are underway, to reveal the chemical nature of the 



I . 

common deep levels and to determine their significance as recombination centers in active 
regions of light emitting diodes. 

Publications submitted: 

l . Characterization of the electrical properties of GaN Grown by Hydride Vapor Phase 
Epitaxy. W. Jets, L.T. Roman, N.M. Johnson, and R.J . Molar, Proceedings of 
the ICPS-96, Berlin, Germany (1996) 

2. LocalVibrationalModesoftheMg-H Acceptor Complex in GaN, W. Gotz,·N.M. 
Johnson, M.D. McCluskey, and E.E. Haller, Appl. Phys. Lett. (1996) 

Publications appeared: . 

1 Ekctronic and Structural Properties of GaN Grown by Hydrid Vapor Phase 
Epitaxy, W. Gotz, L.T. Romano, B .S. Krusor, N.M. Johnson, and R. J. Molnar, 
Appl. Phys. Lett. 69 (2), 242 (1996) 

2 Shallow Dopants and the Role of Hydrogen in Epitaxial Layers of Gallium Nitride 
(GaN), W. Gotz, N.M. Johnson, D.P. Bour, C. Chen, H. Liu, C. Kuo, and W . 
Imler, Electrochemical Society Proceedings, Vol. 96-11, 87 (1996) 

Milestone #24 

Scale-up of growth system to 2" substrates. Comparison of GaN devices on sapphire and 
SiC substrates. Development of n-type and p-type AIGainN on 6H-SiC substrates. 

Scale-up of growth system to 2" substrates . 
The HVPE reactor at AT.Ml has repeatedly demonstrated growth and etching with 2 inch 
diameter·wafers, thus achieving the goals of the current reporting period. We have grown 
on both 2 inch diameter sapphire and 2 inch diameter Si wafers. We have achieved a 
steady improvement in crystallinity of the 2 inch diameter GaN/sapphi.re. demonstrated by a 
decrease in the FWHM of double crystal x-ray rocking curve (DCXRC) with time. This 
trend is shown in figure 8. We can now reproducibly achieve FWHM of DCXRC below 
300 arc sec across an entire 2 inch ~afer of OaN/sapphire. A s~lar trend is seen for the 
growth of GaN on the removable St template. A DCXRC obtamed from the best GaN 
sample grown on a 2 inch diameter Si template is shown in Figure ·9. These x-ray 
diffraction results indicate that the material is single crystal with a FWHM: = 793 arc sec. 
The crystallinity of the HVPE Ga..l'll on the removable template is continually improving. 

We have continued to investigate the in situ backside etching of Si templates at the growth 
temperature. We have achieved Si etch rates in excess of 25 J.Linlmin. for a 2 inch diameter 
wafer and full removal of a 250 J.l.Ill thick Si wafer in less than 10 minutes. Thus. both 
growth and etching of 2 inch wafers in the ATMI reactor has been achieved 

The uniformity across a 2 inch wafer has also been improved. As an example of the 
improved uniformity, figure 10 shows the room temperature photoluminescence spectra 
obtained at several points across the diameter of a 2 inch wafer of GaN on sapphire. 
Notice, that not only is the intensity and width of the 361 nm peak relatively constant 
across the wafe!J but there is also a consistent lack of the 550 nm defect peale The 
FWHM of the 3ol run peak varies from 42.6 to 44.6 A 
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Figure 8. FWHM: of double crystal x-ray rocking curves obtained from 
GaN samples grown on sapphire as function of time. 
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Figure 9. Double crystal x-ray rocking curve for a OaN sample grown on 
the silicon template. 
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Figure 10. Room temperature photoluminescence spectra obtained from a 
HYPE GaN sample gr-own on a 2 inch sapphire wafer. The spectra were 
obtained at 10 mm intervals across the diameter of tbe wafer. 

Comparison of GaN devices on sapphire and SiC substrates. 
We have successfully grown InGaN/GaN and AlGaN/GaN heterojunctions on (0001) 
sapphire substrates. We have also grown, fabricated, and tested InGaN/GaN MQW 
heterostructure p-n junction LED's on sapphire substrates. The comparison of structures 
grown on SiC substrates has been initi(lte(i with the growth of similar heterostructure& on 
vicinal (0001) 6H-SiC wafers. 

Development of n-type and p-type AlGaN on 6H-SiC substrates 
AlGaN alloys have been grown on 6H-SiC substrates without the employment of a buffer. 
which is the usual mode of heteroepitaxial growth of this class of materials. Alloys with AI 
concentration up to 60 percent were fabricated. Films with low AI -content were found to be 
of high structural equality, with 0002 rocking curve having FWHM of 9-Arc min. The 
films were doped n-type with silicon and p-type with magnesium. In both cases, the 
conductivity of the fllms for constant Al concentration was found to scale with the vapor 
pressure of the two elements. The conductivity of both the undoped and the Si-doped 
AlGaN alloys decreases with Al-concentration. Specifically, the conductivity of the Si­
doped ftlms decreases from 3xlOZ to 4xl0-4 by varying the Al concentration from zero 
percent to 60 percent. The evidence suggests that Si becomes a deeper donor as the AI 
concentration increases. In AIGaN alloys, photoluminescence occurs across the gap. For 
comparison similar studies were conducted on AlGaN alloys grown on (0001) sapphire 
substrates. 

One of the advantages of 6H-SiC as a potential substrate for ill-V nitrides is that vertical 
devices can be fabricated with the SiC as an active part. However. this requires that one 
should be able to deposit the ill-V nitrides directly on the SiC substrate without a low 
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temperature buffer, which is the usual mode of heteroepitaxial growth for these materials. 
In this report, we describe the growth and doping of AlGaN films on 6H-SiC with Al 
concentration up to 60 percent. Samples were also grown on (000 I) sapphire for 
comparison. 

The various AlGaN alloys were deposited at 750°C by adjusting the beam equivalent 
pressures of AI and Ga. The films were doped n-type with Si and p-type with Mg. The 
concentration of Al in the films was determined from XRD assuming Veragd's Law. The 
structure of the films was determined by measuring the rocking curve of the (0002) peal<. 
The sample with 5 percent AI (approximately lJlm thick) was found to have a rocking 
curve for the (0002) peak with FWHM of 9 Arc min. The FWHM of the same peak in the 
e-26 scan was found to be about 3 arc min. and the FWHM of the (0004) peak in the 8-28 
scan was found to be about 4 arc min., Fig. 11 is indicating very little inhomogeneous 
strain. 
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Figure 11. Theta-Two Theta scan of Al.~Ga.95N grown directly on 6H-SiC. 
FWHM of (0002) peak is 3 arc min., and of (0004) peak 4 arc min. 

The n- and p-type doping of these alloys was evaluated by measuring the conductivity of 
the films using pressure contacts. Fig. 12 shows the conductivity of undoped AlGaN and 
Si-doped alloys. For comparison a number of Si-doped samples were grown under 
identical conditions on sapphire substrates. Upon doping the conductivity increased by 4-5 
orders of magnitude. However, the conductivity of the films decreases with the Al­
concentration. Our initial transport studies suggest that Si becomes a deeper donor as the AI 
concentration increases. 

A number of AlGaN alloys with fixed A1 concentration and variable amount of Si or Mg 
were also grown. Fig. 13 shows the dependence of the conductivity for both then-type and 
p-type films as a function of the vapor pressure of both the Si and Mg. The 
best 
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Figure 12: Effect of AlN mole fraction on the conductivity of undoped and Si doped 
Al~Ga1.~N alloys. The doped films were grown both on 6H-SiC and ~03 
substrates for comparison and doped with the Si cell at 1375 °C . 

n-type doped films have conductivity of 3xl~ (Ohm.cm)"1 and p-type films have 
conductivity 1 0' 1 (Ohm.cm) ·' . The ftlms were p-type without post-growth annealing . 
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Figure 13. The electrical conductivity of Al,Ga1.,N films grown on 6H-SiC or 
sapphire (for comparison) vs. the equilibrium vapor pressure inside the Si and Mg 
effusion cells. This direct dependence between conductivity and vapor pressure 
indicates efficient incorporation of the dopants. 



Photoluminescence in some fllms was investigated with a He-Cd laser .. The data for a 
sample with 5 percentAl. doped with silicon, is shown in Fig. 14. The main 
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Figure. l4. Room temperature photoluminescence spectra of Al_05Ga.95N film doped 
with Stat the level of about 5x 1017 cm·3• 

luminescence peak occurs at 3,53eV which is 10 rr~:;V below the gap of the semiconductor 
(3.54eV) 

AlGaN films withAl content up to 60 percent were grown on 6H-SiC and (0001) sapphire 
substrates. The growth on 6H-SiC substrates took place without the employment of any 
kind of buffer. The ftlms were doped n-ty~ with Si and p-type with Mg to maximum 
conductivity of3xl~ (Ohm·1• cm'1) and 10 · (Ohm ·1• cm"1

). The conductivity of then-type 
films decreases withAl concentration suggesting that Si becomes a deeper donor. The Mg 
doped films were p-type as grown without any post-growth annealing. 

Milestone #25 

Bonding to simple devices demonstrated. 
LED devices have been fabricated and diced for bonding on headers and in lamp packages. 
A typical die attached and wire bonded device under forward bias is illustrated in Fig. 16. 
Viewed from the top, the etched mesa emitting region is visible in the center and glows 
more brightly than the rest of the chip. One ball bond is in the upper left hand comer of the 
mesa; the other ball bond is off the mesa at the lower right. The entire chip glows blue, but 
there is wave guiding along the top surface of the chip which makes the edges ·of the chip 
brighter and appear white in the photograph. 



Fig. 15 is an SEM image of a similar chip and shows the wire bonds in more detail. This 
particular chip has some contamination on the upper surface as a result of the epi-side­
down dicing process. Recent improvements at the dicing step have eliminated such 
contamination. 

Fig. 15. SEM image of a typical wire bonded GalnN LED. 

Fig. 16. GainN LED under forward bias. 
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Milestone #26 

Development of facet formation technologies, including polishing, dry 
etching and cleaving. 

Samples of AIGaN/GaN heterostructures grown on c-plane sapphire were sawn into bars 
of lmm width, mounted in the fixture facet up and polished on diamond polishing pad. An 
SEM image of the polished facet is shown in Fig.l7. 

Fig.l7. Polished facet ofGaN/AlGaN heterostructure grown on c-plane sapphire 

It can be seen that although smooth fragments could be found, the chipping and 
delamination of the grown film predominantly occurs during mechanical facet polishing. 

Fig.l7. SEM image of CAmE etched GaN/ AlGaN heterostructure. 

Preliminary experiments with dry etching of GaN/ AlGaN heterostructure& has been 
performed on a Technics Plasma GMBH chemically-assisted ion beam etching machine 
(CAIBE). As can be seen from Fig . . 18 further work is needed in order to optimize facet 
smoothness and etching angle. Both SDL and Xerox have orders with Technics for similar 
........,~ ,.~: "".-~ '""'",f AVt"'U)ol"'t A~1-#ot,..h1nn- ~""'"''"'...,.'htlin, tn h. ;" nlof\I"'A ""'"' Tat•u,,.. ... , 1 1 007 D.-.1 ;...,...:...._,..,_. ,. 

' 



( 

Facet formation by cleaving seems to give satisfactory results for GaN/AlGaN 
heterostructures grown both on c-plane and A-plane sapphire as demonstrated in Figs. 18 
and 19. 

Fig. 18. SEM micrograph showing cleaved facet of GaN/ AlGaN heterostructure on 
c-plane sapphire. 

Fig. 19. SEM micrograph showing cleaved facet ofGaN/AIGaN heterostructure on 
A-plane sapphire. 
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Overview: 
BlueBand has now concluded with a final rqKJrt describing issues addrened under 1M 
program, key results, conclusions, and recommendations for future work. 
Technical topics discussed within this quarterly report include characterir.ations of the best 
current LED technology and of AIGalnN diode laser structures. 
MatLrials studies include analyses of Zn.O and HVPE GaN substr.ates, electrical 
characterization of nitride heterojunctions, a structural study of pits, and calculations of the 
electronic and atomic structure of native defects and impurities. 

Summary: Milestones 38 through 43 are completed. 

Milestone #38 
Structural characterization of plts at the surface of GaN diode 
heterostructures 
Pits at the surface of homogeneous GaN layers and on InGaN/GaN diode heterostructures 
have been observed in material grown by MOCVD from several independent research 
groups. These surface defects are likely to adversely affect the electrical characteristics and 
introduce optical scattering centexs in laser diodes. 

In the present study the pits were characterized by transmission electron microscopy (TEM) 
and atomic force microscopy (AFM) in InxGBI-xN SQW and MQW LEOs and laser diode 
structures grown on sapphire. The pits are hexagonal at the surface with pyramidal 
sidewalls that extend into the QWs. 'The size and the density of pits depends on the well 
thickness, the number of wells, and the In composition. For x > 0.40, pits were found in 
both SQW and MQW LED structures with well thickness of 3nm. At lower In 
compositions (x - 0.20}, the pits occur after the growth of - 5 QWs for the same well 
thickness. Once the pits fonn, they extend into the subsequently«posited QW layers. 
Typically either AIGaN orGaN layers were deposited above the QWs. The pits were found 
to extend into these overlayers, to the surface of the device, if the first overlayer was GaN 
with a thickness < 200nm. However, we have limited results indicating that if a lOnm 
AlGaN layer is grown on the QW s, followed by a 200nm layer of GaN, the pits became 
planarized and therefore do not extend to the surface. 

Figures 1 and 2 are AFM and TEM cross sectional (XTEM) images, respectively, of a 
5QW Ino.4sGao.ssN/GaN optically-pumped laser device structure. In this case, the pits are 
found to extend to the surface of the device. The structure consists of a thick GaN 
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underlayer, followed by 5QWs with a welllbanier thickness of 3nm/6nm, and GaN and 
AlGaN overlayers. The AFM image is taken from the surface of the device. The pits were 
found by AFM to range in size from 20-500 nm with a density of 108/cm2. The XTEM 
image shows a pit that initiated at the bottom of the QW s. The opening of the pit at the top 
surface is 300nm. 

One possible manifestation of pitting has arisen in photopumping studies of 
heterostructures. We have performed Fourier transforms of the emission spectra from 
optically pumped GaN heterostructures which reveal subcavity reflections. These 
intracavity reflections may be due to microstructural defects within the diode and therefore 
represent optical scattering centers. 

Fieure 1. AFM image showing pits at the surface of an Ino.4sOao.ssN/GaN MQW 
device. 

Fi&W'e 2. XTEM image of a pit in an Ino.uGao.s,N/GaN MQW device. 

Publications 
1. R. J . Singh, D. Doppalapudi, T . D. Moustakas, L . T . Romano, "Phase Separation 
InGaN thick films and formation of InGaN/GaN double heterostructures in the entire alloy 
composition range," Appl. Phys. Lett. 70, 1089 (1997). 

2. D. Hofstetter, L.T. Romano, R.L . Thornton, D.P. Bour, and N.M. Johnson, 
"Characterization of intra-cavity reflections by Fourier transforming spectral data of 
optically pumped InGaN laser", submitted to Appl. Phys. Lett. 
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Milestone #39 
Calculate formation· energies of selected native defects and dopant impurities in AlN and 
InN. Electrical characterization.of a doped AlGaN/GaN single heterojunction. 

Calculate formation energies of selected native defects and dopant 
impurities in AIN and InN 

Following up on our comprehensive fll'St-principles studies of defects and impurities in 
GaN. we have now also investigated the electronic and atomic structure of native defects 
and impurities in A1N and InN, based on pseudopotential-density~functional theory. 
Among our key results ate the formation energ~s of native defects, since these determine 
the abundance of the defect species. Our results for AlN are summarized in Fig. 3. We 
find that the nitrogen vacancy, VN3+. and aluminum interstitial, Ali3+, have the lowest 
formation energies in p-type material. These defects act as compensating centers. We 
anticipate that this tendency to compensate acceptors wiD start appearing in AlxGal-xN 
alloys and become progressively worse as x increases. This type of compensation is likely 
responsible for the diminished dop~~ efficiency of Mg in AIGaN; indeed, our calculations 
of Mg in AlN do not reVeal any q tative difference in its ionization energy or solubility 
compared to GaN. Figure 3 shows that the aluminum vacancy, V A13-, has the lowest 
fonnation energy in n-type material. This defect will be responsible for compensation of 
donors, and for deep-level luminescence in AlGaN. 
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Figure 3. Fonnation energy as a function of Penni level for all native defects, in all 
possible charge states, in AlN. E,;=O corresponds to the top of the valence band. Al-rich 
conditions are chosen. 

In InN, we find that the nitrogen vacancy has the lowest formation energy in p-type 
material; inn-type material, aU defect formation energies arc rather high. We note that in n-
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type AlN as well as InN the fonnation energies of the nitrogen vacancies are high, 
indicating that these defects will not occur in high concentrations and cannot be responsible 
for unintentional n-type conductivity. strengthening the conclusion we reached previously 
for OaN. 

Finally, we have carried out extensive studies of oxygen and silicon donors in AIN. We 
find that oxygen undergoes a so-called DX transition from a shallow to a deep state as the 
AI content of AIGaN is increased. Silicon does not exhibit this transition. We also find that 
the deep-center formation occurs only in the wurtzite phase, not in the zinc-blende phase. 

Publication 
1. "Hydrogen interactions with native defects in GaN", C. G. Van de Walle, submitted to 
Physical Review B. 

Electrical characterization of a doped AIGaN/GaN single heterojunction. 

The AIGaN layer is an essential component in heterostructures fabricated from ill-V 
nitrides for both light emitting diodes (LEOs) and injection laser diodes (Lds). In LEDs, 
AlGaN is incorporated as a thin layer above the active xegion and serves mainly as a 
blocking layer to avoid spill-over of electrons. In LDs, AlGaN layers are utilized to fonn 
index wave guiding layers and are positioned both below and above the active region. In 
both of these types of diodes, the AlGaN layer must be electrically conducting, either the n­
or p-type, since it is situated in the conduction path adjacent to the active (light generating) 
region of the diode. 

The quality of the AlGaN layer and its conductivity ~ therefore important for diode 
performance due to its essential function and proximity to the active region.. For the range 
of AI compositions currently being utiliwi for LFDs and LDs (e.g, <15%), controlled n­
type conductivity in the range of 1018 cm-3 is readily achieved with silicon donors. 
Consequently, our studies of doping of AlGaN have focused on p-type conductivity, with 
Mg acceptors. The results presented below are for an AlOaN on GaN heterostructure 
grown atHP. 

Variable temperature Hall-effect measurements were used to characterize the electrical 
properties of AlGaN layers on GaN. The heterostructure was chosen to simulate the 
structure in an LED, with the AIGaN layer is grown on GaN. 1be composite structure, 
shown in the inset in Fig. 4(b ), was grown by MOCVD on sapphire and consisted of a 
low-temperature buffer layer followed fll'St by a 1 JLlll, undoped semi-insulating GaN layer 
and then a 1.8 ~ AlGaN top layer. The AlGaN layer had an AI composition of -7% and 
was doped with Mg. The growth conditions were optimized for acceptor incorporation, and 
the Mg was activated with an RTA at 850°C. 

Results from the variable temperature Hall-effect measurements are shown in Fig. 4. The 
temperature dependence of the hole concentration in Fig. 4(a) was analyzed with a single­
acceptor model which allowed for donor compensation. The fit of the model to the 
experimental data yields the acceptor concentration N A· the concentration of compensating 
donors Ncomp• and the activation energy for acceptor ionization ABA. In Fig. 4(a) the fit is 
shown as a solid line and ·the fitting parameters are listed. Even though the acceptor 
concentration of 1x1020 cm-3 is comparable to that achieved in OaN:Mg, the room­
temperature hole concentration is only 5x1016 cm-3, an order of magnitude lower than that 
in GaN, because of the larger acceptor ionization energy (207 me V vs -160 '!'lY! V in GaN). 
Also shown in Fig. 4(b) is the temperature dependence of the hole mobility, with a room­
temperature mobility of -3 cm2N-s. 
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Fl&Ure 4. Hole concentration vs reciprocal temperature (a) and mobility vs 
temperature (b) for AlGaN:Mg (7% AI) on GaN. The symbols refer to the experimental 
data. The solid line in (a) is from a model fit with a single acceptor level of concentration 
NA and compensating donors of concentration No. The fit also yields the thermal 
activation energy for acceptor ionization ABA. 

Publications 
1. "Spectroscopic Identification of the Acceptor-hydrogen Complex in Mg-doped GaN 
Grown by MOCVD:' W. Gotz, M. D. McCluskey, N. M. Johnson, and D. B. Bour, 
Mater. Res. Soc. Symp. Proc .• Vol. 468 (1997). 

2. ''Characterization of DopantS and Deep Level Defects in Gallium Nitride," W . Gotz and 
N. M. Johnson, eds. J. Pankove and T. D. Moustakas, Academic Press, Inc. 

Milestone #40 
Deliver substrates grown in new reactor to consortium members. Development of 
AlGalnN alloys on single crystal ZnO substrates. 

Deliver substrates grown in new reactor to consortium members 
We have extended the results of the last reporting period by further increasing the 
conductivity of HVPE-grown GaN by Si-doping. We have also improved our 
understanding qf the electrical properties of HVPE GaN by further characterization and 
modeling. 

As we have previously discussed, there is a difference between Hall effect and capacitance­
voltage (C-V) measurement of the electrical properties of HVPE GaN-on-sapphire. The 



fundamental reason for this differenCe stems from the high interfacial charge density at the 
GaN/sapphire interface. C-V measurements at low bias are sensitive to only the top few 
microns of GaN, while Hall effect measurements average the full thickness. Thus. Hall 
effect measurements consistently measure a higher reading for electron concentration than 
the C-V technique. 

A two layer model can be used to describe these electrical properties. The full thickness of 
the undoped HVPE GaN was modeled as (1) a thin n+ layer at the interface and (2} a thick 
n- layer on top. Based on C-V and Hall measurements on varied thickness HVPE GaN 
films on sapphire, the thin layer was· assumed to have a thickness (tt) of 200 nm, n1/t1 ~ 
5xJ020 cm-3, and Jl.t=35 cm2N-s, while then- top layer was assumed have n2/t2 = 2xl016 
cm-3 and Jl2 .. 300 cm2N-s. The effective electron· concentration (n) and electron mobility 
(Jl) of the two layers combined are given byi: 

n = ( ~1 + n2J.12 ) 2 
2 2 

rl-tJLJ + "2J12 

respectively. These equations and the assumed values for the individual layers were 
compared with the Hall-measured electron concentration and electron mobility versus GaN 
thickness shown in Figure 5. In reality, the electron concentration is more likely to vary 
gradually down to 2xi016 cm-3, and thus assumptions of an abrupt change decrease the 
accuracy of the model. Nonetheless, the two layer model appears to provide a reasonable 
estimate of the electrical behavior of the HVPE OaN grown on sapphire. 
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Figure 5. Electron concentration and electron mobility versus HVPE GaN thickness 
grown on sapphire. The two layer model predicts the general reduction in electron 
concentration and increase in mobility with increased film thickness. 

W. Gotz, et al, MRS Symp. Proc. 449 {1997) 525. 
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Although the HVPE GaN was electrically conductive as grown, the conductivity was 
further increased for optoelectronic devices by doping with silane. The undoped HVPE 
GaN grown on sapphire was conductive, mainly due to the intetfacial region just 
described, however, the bulk of the material is lightly doped. We have intentionally Si­
doped the HVPE GaN with Sil4 over the range of 5xf016 to 8xi018 cm-3. Figure 5 
shows both C-V (when obtainable) and Hall effect measurements of the electron and donor 
concentrations as a function of Si/Ga ratio. Notice that the electron concentration continued 
to increase with Si/Ga ratio and did not saturate within the parameter space investigated. 
Electron concentrations as high as 8x1018 cm-3 were achieved. The electron mobility of all 
of the Si-doped wafers was higher than undoped HYPE OaN. At n = 8xl018 cm-3, the 
room temperature electron mobility was 160 cm2/V -s (cf. mobility of undoped HVPE GaN 
= 50-70 cm2N-s at a similar thickness). This enhancement in mobility can be explained as 
a gradual increase in the conductivity of the bulk layer with increased doping, which pulls 
the current path away from the low mobility interface region described above. Secondary 
ion mass spectroscopy (SIMS) was employed to examine the concentration of Si in some 
of the highly doped samples shown. Even for the highest doped sample, all of the Si is 
electrically active. Th.e sheet resistance of these samples was also measured. Two­
dimensional representations of the sheet resistance versus position on the wafer are shown 
in Figure 6 for representative 10 J.liil thick undoped and the highest Si-doped GaN-on­
sapphire wafers. For a representative undoped GaN wafer (Figure 6a), the average sheet 
resistance was -29 0/sq., ·while the sheet resistance was lowered by more than a factor of 
5 by Si-doping. The uniformity of the sheet resistance was also improved by Si-doping. 
Non-uniformity of sheet resistance is indicative of variations in film thickness as well as 
resistivity of the material. These measurements demonstrate the usefulness of HYPE 
GaN:Si layers for reducing the series resistance in lateral geometry LEOs and laser diodes. 

(a) . (b) 
Figure 6. 2D maps of sheet resistance vs. position measured across 2" diameter 
wafers of (a) undoped (ave: 29 0/sq.) and (b) Si-doped (ave: 5.5 O.lsq.) HVPE GaN­
on-sapphire grown by HVPE. 

Development of AIGalnN alloys on single crystal ZoO substrates 

The advantage of ZnO as a potential substrate for the growth of ill-V nitrides is that one 
can develop lattice matched heterostructures of InOaAlN materials having composition 
which correspond to a lattice constant of 3.25A. Such heterostructures span the spectral 
region from 2.8 to 4.5 eV. Ideally, one would like to carry out the heteroepitaxial studies 
of ill-V nitrides on single crystalline ZnO substrates. However, such substrates are not 
available at reasonable sizes and cost. We therefore deposited a number of OaN and 
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InGaN alloys on sputtered ZnO thin films. Such fllrns were either produced in our 
laboratory by RF sputtering from a ZllO target in an atmosphere of Ar~. or at Rome 
Laboratories using a propriatory sputtering method. These films were found to have 
(0002) XRD rocking curve with a FWHM of 450-850 Arcsec and an RMS roughness 
between 2.2 and 5.6 J.Lm. The ZnO films produced by both methods are polycrystalline 
with (0001) preferred orientation. 

Some nitride samples were grown on the ZnO substrate without any prior treatment. 
Others were grown after the substrate was exposed to a nitrogen plasma or after the growth 
of a low temperature nitride-buffer. · 

It was observed that the ZnO substrate had a streaky RHEED pattern when it was examined 
at a temperature below 400°C. However, the RHEED pattern deteriorated as the substrate 
was heated to growth temperature of about 650°C. Specifically. the diffraction pattern 
because spotty and weak, suggesting surface degradation due to dissociation of the 
compound. Deposition of InGaN alloys on such surfaces led to films with rough swfaces 
and poor optical (photoluminescence) and transport properties. The InGaN fdms grown on 
nitrided ZnO layers also had poor properties. We concluded from these studies that ZnO 
needs to be encapsulated by a low temperature buffer to prevent this dissociation. Similar 
observations were also reported by other workers. (1) Two types of buffers were 
investigated on ZnO layers sputtered in our laboratories. Thin layers (- 200 J.Un) of A1N or 
GaN were deposited at 4(X)OC prior to growth of InGaN at 6500C. Evidence from both 
RHEED patterns and SEM studies indicate that these buffer layers prevented dissociation of 
ZnO. InGaN films grown on such GaN buffer layers had fairly smooth surface and good 
optical properties. Photoluminescence spectra were similar to those obtained from InGaN 
films grown on sapphire. We also observed that annealing the buffer at 75fYC prior to 
growth considerably improved the quality of the epitaxial layer. The films grown with AlN 
buffer were very rough presumably due to the larger lattice mismatch between A1N and 
ZnO or due to poor crystallization of the AlN-buffer. 

We observed that the ZnO f1lms grown by the Rome Laboratories were stable even up to 
550°C. RHEED patterns indicated that these fllms had better crystalline st.ructwe than those 
grown by our own sputtering method. On these films. we deposited AlN and GaN buffers 
at 550°C followed by GaN growth at around 775°C. The resulting films were characterized 
by SBM, XRD, and Hall Effect measurements and were found to have good structural, 
electrical and photoluminescence properties. However, the epitaxial layers bad spalled 
partially. SBM studies showed the cracks were initiated at the sapphirefZnO interface in the 
case of films grown on GaN buffer and at the ZnO/ AlN interface in the case of A1N buffer~ 
We believe that the thennal mismatch stresses between the various layers lead to this kind 
of spalling. We also investigated the use of InGaN buffer at SSOOC, followed by growth a 
temperatures of 6300C - 66()0C. In situ RHEFD studies indicated that the films were very 
smooth, with good epitaxial orientation. Photoluminescence studies show a similar spectra 
as are obtained generally from InGaN films grown on sapphire, 7Nithout a ZnO layer. SEM 
micrographs show that the growth is very columnar. with very smooth surfaces at the top. 
This is due to the non-uniform wetting of the surface by the InGaN layer at 5500C. Further 
optimization of these layers is needed to obtain good quality films.ln conclusion, the 
growth of ill-V nitrides on sputtered ZnO thin films requires a low temperature ill-V 
nitride buffer to prevent the decomposition of the ZnO which occurs at about 400°C -
500°C. This requirement makes the use of such substrates less attractive than previously 
has been suggested. 

Referepces: . 

1) T . . Shirasawa et al. Mat. Res. Soc. Proc. 449, 373 (1997) 
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Milestone #41 
Characterization of best current LED technology 
The best current LED technology at Hewlett-Packard is represented by the following three 
samples, along with their peak emission wavelengths at 20 mA forward current. 

Sample Number Peak Wayelen&th 
E70312D4 468 run 
E70313A3 484 run 
E7031 OB 1 503 nm 
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Figure 7. Current-voltage characteristics for HP OED GaN LEDs 
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Figure 8. An improved wafer fabrication process reduces the typical forward voltage 
on a blue HP LED to approximately 3.4 Volts at 20 rnA, with a senes resistance of280. 
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The current-voltage characteristics of these devices are shown in Figure 7. At a typical 
current rating of 20 rnA. the forward (operating) voltage ranges from 3.9 Volts for the 
short wavelength samples to 4.1 Volts for the 503 nm sample. Recently. an improved 
wafer fabrication process has been implemented which results in a substantial reduction of 
the forward voltage. Figure 8 shows a typical blue device fabricated using this new 
process, in which the forward voltage at 20 rnA has been reduced to approximately 3.4 
Volts and which has a series resistance of 280. 
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Figure 9. External quantum efficiency versus forward current. Peak quantum 
efftciencies are obtained at approximately 25 rnA for all three devices. 

Figure 9 shows the external quantum efficiency of the 468, 484 and 503 nm samples as a 
function of forward current. The peak quanrum efficiency for all three devices is obtained 
at a drive current of 25 rnA. At. this current, the peak external quantum efficiencies are 
7.34% for the 468 nm sample, 6.55% for the 484 nm sample and 4.28% for the 503 nm 
sample. At the typical 20 mA operation points the efficiency drops slightly to 7.31 %, 
6.50% and 4.27% respectively. 

Luminous flux as a function of forward current for the three samples is shown in Figure 
10. Peak luminous petformance in lumens/amp (lumens/watt) for the three samples is 
14.65 VA (3.90 VW) for the468 nin sample. 26.60 JJA (7.02 liW) for the 484 run sample 
and 40.21 VA (9.41 VW) for the 503 nm sample. 

Figure 11 is a nonnalized plot of typical electrolumine8cence spectra for blue and green 
devices when operated at 50 rnA. The actual devices measured to obtain the data in this 
figure are not identical to those for the previous figures, although they are from the same 
wafers. However, we always observe a blue shift in peak EL wavelength as the drive 
current is increased, which is opposite to the shift seen for other types of LED materials 
where junction heating reduces the bandgap. In the InGaN devices, increasing the drive 
from 20 to 50 rnA typically shifts the wavelength by -5 run at 470 run and -15 nm at 520 
nm. 'The reason for the blue shift and the wavelength dependence on the shift is not 
understood at this time. 
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Fiaure 10. Luminous flux versus forward current for LEOs emitting between 468-
503nm. Peak luminous performance is 14.65 VA (3.90 lfW) for the 46Snm sample, 
26.60 VA (7.02 lfW) for the 4S4nm sample, and 40.21 VA (9.41 lfW) for the 503nm 
sample. 
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Flaure 11. Typical electroluminescence spectra for blue and green LEOs at 50 rnA. 
Increasing the delve from 20 to 50 rnA typically shifts the wavelength by -5 nm at 470 
nm and -15 nm at 520 nm. 
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Milestone #42 
Demonstration of AlGalnN ridge waveguide pin junction under cw electrical excitation. 
The goal specification is cw laser action with an emission wavelength in the blue or near­
ultraviolet portion of the electromagnetic spectrum. Characterization of AlGaN/lnGaN QW 
diode laser structure. 

Demonstration of AIGalnN ridge waveguide p/n junction under c w 
electrical excitation. The goal specification is cw laser action with an 
emission wavelength in the blue or near-ultraviolet portion of the 
electromagnetic spectrum. 
Multiquantwn well separate confinement heterostructures similar to those previously 
employed in pulsed experiments were processed to examine emission under cw electrical 
excitation. The MOCVD-grown structures employed Si doped GaN buffer layers typically 
3J1m thick, grown on c-plane sapphire substrates. Lower and up~r clads were 0.41JlD. Si­
and Mg-doped Oao.~.()6N layers, respectively, while waveguides were typically O.lJ.llll 
thick GaN, also Si- or Mg-doped. Doping densities were in all cases approximately 1018 
cm-3. Active layers consisted of five undoped, 4nm InOaN quantum wells separated by 
7nm, Si-dopcd GaN barriers. Structures were tenninated with 0.05J.I.m GaN:Mg contact 
layers. 

As illustrated in Fig. 12, ridges 0.4p.m high and SJ.L111 wide were formed by cbemicaily 
assisted ion beam etching (CAIBE) employing a photoresist mask. Facets and grooves to 
access n-type layers were likewise formed by CAIBE. Ti/Pt/Au and N'IIAn metallizations 
were employed for n- and p-type contacts, respectively. Individual diodes were made by 
scribing the back sides of thinned and polished sapphire substrates and breaking them first 
into bars along facet directions and subsequent scribing and breaking along the lines 
separating individual diodes. Widths of the bars varied between 350 and 950J.1.m. 
Unbonded diodes were tested employing current probes attached to contact pads. 

Ffpre 12. Scanning electron micrograph of a ridge waveguide heterostructure S)im x 
550J.Lm in area, such as that described here. Ridge facets and channels were formed by 
CAIBE. 

While pulsed injection levels as high as 50k.A/cm2 have now been achieved experimentally. 
CW excitation above about 5kNcm2 lead to appreciable device heating in the samples and 
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contacting scheme examined here. An L-I characteristic for excitation up to such densities 
is shown in Fig. 13. Emission peaked at 385nm.. No evidence of stimulated emission was 
observed, which was to be expected as the facets were angled off normal in processing, 
owing to loss of temperature control of the CAIBB sample stage during processing. 
However, it remains possible that the excitation density was also insufficient to sustain 
lasing, although this is not yet clear. Ongoing work is directed to more reproducibly 
achieving good contacts, sometimes observed to be in the 1 Q-.S0Jcm2 range. Problems of 
angled facets have been overcome with repair of the CAIBE. 

f 

0 20 40 eo 10 1 00 120 140 
current, mA 

Figure 13. Intensity of electroluminescence versus injection current from a ridge 
waveguide heterostructure SJ.lm x 550p.m in area. Heating upon cw injection above 
5kA/cm2 and/or poor facets (angled due to failure of temperature control on CAIBE 
sample stage) precluded observation of stimulated emission. 

Characterization of AIGaNIInGaN QW diode laser structure 

We have grown, processed, and tested AJGaN!InGaN/OaN MQW diode structures (grown 
on sapphire substrates) which have been designed to support stimulated emission under 
forward-bias conditions. The growth of AlGaN films was studied for use in cladding 
layers for these injection laser structures. For this application, our interest is in alloys 
having AI mole fractions in the range ~x~0.2. We have grown AlGaN ftlms throughOt:Jt 
this range and have also achieved n- and p-type doping for AlGaN films. Shown below in 
Figure 14 are (0006) X-ray diffraction data for AlOaN ft.lms having different alloy 
compositions. From the 300K PL spectra and the relative lattice constant. we have 
determined the alloy composition for these films. These data have been used to grow 
AlGaN/InGaN double-heterostructure light-emitting diode structures on sapphire 
substrates. 

Using these data, we have grown AIGaN/InGaN MQW hetcrostructures for X-ray and PL 
characterization. These structures consist of an InGaN/InGaN SL sandwiched between 
two AlGaN cladding layers grown on a GaN spacer layer. The X-ray data for one such 
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structure are shown below in Figure 15. From these data, we can determine the MQW 
period, average In composition, and the AlGaN composition. 

C1>-28 scan 
(006) reflection 

-2000 0 2000 4000 6000 8000 1 0000 
Relative Angle (arcsec) 

Figure 14. X-ray diffraction data for AlGaN/GaN films grown by MOCVD. The 
corresponding alloy compositions are indicated. 

measured SL period: 10.2 nm 
measured AI composition: 9.8 % 
measured average In composition: 

GaN 

0>-29 scan 
(006) reflection 
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Figure 15. X-ray diffraction scan of an five-period lnGaN MQW heterostructure with 
AlGaN (x- 0.098) cladding layers grown on a GaN/sapphire wafer. 

Using these undopcd AlGaN/InGaN MQW structures, we have grown InAIGaN p-n 
heterojunction diodes. These structures are similar to the devices reported by Nichia. A 
schematic drawing of the energy gap variation in the device structure is shown below in 
Figure 16. 
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Fiaure 16. Schematic of the AIGaN/InGaN/GaN/sapphire diode structure. 

These wafers were processed at UT-Austin using a mask set developed at ur for this 
purpose. We have developed the RIE etching process using BCl) as the reactive gas. 
Mesa etching has been developed for top-rontact LED's and for injection laser structures. 
Ohmic contact metallization using Au-Ni for p·type contacts and Al-Si for n-type contacts 
has been developed. We have also studied the passivation of RIB-etched surfaces using 
Si0 1 layers deposited by plasma-enhanced CVD. For blue emission, we have fabricated 
AlGaNIInGaN MQW LED's having five InGaN wells and four InGaN barriers. The /-V 
characteristics of these devices are shown below in Figure 17. The Ohmic contacts 
employed are Til Al for n-type materials and Ni-Au for p-type layers. 
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Figure 17. Electroluminescence spectrum and / -V plot (inset figure) for a 
heterostructure LED with an active region consisting of five periods of 35 A 
Ino.t3Gao.s7N quantum wells and 70 A Ino.OJGao.97N barriers, and containing 
Alo.osGao.9sN cladding layers. 
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We have obtained electroluminescence spectra from these diodes under CW and pulsed 
operation at room temperature. The devices exhibit a linear L-I characteristic for pulsed 
mode operation up to about l.SA. Above this value, heating causes the light output to 
decrease. Since these device are not actively cooled, the CW operation is strongly affected 
above currents - 100 rnA. We believe that further improvements to the conductivity of the 
p-type contact region and the improvement of the Ohmic contact performance will 
significantly improve the high-current performance of these devices. We plant to continue 
to work on this problem. 

Milestone #43 
Final Report 
Attached. 
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1 Executive Summary 
The goal of the Blue Band program was the development of nitride materials for the 
demonstration of visible LEDs and laser diodes spanning the near ultra-violet (UV) to 
yellow regions of the spectrum. The program teamed SOL, Inc.; Hewlett Packard (HP); 
Xerox; the University of Texas at Austin; Boston University; Advanced Technology 
Materials, Inc. (A TMI); and American Xtal Technology (AXT). Significant progress was 
made in all phases and aspects of the program, and all milestones were met. 

Device highlights include the demonstration of single quantum well, blue nitride LEDs with 
over 7 m W of output power at SOmA and a maximum external quantum efficiency of 7.3% 
at 25 rnA. These values are almost twice the original program goal. Further, critical 
elements of a low cost, high volume manufactwing process for nitride lEDs were also 
developed. In lasers, stimulated emission has now been observed in numerous optically 
pumped single and multi-quantum well structures. Delays in delivery of a custom dry 
etcher precluded demonstration of a laser diode. but all key elements of such a 
demonstration are now in place. Specifically, materials properties equal or exceed those of 
all competing efforts in all regards critical to demonstration of a laser diode, contacts 
displaying excellent adhesion and low resistivities have been developed. and a dry etching 
process yielding exceptionally controllable and smooth facets has now been demonstrated. 
Based on these results. realization of a high quality diode laser appears close. 

Much of the Blue Band program was dedicated to developing underlying AlGalnN 
materials and analyzing intrinsic and extrinsic properties critical to device design, 
performance, and degradation. Significant strides were made in the MOCVD and MBE 
growth of nitride epilayers and in the development of alternate substrates, particularly 
HVPE-grown GaN. Record results include electroluminescence of exceptional spectral 
purity (e.g. 16nm for 450nm emission, 30nm for SOOrun) in single quantum wells with 
quantum efficiencies of >2%. P-type doping in the 1018's cma3 was routinely achieved, 
with crisp device tum-on voltages of 3-3.2V and differential contact resistivities 
appreciably lower than 1 ()-4 ntcm2. 

The program contnbuted greatly to understanding of underlying structural, optical. and 
electronic characteristics of (Al,Ga.ln)N alloys and heterostructures, which is likely to be 
critical to the continued development of competitive electronic and optoelectronic devices 
based on these materials. Considerable strides were made in elucidating both the energetics 
and microscopic mechanisms of doping, compensation, and fonnation of deep levels. 
Electronic properties such as band offsets and effects of strain were calculated. The classes 
and natures of structural defects were studied in detail, as were the intrinsic and extrinsic 
optical signatu.res of the materials. As degradation of even the best nitride-based laser 
diodes has been found to be intimately linked to microstructure, these studies are of 
particular practical importance. Each body of work has already guided both design of 
devices and development of improved growth processes. 

The Blue Band program yielded significant technological and scientific advances, and has 
provided a sound foundation for future work. It is our belief that the progress underscores 
the merits of further pursuing several directions. Foremost amongst these are continued 
development of alternate substrates, particularly HYPE-grown GaN; refinements to 
P-nit~niAl crrnwth nror.P.~ses . airlPA hv monP.Hncr WhP.M nrnr.tir.Al• fnrthPr rh<>ro.ol't....t..,. .. t<n .. ,...~ 
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the intrinsic and extrinsic nitride properties now known to influence device petfonnance 
and degradation; refmement of processing techniques, particularly in the area of dry 
etching; and concerted efforts to develop surface emitting lasers and to improve the design 
and performance of edge emitters. 

2 Key Issues 
Key Blue Band goals were demonstration of efficient LEDs and optically and electrically 
pumped lasers. However, while devices were the primary goals, development of high 
quality GaN-based materials was the technical emphasis. The program addressed the 
crystal growth of GaN and related films by MOCVD; the fabrication and utility of candidate 
substrate materials; growth processes appropriate to achieving high quality buffer layers; 
materials characterization to detennine crystallographic, electronic, and optical properties of 
GaN alloys; and calculations of underlying electronic properties. 

Blue Band targeted the following specific issues gennane to the demonstration of 
C?mmercially viable, GaN-based visible emitters: 

Growth of GaN-based materials. Realization of high performance emitters 
demands growth procedures yielding quantum-well heterostructures of high optical 
quality as well as low-resistivity p- and n-type epilayers. Issues of primary 
importance were demonstration of high p-type doping levels, fabrication of active 
layers with high quantum efficiencies and/or narrow spectral emission, and 
suppression of structural problems such as pitting and cracking. 

Substrate fabrication and definition. hnportant to the growth of improved 
GaN films is the development of substrates crystallographically better matched to 
AlOalnN than conventional (0001) sapphire. Alternatives targeted under BlueBand 
were development of bulk GaN substrates as well as undoped and Si-doped OaN 
substrates grown by vapor phase epitaxy on sacrificial substrates. Utility of these 
substrates was examined by growing epilayers employing both molecular beam 
epitaxy and metalorganic chemical vapor deposition. M -plane sapphire, ZnO, and 
6H -SiC substrates were similarly evaluated. 

Advanced materials characteristics. Extensive theoretical and experimental 
investigations of structural, electrical, and photoelectric properties of nitrides were 
undertaken, largely at Xerox. Systematic studies of extended defects were 
perfonned, ranging from fundamental studies of film/substrate interfaces, to 
properties of dislocations and quantum wells, to analyses of defects related to 
growth and fabrication of diode heterostructures. Structural characteristics of both 
thin epilayers and thick, HVPE-grown films were studied. A comprehensive study 
of native defects, impurities (dopants and contaminants), and band structure of the 
m-V nitrides was undertaken at Xerox. At issue were doping limits, 
compensation, and related phenomena. The activation and properties of Mg 
acceptors were examined in particular detaiL in accordance with the importance and 
difficulty of obtaining high densities of activated p-type dopants. 

LED development. The primary issue addressed by HP was the development of 
a cost effective manufacturing process for high brightness blue and blue-green 
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nitride LEOs. This objective required the development of nitride MOCVD growth 
technology employing an EMCORE high volume production reactor, the 
establishment of routine characterization techniques for rapid feedback of 
information critical to the epi growth team, and the examination of various device 
designs to achieve the desired wavelengths and maximize light output. It was also 
necessary to develop new wafer fabrication, die fabrication and packaging 
technologies specifically for nitride LEOs, in order to initiate high volume 
manufacturing and investigate low-cost production technology. A goal of the 
program was to demonstrate double heterostructure blue LEOs with greater than 4 
mW output and greater than 4% external quantum efficiency at 20 mA forward 
current. 

Laser diode development. SOL was charted with developing GaN-based laser 
diodes. This demanded development of high structural quality AIGaN cladding and 
InGaN active layers; effective p- and n-type doping of clads; realization of efficient, 
spectrally narrow optical emission from quantum-well active regions; development 
of contacting and device defmition processes; and design of appropriate device 
structures. Goals of the program were to demonstrate optically and electrically 
pumped blue or near-UV stimulated emission in ridge waveguide heterostructures. 

3 Principle Results 

3.1 Materials Development 

3.1.1 HVPE Substrate• 

Both bulk GaN and GaN grown by hydride vapor phase epitaxy (HVPB) were explored 
under Blue Band. Based on the strength of ATMI's HVPE material. as judged largely by 
the optical, structural. and morphological quality of epilayers overgrown on their material, 
this approach alone was pursued for the latter half of the program. 

HYPE GaN-on-SAPpbire 

GaN layers were initially grown on sapphire wafers to establish a baseline for the HVPE 
process. The high quality of these layers warranted further investigation and evaluation 
beyond simple use as a baseline. Attractive characteristics of these layers included good 
crystallinity, low defect densities. high conductivities, and good unifonnity. Homoepitaxy 
was found to be easy, proceeding without need of a low temperature buffer layer and 
without the introduction of additional defects at the MOVPFJHVPE interface. Slight texture 
of the HVPE sutface was smoothed by MOVPE growth. Most importantly, LEOs 
fabricated by ATMI, HP, and Xerox employing these layers displayed both high brightness 
and excellent spectral purity. 

Good crystallinity across 2" diameters was evidenced by typical double crystal x-ray 
rocking curve halfwidths < 300 arcsec. with best FWHM = 184 arcsec, indicative of 
reduced strain compared with MOVPB GaN on sapphire. Typical defect densities of 109 
cm-2 were measured, with the best wafers displaying =108 cm·2. Nominally undoped, 



{ 
\. 

lOJ.Un thick GaN layers showed good electrical conductivity, with n ,., 1018 cm·3 and 
J.Ln=90 cm2N -s. Unifonnity was ± 10% in thickness across a 2 in. diameter wafer. 

Figure 1 illustrates the high quality of an (Al.In,Ga)N MQW LED fabricated by Xerox on a 
10 J.Lm thick layer of HVPE GaN-on-sapphire. The excellent quality of the material grown 
on these substrates is indicated by the well-resolved InGaN/GaN superlattice, GaN and 
AIGaN x-ray features (a). as well as the very narrow room temperature EL peak at 420 mn 
(b ). 

(b) I= 10 mA 

wavelength (nm) 

Figure 1. (a) X-ray diffraction and (b) room temperature electroluminescence from an 
AlGalnN MQW LED grown on HYPE GaN-on-sapphire substrates. The InGaN/GaN 
MQW active region is well resolved by XRD and the EL emission is exceptionally 
narrow. 

A hydride VPE reactor was also designed and constructed at Boston University. The 
design stressed issues related to gas phase mixing, flow unifonnity and minimization of 
parasitic reactions between the reactor and the growing film. GaN films grown on (0001) 
sapphire at rates of 10 - 100 ~ were transparent and uniform. with smooth surface 
morphologies. Samples were generally heavily n-type doped (1019.}020 cm·3). Substrates 
were used for the MBE growth of GaN, InGaN and AlGaN. Best growth was obtained 
under Ga-rich conditions, at 700 to 750°C. The (0002) XRD rocking curve and the 
photoluminescence spectra of the GaN substrate and GaN films were found to be identical. 
Thick InGaN and AlGaN m.ms were found to be transparent and smooth. The AlGaN 
fllms exhibited atomic long-range order, as evidenced by the appearance of otherwise 
forbidden (0001) and (0003) XRD peaks in 8-28. 

Free-staruiin& GaN 

Considerable progress was made towards achieving free-standing GaN, at ATMI. The 
growth of high quality GaN on sacrificial Si templates was demonstrated, as was rapid 
etching of the Si template at the growth temperature. 

The crystallinity, surface morphology, and optical characteristics of GaN grown on 
sacrificial Si wafers were significantly improved under this program. Each is now 
comparable to those of GaN on sapphire. F igure 2 compares double crystal x-ray 
diffraction characteristics of GaN grown on sapphire and Si. The FWHM obtained from a 
2 ~m thick GaN layer grown on Si was -790 arcsec, which is comparable to that of GaN 
on sapphire grown to a similar thickness. The figure, as well as other work, suggests that 
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considerable improvements will be realized by growing thicker GaN on Si. Despite the 
excellent crystallinity of thin films such as these, to date it has not been possible to grow to 
thicknesses exceeding 2 J..Lm, due to cracking during cooldown. Differences in the thermal 
expansion coefficients of GaN and Si result in sizable tensile stresses upon cooldown, 
bowing the GaN films and creating microcracks. However, as there is no evidence of 
cracking at the growth temperature, removal of the Si substrate at the growth temperature 
promises to eliminate these problems and pennit growth of thicker, higher quality GaN. 
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Figure 2. Comparison of the FWHM of double crystal x-ray rocking curves measured 
on HVPE GaN on sapphire and Si as a function of thickness. The crystallinity of 
GaN/Si is similar to that of GaN/sapphire for the same GaN thickness. 

Feasibility of the GaN/Si template was demonstrated by etching Si at elevated temperallues 
to remove the substrates in situ. Backside etching with HCI was investigated for a variety 
of HCl partial pressures, yielding Si etch rates in excess of 25 J.1Illlmin. Complete removal 
of a Si wafer was achieved in less than 10 minutes. To make combined growth and etching 
practical, further attention must be given to isolating the growth and etch chambers from 
one another to prevent deleterious reactions. Nevertheless, the absence of cracking of the 
GaN at the growth temperature and the achievement of high Si etch rates demonstrates the 
feasibility of this approach. 

Intentional Si-dgpin~ 

Although the HYPE GaN was electrically conductive as grown, higher conductivities are 
desirable for devices relying on lateral transport. Nominally undoped HVPE GaN grown 
on sapphire is conductive, mainly due to a high density of charge at the GaN/sapphire 
interface. The bulk of the material is lightly doped (Nd .. 2xl016 cm-3). Si-doping the 
HVPE GaN with silane (Sili4) was demonstrated over the range Sxl016 to 8xl018 cm-3. 
Comparison of SIMS and Hall results revealed that all of the Si is electrically active, even 
for the highest doping densities. Electron mobilities of the Si-doped samples was in all 
cases higher than for undoped HVPE GaN. At n = 8 xl018 cm-3, the room temperature 
electron mobility was 160 cm2N-s (cf. mobility of undoped HVPE GaN .. 50-70 cm2N-s 
at a similar thickness). This enhancement in mobility is likely a consequence of transport 
away from the low mobility interface region. The -S-fold decrease in sheet resistance 
afforded by this technique demonstrate the utility of HYPE GaN:Si layers in re4ucing the 
series resistances in lateral geometry LEDs and laser diodes. 
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3.1.2 Alternative Substrates 

Growth by molecular beam epitaxy (MBE) of OaN and AlGalnN on 6H~SiC, ZnO, and M­
plane sapphire was examined at Boston University. In the case of 6H-SiC substrates, high 
quality m-v nitride films could be grown without employing a low temperature buffer. 
GaN-films grown under Ga-rich conditions show a streaky RHEED pattern with (2x2) 
surface reconstruction. SEM examination of the surface morphology indicated an 
exceptionally smooth surface. XRD analysis yielded a FWHM of 3.5arcmin. TEM 
microscopy revealed an excellent epitaxial relationship between the substrate and fum. 
Such films could be doped n-type to levels of 1019 cm-3 (with a room temperature mobility 
of 200 cm2N-s) to 1021 (mobility 10 cm2N-s and resistivity ID-4 0-cm). Such values are 
very high, suggesting a very low level of compensation. AlxGal-xN alloys were found to 
exhibit significant atomic long range order. 

The advantage of ZnO as a potential substrate is that one can develop lattice matched 
heterostructures of InGaAIN in the spectral region from 2.8 to 4.5 eV. As single 
crystalline ZnO substrates are not available at reasonable sizes and cost, OaN and InGaN 
alloys were grown on sputtered ZnO thin ftl.ms. It was observed that the ZnO substrate had 
a streaky RHEED pattern at a temperature below 400°C, but that the pattern deteriorated 
upon heating to the growth temperature of about 650°C. The diffraction pattern become 
spotty and weak, suggesting surface degradation due to dissociation of the substrate. We 
concluded from these studies that ZnO needs to be encapsulated by a low temperature 
buffer layer to prevent this dissociation. Films grown on such substrates were indeed 
found to have reasonable transport and optical properties. 

GaN films were grown on M-plane (10-10) sapphire, with or without a low temperature 
buffer. The growth conditions explored led to (11-22) and (10-10) epilayers. These 
planes are not well matched to the M-plane sapphire; the desired plane to minimize 
mismatch with the sapphire (10-10) lattice in the two perpendicular axes is (10-13). (The 
mismatch is 2.6% in the GaN {1210]/sapphire [0001] direction and 1.9% in the GaN 
[3032]/sapphire [2110] direction). Further work is required to identify conditions for the 
epitaxial growth of the (10-13) plane. 

3.1.3 MOCVD Growth of GaN-baaed Epllayera 

At the University of Texas at Austin, a two-step MOCVD process was employed to grow 
heteroepitaxial InGaN/GaN and AIGaN/GaN rums and quantum-well heterostructure& on 
(0001) sapphire substrates. The epitaxial layers were grown in an EMCORE D125 vertical 
rotating-disk MOCVD reactor at a pressure of -76 Torr using trimethylgallium. (TMGa), 
trimethylindium (TMin}, trirnethylalurninum (TMAl), and high~purity ammonia (NH3) as 
sources. Dopant precursors employed are (bis)cyclopentadienylmagnesium (CpzMg) for 
p-type doping and silane (Si.l4) for n-type doping. Typical precursor molar flow rates 
used in this study were: TMGa =3.7xiQ-5 mole min-I, TMin =1.7x1Q-5 mole min-1, TMA1 
::::~2.0x10-5 mole min-t, and NH3 =5.3xlQ-2 mole min-I. The heteroepitaxial InOaN and 
AlGaN films were deposited on GaN films grown on thin (-25 run) low-temperature 
(-520°C) GaN buffer layers atop (0001)-oriented Ah0:3 substrates. Growth temperatures 
were Tg = 760°C to 830°C for InGaN, and 1050°C-1080°C forGaN and AIGaN. The GaN 
and AlGaN films were grown in a H2 ambient and the InGaN layers in a predominantly N2 
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ambient. However, for all of the epitaxial layers in this study, H2 was used as the alkyl 
source carrier gas. Typical growth rates were R8 ,.. 8 nm/min (InOaN), 50 nm/min (GaN), 
and 14 nrnlmin (AlGaN). 

Growth of GaN 

A systematic study of the growth and photoluminescence (300K and 4.2K) characterization 
of unintentionally doped GaN on both exact and vicinal (000 1) sapphire substrates was 
performed. A comparison of the 300K and 4 .2K optical characteristics of the samples 
grown simultaneously on different substrates indicates that a higher photoluminescence 
intensity is measured for films on misoriented substrates. 

A study of p- and n-type doping of GaN films using (bis)cyclopentadienylmagnesium and 
silane as dopants, respectively, was also completed. P-type films with 300K free hole 
concentrations p=3xi017 cm-3 were routinely grown. Recently, GaN:Mg films with hole 
concentrations p-2xl018 cm-3 at room temperature have also been successfully 
demonstrated. 

Growth of A1GaN 

Growth of AIOaN films was also studied. Alloys with AI mole fractions in the range 
~g).2 were examined, consistent with our interest in candidate cladding layers for laser 
structures. AIGaN films were grown throughout this range, and both n- and p-type doping 
were achieved. Alloy compositions were determined from 300K PL spectra and relative 
lattice constant measurements. These data we.re used to grow AlGaN/InGaN double­
heterostructure LED structures on sapphire substrates, as well as AIGaN/InGaN MQW 
heterostructures for X-ray and PL characterization. The latter structures consisted of an 
InGaN/InGaN SL sandwiched between two AIGaN cladding layers grown on a GaN 
spacer layer. Structures were analyzed to ascertain the MQW period, average In 
composition, and the AIGaN composition. 

Growth of loGaN 

The alloy composition of thick (80-200 nm) InGaN double-heterostructure films grown in 
this work was determined by 300K PL spectra as well as X-ray diffraction rocking curves 
and (1)-28 scans to determine the lattice parameter of the epitaxial film with respect to that of 
the thick GaN heteroepitaxial ''substrate''. We have studied 300K and 4.2K 
photoluminescence (PL) from these structures and have determined the relative PL 
intensities for MQWs having different periods, quantum well thicknesses, doping 
concentrations, and alloy compositions. We conclude that Si-doped MQW structures have 
higher PL intensities than undoped structures. 

The high quality of these films is further indicated by demonstrations of lasing under 
optical excitation. Bulk InGaN films were optically pumped using a pulsed Ar-ion laser at 
77K to determine the optical quality of the materials. Laser operation was achieved in a 
"front-to-hack" (VCSEL) mode with optical feedback provided by the InGaN-air and 
InGaN-sapphire interfaces. Similarly, optically pumped laser operation of an InGaN 
MQW structure at 300K was obtained using pulsed N2 laser excitation. 

lnAIGaN Diodes 



The UT -Austin group bas also grown, processed, and characterized GaN p-n junction 
LEDs, and AlGaNIInGaN MQW LEOs. We have developed an RIB etching process using 
BCI3 as the reactive gas. Mesa etching was developed for top-<ontact LEOs and for 
injection laser structures. Ohmic contact metallization using Au-Ni for p-type contacts and 
Al-Si for n-type contacts was likewise developed. It was important to develop a process 
yielding smooth, vertical mesa side walls. Our lithographic process is well suited to this, 
providing a smooth mask which can withstand the RIE process. 

For blue emission, we have fabricated InGaN MQW LED's having five InGaN wells and 
four InGaN barriers. We have characterized the I-V characteristics of the InGaN diodes 
and compared them to commercially available Nichia and Cree InGaN LEOs. Our devices 
compare favorably in terms of the reverse breakdown voltage and the forward turn-on 
voltage. The series resistance of our diodes is, however, somewhat higher than these 
commercial devices. We are working on improved Ohmic contacts and continuing to 
develop our device processing techniques. 

3.1.4 Materials Properties 

Microstructure of Nitride Semiconductors 

Extensive transmission electron microscopy revealed a wide variety of extended structural 
defects in GaN-based epilayers. Limitations in the film quality were observed to result 
from differences in thermal expansion and lattice mismatch with available substrates; 
examples are the evolution of pits and the fonnation of cracks found in alloys containing In 
or having greater than 7-8% AI content. Thick films of GaN grown by HVPE were also 
studied as potential alternative substrates for devices. 

Dislocations appear to be inherent in nitride heterostructures for light emitting diodes due to 
the lattice and thermal mismatches between films and current! y available substrates. 
Typical defect densities range from 109- 1010 dislocations/cm2. Une dislocations were 
identified as having screw, edge, and mixed character. A fraction of c-dislocations were 
found to be coreless (nanopipes), with screw character. 

Basal plane stacking faults are found in low-temperature GaN buffer layers grown on 
sapphire substrates. Appropriate buffer layer growth conditions can result in smooth films 
and affect the defect density. Inversion domain boundaries were observed in films grown 
by all techniques examined: MOCVD, MBE. and HVPE. 

As illustrated in Fig. 3, pit defects were found in many InGaN/GaN multiquanturn well 
structures. Pits form near dislocations, with a density which generally increases with In 
composition and quantum well thickness. 

In keeping with the rich microstructure observed in nitride epilayers, spatial 
inhomogeneities in luminescence emission energy were observed in QWs with x>0.20. 
Cathodoluminescence studies indicate strong spatial variations in both intensity and 
wavelength with increasing indium composition. 
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Fipre 3. Pits associated with dislocations in InOaN quantum well structures. 

Atomic long-range ordering was observed for the flrst time in AlGaN alloys grown by 
MBE on sapphire, 6H-SiC and VPE-GaN. It was shown that the degree of ordering is 
greatest for approximately 50% AI. as expected theoretically. The degree was found to be 
sensitive to a number of kinetic factors such as the ratio of ill-V fluxes or the presence of 
Si dopants. Such ordering may have implications in the design of devices since the ordered 
phase has a different energy gap than the random phase, changing the nature of AIGaN 
used as a well or as a barrier. 

Analysis of HVPE grown GaN revealed defect densities to be less than 5x 108 
dislocationslcm2 for films 15f.Llll or greater in thickness. Films as thick as 80~ were 
found to be crack-free. Any defect structure that was found at the top surface of HVPB 
GaN substrates was typically replicated in InGaN/GaN overlayers grown on these 
substrates for device applications. 

Electrical Cbaracteriurion of m-y NitrideS 

Extensive electrical and photoelectric measurements were performed on ill-V nitrides. 
Successful p-type doping is particularly problematic and critical in the nitrides, leading us 
to investigate in detail the activation and properties of Mg acceptors. Shallow donors and 
deep level defects were also characterized. 

Mg acceptors were found to be passivated by hydrogen in GaN:Mg, as grown by 
MOCVD. As illustrated in Fig. 4, the bond-stretching mode for the Mg-H complex. is at 
3125 cm-1, in good agreement with computational results. Rapid thermal annealing of 
GaN:Mg was found to dissociate the Mg-H complex, electrically activating the Mg 
acceptors. This dissociation is illustrated by the drop in the Mg-H infrared absorption peak 
in Fig. 4. 
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Flaure 4. Infrared absorption spectra of Mg-H and Mg-D complexes in GaN:Mg. 
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Fl&ure S. Variable-temperature Hall effect measurements for GaN:Mg processed by 
rapid thermal annealing for 5 min at different temperatures T: (a) resistivity and (b) hole 
concentration. 

Fig. S illustrates results of variable-temperature Hall effect measurements on p-type 
GaN :Mg, which yield an acceptor ionization energy of - 170 me V. The figure also shows 
results of ~ystematic annealing studies, which were used to optimize the activation of Mg 
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acceptors. Combining such Hall effect data with photoluminescence (PL) results, it was 
demonstrated that the generally observed red-shift of a prominent PL band upon thennal 
annealing of GaN:Mg is not directly due to activation of the Mg acceptors. Consequently, 
the magnitude of the red-shift (250 me V) does not relate to the acceptor ionization energy. 

Deep level transient spectroscopy (DLTS} and optical-DLTS were perfonned on n-type and 
p-type GaN and on n-type AIGaN. In each case the energies and densities of detected 
discrete levels were catalogued. I)etected deep level densities were ~ 1016 cm-3 and 
therefore cannot be responsible for the high levels of compensation (e.g., 10%) generally 
found in activated Mg-doped GaN. 

Correlated Hall effect and SIMS measurements were used to detennine an ionization energy 
for silicon donors of -18 IIY!V and provided evidence that oxygen is a shallow donor in 
OaN with an ionization energy of -32 me V. Oxygen is an important source of 
unintentional n-type doping. 

Do,pin~ and Band-structure En&ffieerin& of ill-V Nitrides 

A comprehensive theoretical study of native defects. impurities (dopants and 
contaminants), and band structure of the ill-V nitrides was performed at Xerox. A 
thermodynamic fonnalism used values calculated with the first-principles density­
functional·pseudopotential approach to produce formation energies of defects and 
impurities, from which conclusions can be drawn about properties such as doping limits 
and compensation. 

For the case of n-type material, nitrogen vacancies are found not to be responsible for n­
type conductivity. Silicon and oxygen are shallow donors and can be incorporated in large 
concentrations. We ascribe n-type conductivity to unintentional incorporation of these 
impurities. These predictions have been confinned by combined Hall effect and SIMS 
studies. 

Oxygen (but not silicon) undergoes a transition from a shallow to a deep center in GaN 
under pressure, and in Al.rGa1.~ alloys. Gallium vacancies are the likely source of the 
yellow luminescence. 

For the case of p-type material, the hole concentration is limited by Mg solubility; 
incorporation of Mg on other sites (interstitial, or N site) is energetically unfavorable and 
therefore not a problem. A study of alternate acceptor impurities produced no candidates 
superior to Mg. Hydrogen is found to have a beneficial effect on p-type doping: it 
suppresses compensation and enhances acceptor incorporation. The mechanisms for 
acceptor activation by post-growth annealing have been established. H diffuses readily in 
p-GaN, but not in n-GaN. 

Some compensation of p-type material by nitrogen vacancies may occur, the vacancies are 
metastable, explaining observations of persistent photoconductivity. The formation energy 
of the vacancies decreases as x increases in AlxGat-xN alloys; vacancy compensation is the 
likely explanation for the decreased p-type doping efficiency in AlxGat-xN. Oxygen 
incorporation (contamination) is likewise detrimental to obtaining good p-type doping. 
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Last, .. natural" valence-band offsets between the (unstrained) nitride semiconductors have 
been derived. For AlN/GaN the offset is found to be 0.7 eV. ForGaN/InN it is only 0.3 
e V, smaller than desirable for hole confinement. Deformation potentials describing effects 
of strain on band structure have also obtained. 

3.2 peylce Development 

3.2.1 LEOs 

All program goals and milestones related to the development of LEDs were achieved or 
exceed~ at HP. An EMCORE reactor was installed in mid-1995. Since then, MOCVD 
epitaxial growth processes were developed to produce high quality n- and p-type GaN, 
AlGaN and lnGaN layers. Equipment and techniques have been established to routinely 
characterize all wafers grown using a variety of methods including single point and wafer 
scanning room temperature photoluminescence, variable temperature Hall effect and x-ray 
crystallography. A rapid device fabrication process was developed to provide rapid 
feedback of device performance data to the epi growth team, often in less than one day. 
Both AlGaN/GaN and InGaN/GaN heterostructures have been grown, with over 30% In 
incorporated in the InGaN active region of double heterostructure devices. All wafer 
fabrication, die fabrication and packaging processes required for low cost, high volume 
manufacturing of nitride LEDs have been developed including reactive ion etching of n- and 
p-type GaN and the deposition of ohmic n- and p-type metal contacts. Several device 
structures have been fabricated and evaluated, culminating in the demonstration of single · 
quantum well nitride blue LEDs with over 7 mW of output power at 50 rnA and a peak 
external quantum efficiency of 7.3% at 25 ~ almost twice the original program goal. 
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3.2.2 Laser Diodes 

Work to develop GaN-based laser diodes at SDL has met all milestones and has achieved 
the goal of optically pumped lasing. A laser diode has not yet been demonstrated. 
Development of growth processes has resulted in fllms equaling or exceeding those 
fabricated elsewhere in all respects important to a laser. Crack- and pit-free laser structures 
have been routinely grown on sapphire substrates. Both p- and n-type doping levels in the 
I018•s have been demonstrated. InGaN active layers have been grown with 
electroluminescent half-widths significantly narrower than reported elsewhere. Typical 
halfwidths are 16-20nm for 450 nm emission and 30nm for SOOnm emission. These are 
achieved with good high-injection electroluminescent quantum efficiencies. exceeding 2% 
for single quantum well structures. Optically pumped stimulated emission was readily 
achieved in such structures, as illustrated in Fig. 7. 
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Figure 7. Optically pumped stimulated emission at 300K from a ridge waveguide 
structure employing a GaN active layer. 

A full device fabrication process has been developed, employing chemically assisted ion 
beam etching to achieve exceptionally smooth facets and sidewalls and employing 
metallization processes yielding excellent ohmic contacts and adhesion. Differential 
conductivities of <104 0-cm-2 have been achieved for entire devices, indicating that p-type 
contacts are not a problem. Tum-on is typically observed at 3-3.2V. Modeling has 
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revealed little intrinsic benefit in adopting a buried heterostructure geometry. For practical 
reasons, diodes currently under examination are ridge waveguides. 

4 Conclusions 

4.1 Devices 
The development of MOCVD nitride growth on sapphire substrates in low pressure, multi­
wafer reactors has been successful and will be the biggest factor in achieving a high 
volume, cost effective manufacturing process. 1be rapid feedback of characterization data 
and actual device performance has greatly accelerated the development of nitride epitaxial 
growth processes. The higher cost of nitride LEOs grown on silicon carbide substrates 
make them less suitable for high volume manufacturing. Lattice matched substrates are not 
a prerequisite for excellent LED performance, and the advanced substrates and alternative 
precursors studied have not yet evolved to the point of commercial feasibility for high 
volume manufacturing. Because of their higher quantum efficiency, narrower emission 
spectra and greater color saturation, quantum well device structures have been proven 
superior to double heterostructure devices utilizing a thick co-doped active layer. 

A laser diode remains to be demonstrated, but such a demonstration appears imminent 
based on the status of the materials and processing, and will be attributable in great part to 
work performed under Blue Band. All necessary growth and fabrication processes are 
now in place, yielding results which equal or outstrip competitors in respects critical to 
realization of a commercial laser. Contact resistances are as good as any reported, with low 
tum-on voltages, and adhesion is excellent. Dry etched sidewalls are exceptionally smooth 
and unifonn. Epilayers are demonstrating record electroluminescent linewidths with good 
efficiencies, and readily lase under optical excitation. While SOL's dry etching capability 
bas only just come on-line, with attendant teething pains that have precluded fabrication of 
a satisfactory structure, realization of a diode laser appears very close. 

4.2 Materials 
Viable, large-area HYPE GaN-on-sapphire substrates have been produced under this 
program, and have been distributed to consortium members for MOVPE growth and 
fabrication of device layers. The LED performance of initial devices has been very 
encouraging. High quality GaN has been grown by HYPE on sacrificial Si templates and 
fast Si etching (25 J,tmlmin) has been demonstrated. The HYPE GaN has been Si-doped to 
reduce the resistance in the underlying substrate by a factor of 5. Through all of these 
accomplishments, the HVPE process has been proven to be a viable technique for 
production of large area OaN substrates for short wavelength LEOs and LOs. 

MOCVD growth procedures yielding high-quality AIGaN/InGaN heterostructures have 
been developed. This is evidenced by superior structural properties such as mirror smooth 
morphologies, low dislocation densities, and crack- and pit-free growths~ outstanding 
electrical properties including demonstrations of p-type doping in the 1018's cm-3; and 
outstanding optical properties such as record electroluminescent linewidths and quantum 
efficiencies almost twice those targeted under the program. Ultimately, the excellent 



performance ofLBDs and ease of achieving optically pumped lasing attest to the quality of 
the underlying materials. 

MBE growth processes have likewise been successfully developed. Growth of GaN and 
its alloys on 6H-SiC has been achieved without use of a low temperature buffer. Films 
have excellent structural and optical characteristics when grown on these and conventional 
sapphire substrates. By contrast, MBE growth of III-V nitrides on sputtered ZnO thin 
films or M-plane sapphire appears undesirable. ZnO decomposes at conventional nitride 
growth temperatures, and MBE growth on M-plane sapphire results in undesirable epilayer 
orientations, resulting in high residual stresses and defect levels. M-plane sapphire may 
still prove useful for growth by MOCVD, as this is a higher-temperature process which 
could lead to growth of closely lattice matched (10-13) material. 

The structural, optical, and electrical characteristics of (Al,Ga,In)N alloys and 
heterostructure& are now substantially better understood. Energetics and microscopic 
mechanisms of doping. compensation, and formation of deep levels have been elucidated. 
Electronic properties such as band offsets have been calculated. The types and nature of 
structural defects have been studied in detail, as have intrinsic and extrinsic optical 
signatures of the materials. Each of these studies has been fed back to device growth and 
design parameters. 

5 Recommendations for future Work 

5.1 Substrates 
HVPE GaN substrates have become very proiD.Ismg recently, although as yet no 
breakthrough performance data have been reported for LEOs or laser diodes fabricated on 
these substrates. Many groups are currently working on the development of HVPE GaN 
substrates and have shown good progress towards commercialization. ATMI now sells 
HVPE GaN/sapphire substrates, although they are not yet available in sufficient quantity 
for LED manufacturing. Ultimately, the goal should be to achieve a free-standing GaN 
substrate so that vertically conducting devices can be fabricated, resulting in a significant 
cost reduction due to the smaller area required for devices. In this regard, both the growth 
and etch technique and the development of Si doping initiated under this program appear to 
be fruitful avenues for further study. 

Silicon carbide substrates, which are still expensive and not required for good UID 
performance, have improved substantially in both surface quality and size in recent years. 
LEDs grown on SiC are now commercially available with about 20% the light output of 
those grown on sapphire substrates. SiC substrates have several potential advantages as 
substrates for AIInGaN lasers, including good thermal conductivity for heat dissipation and 
the ability to fabricate vertically-conductive device structures. 

Lattice-matched spinels, garnets and intennediate layers (similar to buffer layers) have 
shown little progress in the last two years, and have some fundamental problems in terms 
of high temperature instability and diffusion that may preclude their use as substrates for . . . ; .... "' ,. __ ...... __ .., - -.J 
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those with more desirable properties for laser applications, e.g. readily cleaved or having 
high thennal conductivities. High pressure bulk GaN crystal growth has some long range 
potential, but is far enough from commercialization that it is not appropriate for large 
companies to invest in. It is recommended that this technology be funded and developed at 
the university level. 

5.2 Growth 
Reactor modeling has been extremely useful in understanding temperature distributions and 
gas flow dynamics in large, multi-wafer MOCVD reactors, and the availability of the 
national labs and supercomputer centers has been crucial to the development of this 
knowledge. The continuation of this work will be necessary for improving epitaxial layer 
uniformity, which is crucial to the development of laser arrays and necessary for cost 
reduction in nitride LEOs. 

In tandem with modeling, continued experimental efforts are likely to further improve the 
quality and reproducibility of nitride epilayers. Improvements in extrinsic characteristics 
and control of compositions, doping profiles, and layer thicknesses are likely to be derived 
from improved understanding of surface structure and growth reactions. Methods to 
minimize or eliminate cracks and pits must be further explored, particularly for structures 
containing AlxOat.xN and/or InxGat.xN poorly lattice matched to GaN. Likewise, better 
understanding of intrinsic and impurity-assisted dislocation dynamics is likely to yield 
improved control of plastic relaxation of buffers and/or epilayers. 

5.3 Properties 
Improved understanding of nitride properties, both intrinsic and extrinsic, is likely to guide 
significant improvements in material quality and in the design and performance of device 
structures. Areas with particular promise are studies of the properties of InGaN active 
layers, work on the nature and role of defects, and examination of electrical properties. 

The nature of the lasing transition in nitride devices is currently unknown, although there 
has been extensive speculation that it is quantum-dot-like, associated with In clusters 
observed on the group-ill sublattice in InGaN wells. As the issue is central to the 
operation of laser diodes and has important ramifications for device design, the nature of 
the transition warrants further study. In addition, numerous basic properties of these 
InGaN active layers remain largely unexplored. Properties of particular importance to 
devices are the relation between strain and band gap in InGaN MQWs and the nature of 
deep level defects likely to promote non-radiative recombination. 

While extended defects have clearly been demonstrated to have less impact on device 
properties than in other Ill-Vs, their role in detennining device performance and 
degradation remains unclear. Defects along dislocation cores (kinks, etc.) merit 
investigation as they can govern electrical activity and dislocation motion. The optical 
activities of various defects such as dislocations and nanotubes warrant investigation, as do 
their roles in enhancing diffusion processes relevant to device degradation and their utility 
in localizing active point defects. Such studies can be expected to focus improvements in 
buffers and e ila ers to reducin or assivatin those defects most detrimental to devices. 
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Incorporation and activation of p-type dopants remains an important area of study in 
nitrides as it is essential to achieving modest LED and laser diode tum-on and operating 
voltages, affecting both operation and degradation of these devices. Promising areas for 
further study include investigations of the effects of H in AlGaN alloys as well as the 
thermodynamics of H incorporation, as this is central to compensation. The effects of ion 
implantation on electrical conductivity remain undercharact.erized in GaN, as do the 
electrical properties of dislocations and associated point defects. Last, identifying 
alternative, shallower dopants for AlGaN could be highly beneficial. 

5.4 proctttjng 
New methods of etching GaN need to be developed in order to improve feature uniformity 
over larger areas, to increase throughput for high volume LFD fabrication, and to fabricate 
small features accurately for edge emitting laser and VCSFL arrays. Recently developed 
techniques such as Low Energy Electron Enhanced Etching (LE4) and photo-assisted ·. 
electrochemical etching have shown promise, and research should be funded at the 
university level (perhaps in conjunction with a semiconductor equipment manufacturer) to 
scale up these methods. 

5.5 Deylcea 
Good progress has been made in the development of nitride edge emitting lasers by several 
groups around the world, but little progress has been made with nitride VCSELs. Mirror 
research for VCSELs is likely to be the most crucial issue. The n-type mirrors can 
probably be fabricated using conventional MOCVD epitaxial growth techniques. The 
critical problems will be maintaining a sharp enough refractive index contrast at the 
interfaces and minimizing scattering and interference· at the rough interfaces. A suitable p­
type mirror would be extremely difficult to fabricate through epitaxial growth in the nitride 
system, and reliable wafer bonding techniques must be developed. Further improvements 
in crystal quality may be required in order to commerci~ these devices, and advanced 
substrate technologies such as HVPE nitride and bulk GaN growth should be supported. 
P-type contacts may also require further development to support the higher current density 
required for carrier injection in laser device structures. 


