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An Intixralcd Approach to the Bulk Ill-Nitride Crystal Gronlh and Warcrins 

Ab initio Characterization of Gas-Phase 
Environments for Vapor Deposition 

Conditions 

D.W. Brenner, Co-PI 

Yanxin Li, Graduate Student 

□323523311 Cl.F_\w>i CpRNj:H, fgU ™*** iffi F    V 

Objectives 
■WWnmWM,l.»l»WilllimJi<llllll^'WB«B«ll<HIWII«!IIKWfl 

Long Term: Help guide experimental growth studies by predicting optimum     j 
growth conditions for A1N and GaN crystals using molecular simulation methods ' 

Steps Toward Long-Term Goal: 
o    Characterize gas-phase reactor species, including impurities, and understand their 

dependence on growth conditions using ab initio methods: 
-Preliminary results: Equilibrium calculations using ab initio data predict that non- 
stoichiometric gas-phase AI3N andAI4N species are present under vapor deposition conditions 

o    Provide data for reactor modeling studies at Stony Brook 
-Both free energies and kinetic rate constants from quantum chemistry 

o    Understand role of growth conditions and species on crystal microstructure, defect 
density, habit. 
-Kinetic Monte Carlo simulations for nitrides being developed 

-Rates from ab initio data, simulation timescales to match experimental conditions (e.g. gas- 
surface collision frequencies) 



Calculating Free Energies 

(1) Calculate from first principles: 
•ground state electronic energies 
•geometries/moments of inertia 
•vibrational frequencies 
•spin states (for electron degeneracies) 

(2) Input to molecular partition 
functions ^^ entropies 
+enthalpies = Gibbs Free Energies 

(3) Use free energies to predict 
equilibrium concentrations and 

chemical potential 

Model and Strategy 

Free Energy Growth Model 

Mt/nr 
MVUM^ An Integrated Approach to the Bulk Ill-Nitride Crystal Growth and Watering 

oSingle crystal deposition requires gas-phase flux 
of fixed composition, suggesting a gas-phase 
intrinsic stability in the proximity of the growth 

surface. Chemical potential for AIN growth 

oUsc chemical 

potential u. as a 

measure of stability  1 

minimum u taken 

as growth T 

Growth temperature 
experiment: 2223±150K    our model: 2300K 

^ 

EEanEsjr .EMK >N QQRISifcU ASH £M »K UJ2* £* 

Gas-Phase Growth Precursors 
An Intciirulcd Approach to the Bulk Ill-Nitride Crjstal C* 

Free energy G(T) for 43 species related 
to AIN growth initially considered at a 
relatively low level of ab initio theory: 

Complete set 
16 "Pure" Species: 
Al, N, Al2, N„ AIN , A1,N, Al„ N3, . 
AIN,, NA1N,Ä1N„A1,N, A14N, A1,N,, 
AI,N,,AI4N, 

27 "Impurity" Species: 
H, O, C, H2, 02, C2 (1=0), C2 (Z= 1), 
A1H, AIH2, AIR,, NH, NH2, NH, 

A10,AI02, A120, A1NO, OH, H,0, 
HNO, HONO, NO, NO„N,0, 
A1HNH, A1H,NH„ A1H3NH„ 

Predicted Concentrations 
v. temperature 

^> 

Predicted Majority Species: AI, N, 
N2, A13N, A14N, A1H, A120 

I.M^.MHHMH CLRMH IN C.QKNKU, ÄS3J &« »K u£? P   *» 



Appropriate ab initio Theory 

Experimental and Calculated Formation enthalpies at 298K 
(From NIST) 

("nmnrnifn Harlrpo Frw-k 

B3LYP/C B3PW91  MP2FC/ 83LYP/ CBS- HF methods ji 

c-pVTZ /cc-pVTZ ccpVTZ 6-311G* Q G3     G2    G2M2      G1 

Al, 158 7 1184 138 9       -146.5 113.7 -123 -124   -131    -132.5   -131 4  ^" inappropriate 
AIM 288 6 297 8 287 4        280 5 294 1 304 1 304     305    305 6    304 9 for Al2 

| 
NH 

OH 

332 2 

427 8 

349 6 
429 

3412        303 8 

423 9       413 3 

334 5 
402 4 

328 7 
429 4 

338     330    328 6    326 8 
431     429    429 6    423 9 • L...    ■           -....1      „-..    -  

Hj 436 439 6 4184        4116 430 9 440 7 438    441     440 5    436 9 

AlHj 489 2 504 9 498 7         481 497 9 5044 500    501     498 9    498 7 

o2 498 4 511 4 516 7       520 7 502 9 498 1 491     485    486.8    484 4 

AlO 512 3 492 3 484 8       441 7 474.6 507 6 511     499    502.9    509 9 

NO 631.6 640 3 634 4       620 3 629 5 633 3 630    634   nodala  631 9 

NH, 718 3 7122 726 7       61B3 710 1 7184 722    720    719.7    713.4 

HNO 832 8 833 7 824.8       818.6 813 9 832 7 828    836    839 3    832.4 

AIH] 855 1 852.3 834 9       817 6 842 4 860 3 854     861     857 6    859.4 

H,0 927 9093 903 4       911.1 858 3 926 6 924     927    930.3    916 9 

NOj 936 8 958 941         951 6 939 5 945.6 934     938    943 5    935 5 

N* 945 4 947 6 931 1        948.4 931 8 936 9 937     940    940 7    944 3 

N,0 1112.9 11349 nodaia     1151 8 1209 8 1111 1104   1109   11037    1110 

NH) 11726 1179 3 1163.5      1 128 8 1140 5 1168 1169  1172   1172 3    1162 

t- B3PW91 density functional yields best overall 
compan son to experiment 

":IJL \£.SC 

(our calculations added diffuse functions to basis set) 

>N a; )KNplJ, i PTC1I S7*S.?PK P    *- 
I.M.-^.*l!IM«lffl( W           5 

Gas-Phase Growth Precursors 
■IJUHIimMJJJWIJJIIIIIIlrfllllllMIWWriBIBIMMIBIIIIKWMIB 

Gas-Phase Concentration Profile 
(500 torr N2, no impurities) 

Predicted Dominant Species: 
Al, N2, A13N, A14N 

A13N/A14N Formation Mechanism: 

T<395K TVI5S0K 
Al2 + N2 —> A1NNAI +A1   _> AUNNA1 

AI2NNAI+AI T<l^-> AI4N2+A!2 --> 2AI,N 

300        600        900        1200       1500 

Feed gas T=298K 

EE2asB22Dac i.F_\tHiN cpRwu ASH UWSKIJSF P  V 



*m^ Six Month Plan of Work 
An Inteumied Approach to the Bulk III-Mtridc Ci .IIJ.Il'lliJ.LU 

o  Model effect of impurities, especially oxygen, on the 
composition and chemical potential of gas-phase growth 
environments 

o  Explore influence of partial pressures on growth 
environment 

o Implement atomic-scale kinetic Monte Carlo simulations 
of A1N deposition 

o  Connect ab initio data to reactor modeling 



^■JjEr  I An Integrated Approach to the Bulk Ill-Nitride Crystal drowth and Watering m--- 

Modeling of Bulk AIN/GaN Vapor Growth 

Bei Wu and Hui Zhang 

Department of Mechanical Engineering, 

SUNY at Stony Brook 

Stony Brook, NY 

and 

V. Prasad 

Florida International University 

Miami, FL 

csaainaaaajLM^N cpKism PSll ™™ uffi F  *» 

Milestones and Goals 

Goals - To build a thermodynamic, kinetic and reaction- 
transport model for sublimation, condensation, nucleation, 
reaction, and crystal growth of IH-nitride crystals. 

Short Team (one-year) 

■ Develop a macroscopic model for furnace design 

■ Develop a microscopic model at growth interface 

• Simulations of AIN/GaN growth 

■ Model validation 

Long Team (five-year) 

■ Integrated with an atomistic model (second year) 

■ Understand growth habit and defect formation 

• Improve throughput and yield 

■ System optimization and control 

CESaEEBSO' ..FAfcON CpKNfcU JKil iSf »K uS? P    h 



p-xjj        Strongly-Coupled, Transport and Reaction Model for 
JSml GaN / AIN Bulk Growth 

Electromagnetic / Radiation 
calculations U 

Heat generation in the heater 

Thcrmodynamic calculations Jl 

Temp, in system / Op. conditions U 

]] l-nitride/graphitc elements U 

Sublimation/decomposition U 

Species transport U 

Cryslal'ization/Dcposition 

Power generation 
Heating system design/up-scale 
Optimization 

GaN and AIN growth kinetics <= 

vapor species and pressure It 

Heat/mass transfer and gas reaction ft 

Phase change/chemical reaction II 

Vapor transport and reaction IT 

Habit, Defects, Stress, 
Reaction Kinetics 

■•4,-l.fflH»MI q_RMsnN CQRNfli, J&1I tiw-w u5? P 

.twS ___ Research Challenges 
'tt!i^'^WJI,IIJUJ.IIJ.Kll.lJlIIIJ,ltll,MJIIiailBi!«ffl!l»imWI>IMIifWlhWflHig 

Heat generation by induction or resistant, 
Heat and mass transfer in the growth furnace, 
Sublimation/decomposition, and chemical reaction in 
the source materials, 
Vapor transport and chemical reaction, 
Interplay between surface kinetics and vapor transport 
Morphological stability at the growth interface, 
Deposition, habit, faceted, stresses and defects, 
Stoichiometric, segregation and uniformity, 
High-fidelity representation of system geometry, and 
System integration, optimization, and control. 

!■■*!■ ^H'M<MH' .HMATN CPKISWi, ASH ^ >K JE? P    % 



uEassam* 

Global Heat Transfer in an A1N Growth System 

Continuity Equation 
Conservation of Momentum 
Conservation of Energy 

Convection 
Radiation 

Resistant heating system 
Species Transport 

Transport and Kinetic 
Reaction 

Growth Rate Model 
Deposition 
Sticking 

JLUSON QQK.Nt-;ij, PS11 ™™ u£? C1   % 

Global Heat Transfer for A1N Growth System 
■i!jiiMji»a,iiii,ijiiiij,ii,ii,i«iiiii<iiiv'Hiwa4miBi*Bmii»Hi^nm!g 

X(in) 

Temperature distribution in the entire system 

Temperature distribution in the furnace 

I-'*"'«*««« CLRMSON fipRNm ASH ^ u5? p h 



v*Ii Interrelationship between Furnace and Heater 

«00 j, 

2400 ! 

2300 j \.^ 

$200 ! 

• 
Sioo l 
t 
loooj 

^900 j 
Assumed lempcm 

iit the inn 

1800 - 

1700 1  ,„..,„ 
    IhiullIB 

1600; ::::.: ;:;:;: 
1500 ' 

:h to the Bulk Ill-Nitride Crystal Growth anil Wafcring 

Temperature tlistrihutu: 
at ttitytcnucr of the furnai 

m&k- 

Y (inch) 

Conclusion: Temperature gradient in the furnace is strongly function of the 
temperature profile at the inner wall of the heater. Re-design of the heating 

zone is needed to improve the temperature gradient in the furnace. 

jaaanaaaa-F-MATN QQKNPU 1511 -^ u£? F  % 

SWBXT of A1N Sample and Thermal Stress Distribution 
■Liji,iwmi^.imimii;iii!iiikWMiawaniowiMM^^ 

X-ray topograph is obtained 
from M. Dudley 

An anisotropic thermal elastic model has been 
developed to link the dislocation density with 
stress distribution. High stress appears near 
the wall, and stress density is function of the 
sample thickness and temperature gradient in 
the furnace. 

GSM 

Side attached to BN wall 

t 
Centerline 

!■■*.■>■ MlrHMH Cl.RM.SON CQKNrU 1511 ™$SK US? F   ^ 



435^ 
Modeling for a vertical HVPE GaN Growth 

■Liiiii»iijii,i».iLii,ij,iiiJiiJuaimiiiiMmB.HBHi«miiwwKWflmi 

^V'sjr  

41—Ha, 

I ! 1 UÄ. 

Recirculations in the growth cell can be 
avoided using low operating pressure and 

susceptor rotation 
New GaN growth furnace at 

NCSU will be a horizontal one. 

W'u, B., and Zhang, H., 2001, "Intensity and Uniformity of Gallium Nitride 

Deposition in Sublimation Sandwich Growth," Proceedings of 2001 ASME 

International Mechanical Engineer Congress and Exposition, November, New York. 

■M,.l.fflWMIrl CLRMSON O coRNtu ASH ^u5*F  % 

Research Roadmap for an Integrated Model 
An Integrated Approach to the Bulk Ill-Nitride Crystal Growth and Wufcnng 

Diffusion, radiation    —   Diffusion laws for   —       Polycrystallino, 
solid Strass, detect 

MMSi 

o 
3 
(0 

u 

Vapor 
Transport 

Charge      — 

Global 
Assembly 

Stefan flow, specie»   —  Conservation laws   - 
transport 

Reaction heat 
Sublimation,     pressure balance 

decomposition 
Radiation, magnetic 

Heater, crucible, flow         potential, heat 
control generation 

Growth rale and 
morphology 

Polycrystallino, 
stolchlometry 

Stress, defect. 
Impurity 

Kinetic Model + Reaction-Transport Model 
Kinetic and Reaction Models will interface with Atomic Model developed at NCSU. 
Transport Model will be validated with experiments at NCSU. 
Prediction will be compared with characterization at USB and ASU. 

ir+i^if-WHifl CI.E JLUSON CpRIStfll J5U IW?»K u2* P    \ 



mm 
Research Plan on Vapor Growth (Next 6 Months) 

BTBwnwiiw^niiB.i)iiwBmin»ffimfTTi 

Mrs Bei Wu has worked on this project (full time). She is currently focusing on AIN growth. One 
more student at Stony Brook will be working on GaN growth (half time). 

Numerical simulations of AIN bulk growth. The growth model of AIN bulk growth has been 
developed and used to determine the growth rates at different pressure, temperature and 
temperature gradient. Temperature distribution in the growth furnace has been predicted which will 
be compared with experimental measurements. Dr. Schlesser at NCSU will provide temperature 
profiles at the inner wall of the heater for three power levels and two gas flow rates. Temperature 
variation on the top surface of the furnace and temperatures at two locations inside the furnace will 
be measured and compared with simulation results. The agreement between modeling and 
experiment will give us the confidence on the model of the heating system. Simulations will help 
in redesign of the heating zone. 

Numerical simulations of GaN bulk growth. The GaN growth furnace is developing at UCSB. 
New furnace is similar to the HVPE process. Preliminary simulation for a vertical HVPE system 
has been performed. The model can be used to simulate the GaN bulk growth at NCSU. 

Stick coefficient is the key to link the macroscopic model developed at Stony Brook and atomistic 
model developed at Dr. Donald Brenner's research group. The future work will be focused on 
relating the growth morphology to the operating conditions. 

E£2 mma^\jM^K cpRNfcu, ASH *IM »K u"LK P 
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An Integrated Approach to the Bulk Ill-Nitride Crystal Growth and Watering 

Growth of Bulk GaN by Sublimation 
Technology 

First Six Months 

M.G. Spencer 
Dept. of Electrical Engineering 

Cornell University 

!■■*■■ ^WW«H a.RMSON CPRMU. JSU ^K $* V   % 

2*2> Goals 

1   •  Understanding the general trends in GaN sublimation growth 
from a GaN powder source (and later liquid source) and gaseous 

i   N2/NH3/H2 mixture; 

• Analysis of the growth rate in a wide range of pressures and 
temperatures; 

• Detection of key parameters governing the growth rate; 

i 

• Optimization of operating conditions and growth system design 
and experimental verification of predicted growth and sublimation 

|   rates 

I^EasjBHB ajAfc**j cpKWii JC5U g^uffi F 3L_= 



Js^Work Plan 
An Intccralcd Approach to the Bulk Ill-Nitride Crystal C. '.wi.ti-i.i'.aiij.in 

Based on adaptor flange prepare detailed drawing for growth fixtures. 
(These growth fixtures will be SiC coated graphite)-finish date Nov 15,2001 

Submit drawings for fixture manufacture-est. delivery date of fixtures Jan 
15,2001 

Thermal modeling of growth fixtures (Yuri Makov>esL finish date Jan 15, 
2001 

Initial startup and break in of growth furnace by vendors-est. finish date Dec 
15,2001 

Continued optimization and characterization of GaN powder growth process 

Start of characterization of sublimation rate of GaN powder under various 
growth conditions as modeled by Yuri Makrov-est. start date Jan 20, 2001 

Depending on VI start of growth experiments-est. start March 15, 2001 

l."*,*«tfH«H 
CLEMSON CPKNtill, JSU ^ u2* F   % 

_,_ Personnel 
^SW^Ktji,imiijiiiii,M,i,ijiiiijjiji,iaiiiiiiiifcs<iwii<mwiwimiiit 

o Two P.I.'s-M. G. Spencer &Yuri Markov 
o Two Graduate students-Phanikumar Konkapaka and 

Huaqiang Wu 
o Part time technician support 

■■■■■l-^WHUHfl OLRMSON CPRMU JSU ^ lg? P   % 



jjjs^Equipment and Facilities Status 

o New laboratory-construction completed Mayl 
o GaN Powder furnace-construction (home built) 

completed July 30 
o GaN Bulk furnace-delivery September 1 
o GaN Bulk furnace-physical installation September 15 
o GaN Bulk furnace-electrical installation expected Nov 

o GaN Bulk furnace-gas panel construction, gas lines 
and vacuum expected finish in Nov 

o GaN Bulk furnace-process adaptor flange delivery 
Sept 30 

o GaN Bulk furnace-puller rod expected January 

n-hifiww U.RMx-iN c.OKN^ii, PS& 5l??»KlJ3? ^    ^ 

*§g*Powder furnace process tube 
'^jjffy ■ini,i«ujiiw,Mii,iJiiiiu,i)iii,iauiiiiiiig>tiiwBwiBwi«fflaii.iii,im»iiiiJiiia 

■■41^.«'M<HH 

|    I   ;> o  Utilize bubbling 
j     ! •-'* through Ga liquid 

;j   j| »                o Two successful powder 
j j''        »"» runs 
I'.jli. '-l o One major design 
;'    /: revision implemented 

j j another design revision 
j| i   ; in progress 

Cl.RMSUN CpRNfti, HSU !W »K uQ1 P    % 



^^Powder Characterization 
An Integrated Approach to the Bulk Ill-Nitride C rystal ( 

o  X-ray diffractometry 
confirms that powder is GaN 

o  Cathodalumenescense is 
observed from the powder 

o  Crystal size is estimated at 
200-250 angstroms 

o  Measurements of particle 
size are underway 

IWMHIMIffiin M&ÄÖ'.-'iä'W 

I, t, 

u-'V 

EEEEEsa' .RMSLTSS CPKNWJ- ÄSJI ^f-»K iJS?  P     V 

Model used for growth rate prediction 

miHUHiU'JIIIl ^j^^j^j^j^^2iSliSSS3i 

Geometry parameters: 8, Rs, Rc; 
Operating parameters: Ptot , T, , AT=T2-T,, gas composition in the 
ambient; 
Species involved in mass transport computations: Ga, N2, NH3, H2, 
GaH, GaH2, and GaH3 . 

T. / 
i 

6 tf  tf Ü 
:l        Hr i 

i 

:i-M.,-^'H<HM O-RMSON QORrtfU ASH ™T»KU25 p _5L 



i- -f  10" F 

T=1030°C GaN annealing 
(Koleske, 1999) 

GaN 
decomposition 
rate K^^ as a 
function of vapor 
composition 

-.    10 

Z 
a 

£ 
BJio': 

3 
ft 
W 
o 
•o 

(D 

O'o" 

P = 76 torr 

Computations 
Experimental data 

_i_ 
0 0.2 0.4 0.6 0.8 

[N2]/([N2]+[H2]) 

The value KCN = 1.23  lO^cnrV corresponds to the sublimation rate of~l_m/h. 

■'^■''«'"'MB nCLEMSON ccmmi ASH ^ igF. P V 

l<lft»PEKri[iirMMiiuiJiiiN^ 

I 
Sublimation 

Operating conditions: 
AT = 0 K, 8 = 3 mm. 

rate in vacuum 

Sublimation rate in a nitrogen atmosphere 

■■4,-i.ffHmiifi CI.EMNON CPKNKU JKU *«»«£* JL_J£L 



Pi^      Temperature dependencies of sublimation and growth rates 

An Intcj-njicd Approach la Ihc Bulk lll-Ntlndv C ryslal (.nmlh and Ualcring 

Growth < 
rate 

reduction 

i'uid ' Yiilt) ' 'ilAf' 'llA'' 'IM ' 'lklu' ' 'i(Ju' 
G> Seed temperature, C 

Operating   conditions:   AT = 1 OK,   8 = 3 mm,   Pt0, = 0.1 atm,   ambient 
composition is 80%N2, 20%NH3 

IftniTYtmrTlri 
CLFiMSON www- J5U &V&i©_P > 

LOBQ Effect of pressure and gas composition 

rW!ll!IIJIlJIIIII.ILI.I.IJIIIIJ!llllliHtlllllllgLlHMW4miHHHimi,tl,imillli«UI,l EiyBilSi 

(iaN growth rale 
as a function of 
pressure 

^^ "-•T   '"" 

r 

;         //^ J 
■ /'/ y 
■//      //    ! 

K/. j . . . I , , , , t , 

(iaN growth rate 
as a function of 
gas composition 
in the ambient 

iQEEiraafl XfiMSOiN CQRNrU ASLI '3«?»K|J5? ^_ 3? 



*%^f-* Growth rate at the "optimized" operating conditions 

<Mfet^«TTWTT^.JXll..lIJJ,J|l|.|l|ll|l^^WWni^lWC7Tar 

33 

_,    .0' 

ft 
0)   io' 

a:' 

o 

Ga droplets 
appear on 

, the surface,/- 

Vgr~270 

m/h 

um.'MIUU'MJ, 1490°C 
SG6U tBin^ciaiuic,    w 

Operating conditions: 
AT = 20 K, 5 = 5 mm, 

P,ot = 0.1 aim, NH3 

ambient gas 

^6U'U 

lher  pnssiiiv  low ci in;',  iv-siih-,  in  (jroplcl  disappeanmcc  anil  urowlli   rate 

imaca-.;'. 

■*'^'»"'fl 
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4uSS9^. An Integrated Approach to (he Bulk Ill-Nitride Crystal Growth and Watering ÄWlÄi 

Growth of A1N 
from the vapor phase 

Raoul Schlesser, Rafael Dalmau, and 
Zlatko Sitar 

Dept. of Mat. Sei. & Engr., NCSU 

^Outline 

o Current status of experimental work 
m Optimization of reactor temperature profile 

n Control over temp, gradients using BN baffle structures 

n Introduction of radial gradient to prevent wall nucleation 

m Growth results for varying temp, gradients 
n Crystal morphology for small and large gradients 

n A1N «condensation data 

m Cathodoluminescence results 

m Crystal polishing 
n Initial results 

o MURI team interactions 

o Research plan 



nf zone temperature distribution 

o   Reactor hot zone temperature 
gradients have been accurately 
determined by pyrometer 
measurements. 

o   Baffle structures have been 
designed and manufactured to 
allow variation of longitudinal 
temperature gradient in a 
wider range 
(0.5°C/mm .. 5 °C/mm). 

o   Introduction of a radial 
gradient in the growth plane 
inhibits spontaneous nucleation 
on crucible walls and enables 
seeded growth of free-standing, 
stress-free crystals. 

-l-t/V 

Longitudinal and radia! temperature gradients in 
reactor hot zone (left) and AIN (right) deposited by 
spontaneous nucleation in a radial gradient enhancing 
growth in the center of the crucible and suppressing 
wall nucleation. Growth rate in center: 270 um/hr. 

CES3mmCAI-M^^ CpKNMJ, ASH ^KUT]*  P     % 

S^AIN recondensation vs. AT 
An Into-ralcd Approach to the Bulk Ill-Nitride Ci 

o AIN recondensation has been measured as a function of source 
temp, and temp, difference between source and seed. 

m recondensation increases 
with source temp, 

m recondensation increases 
with temp, gradient, 

m Colder deposition area 
reduces Al losses into 
reactor when using 
open crucibles, 

m Tightly closed crucibles 
improve growth rate in 
experiments with small 
temp, gradients. 
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rrvstnl morphology: small gradients 
h lo the Bulk Ill-Nitride Crystal Growth and Wafcring, 

In small temp, gradients 
(< l°C/mm) deposition of 
coalesced AIN layers can be 
achieved. 
Needle growth, primarily in 
c-direction, occurs by 
spontaneous nucleation. 

Needle growth can be reduced 
by increasing Al vapor 
pressure (e.g. by using tightly 
closed crucibles). 

Example of a coalesced AIN 
layer deposited on BN in a 

gradient of 0.5 °C/mm, with 
needle grown on top of 

coalesced AIN layer. 

BN substrate 

aa332221a.F_\t.HiN CQKNl-U ASH ^fN»K uffi F 

Crystal morphology : large gradients 
An Indurated Approach to the Bulk Ill-Nitride Crystal Gronlh and Watering 

o  Growth in larger temp, gradients (2-5 °C/mm) yields 
increased growth rates normal to the c-axis. 

Growth around a 
threading dislocation 

(left) and a screw 
dislocation (right). 

15 mm long c-platelet 
grown in 4 hours; 

source temp. =2200°C, 
gradient = 3 °C/mm. 

BBJfe'i ;;p::'- '.; 
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jjjjjj^ Cathodolu minesce nee 

o Cathodolu minescence spectra 
taken at 4.6K of two different 
A1N crystals 

m Sample R089 

m Sample R091 
.■■en— 

o   Sample R091 shows a sharp I xm 

peak nearbandgap energy * i» - 

m band-edge to impurity level i ir» - 

transition a cm - 
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by R. Yakimova et al., Linkoping University, Sweden) 

_,_ Polishing of A1N crystals 

o Initial polishing 
work successful. 

o Typical polishing 
parameters: 

m 15 min, 240 grit SiC 

m 1 hr, 600 grit SiC 

m 1 hr, 5 u,m Alumina 

m 1 hr, 03 u,m Alumina 

Surface morphology 
after 30 min grinding 

with 600 grit SiC (right), 
and two crystals after 

final polishing step 
(bottom). 

.,..ylcw**"*?3^ 
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Jg^MURI Team Interactions 

Samples sent for characterization to various MURI 
team members. Samples from representative growth 
runs were selected in an effort to correlate analytical 
results. 

m Dr. M. Dudley 
n  samples R089.2, R091-A 

m Dr. B. Skromme 
n   samples R068-A, R068-D, R075-B, R088-A, R089.2, R09I-A 

m Dr. S. Mahajan 
n   samples R09I-B, R089 (2 samples for TEM) 

m Dr. J. Freitas 
n  samples R068-C, R075-A, R088-B 

m Dr. A. Martinez 
n  source materials (A1N powders for XRD) 

Cooperation with modeling teams 
(Dr. H. Zhang, Dr. D. Brenner) 

A1N seed preparation for ammonothermal growth 
(Dr. J. Kolis) 

R068-C 

R091-A 

US3mmcn-M^-^ cpKNfli. ÄSU ^»KiiS? P 

--wenrrh Plan (6 months) 

o  Seed preparation: 
m Investigate growth of c-plates to be used as seed material. 

n Gain control over growth in c-plane by growing in larger temp, gradients. 

n Increase surface area of spontaneously grown, thin c-platelets. 

m Improve seed mounting technique. 

n Improve thermal contact between the seed and crucible. 

n Optimize seed location and radial gradient to inhibit spontaneous nucleation. 

o  Contamination issues: 
m Quantify contamination levels. 

m Investigate correlation between growth morphology and intentional 
contamination types and levels. 

o  Seeded growth: 
m Grow out c-platelets preferentially in c-direction. 

m Improve crystal purity. 

EEaaro^q^isoN cpRwa ASH &?»KIJLK P  \ 



SnHiiim Flux Growth of GaN Crystals 

Frank DiSalvo, Chris Hoffman, Koyota Uheda (as of Nov. 1) - 
Dept of Chemistry, Cornell University 

Hisanori Yamane - Tohoku University, Sendai, Japan 

(10/31/01) 

Our program is an outgrowth of developing flux growth methods 
for the preparation of single crystals of binary, ternary and 
quaternary nitrides. 

l^.-^WH^rt Cl JLUNON cpRNtaj, J&ll ^?»K iJS? ^   *» 

.p^        Flux Growth of GaN Crystals 

Scale-up of Na Flux Growth Method in Use at Tohoku Univ. 

m TSS Model HP Crystal Growing Furnace 
m Pressure rating: 10s torr to 100 atmos. 
m Temperatures up to 4000°C with RF heating 
m 0.81 cu. ft. internal volume 

m Internal vessel to contain Na vapor (Cornell) 
m Converting to resistance heating 

IM i .wmua CLF.M.SON fiORISfcU J5U imU u2* F    \ 



__ Flux Growth of GaN Crystals 
An Inlccralcd Approach 10 (he Bulk lll-Nilndc Crystal droivlh and »afcrins 

Current Work 

m If possible, a low vapor pressure flux would allow for an 
open crucible and possibly Czochralski growth techniques. 

m Low melting/low vapor pressure: Cu, In, Ge, Sn, Pb, Bi 

m Nitrogen activators: Mn, Fe, Co, Ni 
m Nitrogen solubilizers/transporters: Li, Ca, Mg,Sr, Ba, La 

EjHanaaCLLxtATN COKWU ASH &?N»K uffi F  % 

_^        Flux Growth of GaN Crystals 

o Crystals from Tohoku University are being are being 
studied at ASU by Profs. Subash Mahajan and Brian 
Skromme. 

I.M=.^.ffllrHHH c\ JL\i>r*i CQKJStiU, JKU &? »K ULK P    % 



Flux Growth of GaN Crystals 

Work Plan for Next 6 Months 

o New postdoc from Yamane Lab, Dr. Kyota Uheda 

arrives Nov. 1 

o Continued studies of alternate fluxes 

o New furnace testing 

o First GaN crystal growth runs in large containers 

l.tr.hfL'MttM CLRMNON CQKN^U- ASH äiM»KlJEF P    \ 



Modeling and Simulation of Ammonothermal Growth 

An Integrated Approach to Ihc Bulk Ill-Nitride Crystal Croulh and Wafcrins 

V. Prasad and Q.-S. Chen 
Florida International University 

CEAS 3430, 10555 W Flagler St., 
Miami, FL 33174 

and 
H. Zhang 

Department of Mechanical Engineering, 
SUNY at Stony Brook 

Stony Brook, NY 11794-2300 

!■■*.■ ^'WMH CLRMSON CPRlSit-IJ. #KU ^»K U£?  ^     V 

Milestones and Goals 
An Integrated Approach to the Bulk Ill-Nitride Crystal Growth and Watering 

Goals - To analyze solubility and pressure dependence on 
fill and temperature, to build a thermal and mass transport 
model for ammonothermal growth of IH-nitride crystals, 
and to optimize the growth conditions. 
Short Term (one-year) 
■ Analyze pressure dependence on fill and temperature 
•      Develop a global model for thermal transfer, solute transfer, and 

growth kinetics. 
■ Develop a model for system design 

Long Term (five-year) 
■ Analyze solubility dependence on mineralizer, fill and 

temperature 
■ Relate growth habit and defect formation to parameters, such 

as pressure, temperature difference, baffle opening 
■ Improve throughput and yield 
■ System optimization and control 

l.-4,.^'H<«rl 



Research Challenges 
iiHuitijimi,i.iii.m.iiJji,iJ An Integrated Approach to the Bulk lll->itndeC 

Heat generation by resistant heating together with heat transfer in 
the system. 

Convection is highly coupled with heating conditions and baffle 
location, and is oscillatory and turbulent. 

Porous media flow. 

Dissolving, attack of nutrient by solvent. 

Temperature difference across the baffle to achieve supersaturation 
in the upper region. 

Supersaturation and deposition. 

Solubility coefficient with temperature. 

Crystallization, habit and defects. 

Irregular geometry, such as baffle, autoclave, seed and nutrient. 

;Eaiaffljaaa.F_M*TN CpRN^U ÄSU w**K ULK  F     % 

E£ 

Coupled Transport Model 

Calculation It 
Autoclave dimensions, U <= System optimization 

Nutrient, solvent, U- => Chemical reaction 

Thermodynamic analyses -U- <= Operating conditions 

Pressure, temperatures -11 <=> Conductive and 
convective heat transfer JJ- 

Dissolving -Ü- o Kinetics U- 

Species transport JJ- <=> Turbulent convection 
and porous media flow II 

Deposition U => Habit, defects, stress 

ilkiö^ 
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.CNfilJ Physical Properties in Ammonothermal Conditions 
An Integrated Approach to the Bulk Ill-Nitride Crystal Growth and Watering ü; 

Conditions at ARFL: 70-90% NH3 fill, pressure of 2-4 kbars, 
mineralizer of 1-2 N, temperature of 250-300°C, a typical run 
of 5-30 days, GaN platelets of 1mm in length. 

Critical properties of Ammonia: 
Tc=405.5K,Pc=l 1,280 kPa, 

Properties of ammonia in ammonothermal conditions: 
Reduced pressure and temperature: 

Pr=2000/112.8=17.7, Tr=523/406=1.3 

Viscosity and conductivity:        ^i//U1=4.3 Ä/Ä",=5.0 

H, and k, are the dynamic viscosity, and thermal conductivity 
at atmospheric pressure and same temperature (i.e. 250°C). 

ir+nitiimHifl CLRMSON CQRMWJ. ASH ^ Jr.« P % 

^pj^ Governing Equations 

o Continuity Equation 
9{epf) 

dt 
o Conservation of Momentum 

■V-(p/ii) = 0 

e di     E e 

K A 

o Conservation of Energy 
(pcp),~- + (pcp)f[(u-V)T] = V-(krVT) 

o Species Transport 

d 

dt 
(pc) + S7-(p uc) = DV'c - Ba(c - c0) 

ÄK&Vä 

(1) 

(2) 

(3) 

(4) 

■"^■''""™ 
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.gp^ Numerical Scheme 
<jt^^KTiWeWi..Kiii..i.ijiijili.iiiiiilMiH>F»^ni^i.TffrTmwi 

Momentum equation: 

fx 
(//„),, = (ul:iiF + «„»,, +aNuN +asus + b)/Vp + {AP -apIVp)up - Apup 

Pressure equation: 

a >PP = aEPE + awPw + aNPN + asPs + b 

aE=DcAri     ap=aF+aiv +aN +as      Dr=\pa,l(h,Ap)\ 

b = lWth.). /D„ + (pu.a,).°]Ar;-[(H.h,),./D„ + (pu.a.),.°]Arj 

Pressure is obtained by solving Poisson Equation, and 
continuum is satisfied. 
Grid points: 157x47, time step: 0.002 S 

■M-^JIWimH CLRMSON C cpRN^i, JSU^Kur« (7  V 

-j— Temperature Oscillation 
*iff»«m^lJ.KU^IiilJUJM.|lillMn!M«^ 

baffle 

Nutrient 

x=6.4 
x=12.8 
x=19.2 

mm 1      I I      '      .      'l 

l' II I "l 

i.1111 b.h' ' '  'ai ' • ■ life 

■■■*"^»™«*l« 

t 

Time scale: 464 S 



Temperature Distribution at Different Times 

r.r 

Time interval of 0.5S 

EEzasHssr .L\istTN CQKMU J&U W& uLK P   ?p 

Temperature distribution at Different Times 
■IJI,llllUJIIM.MJ.IJIIII»«IIIWrfllllllMIWIlWllWIMBII!WllliM«IIB 

Con't 
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^ 
Flow Field at Different Times Time interval of 0.5S 

A.    W»htM.4 \n Integrated Approach lo (he Bulk UI-Nitridc Crystal Growth and Wafcnnß 
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Research Plan on Ammonothermal Growth 

Dr. Qi-Shcng Chen at FIU is currently working on modeling and simulation of ammonothermal 
growth under the supervision of Dr. Prasad at FIU (moved recently from Stony Brook). 

Modeling and Simulation of Ammonothermal Growth System at AFRL. We have developed a 
porous media based transport model which can simulate the fluid flow and temperature distribution 
in irregular domain with porous media. Calculations have been performed for the growth system at 
AFRL for which data were provided by Dr. Michael Callahan. We will continue to work with Dr. 
Callahan and provide simulation data to them for improvement of operating conditions. 

Numerical Simulation of Growth System at Clemson. We will soon model the growth system at 
Clemson with the data provided by Professor Joe Kolis. The physical properties of ammonia, i.e., 
viscosity and conductivity, are obtained as a function of pressure and temperature. We will study 
the difference of transport mechanism between hydrothermal growth and ammonothermal growth. 

Deposition of GaN in Ammonothermal Conditions. The solubility is related to solvent, 
temperature and pressure. The solubility coefficients of quartz and ZnO are usually positive in 
hydrothermal conditions. We will study the solubility coefficient of GaN in ammonothermal 
conditions and develop a growth model. 

EEsasEssn' I.F-USOS CpKrS^U ASil raf»K u£? P    % 



^^^^gr i An Integrated Approach to the Bulk III-TSitridc Crystal drouth and Watering äSffiäS»&'>4 

Growth of Bulk Group III Nitrides in 
Supercritical Ammonia 

J. W. Kolis and E. W. Michaels 

l."4,.^ll-H<Hia CLF.M.SON CPRMU ÄSU ^r^uS? F  % 

__ Before April 2001 
'Huiiy BlillilH^llfliVliitHillillilfllHll^IWH,HWIIII*IJ'llll'l'l'l,^llll,Blig 

■ GaN (powder) + KNH2/KI  -»    GaN (crystals) 

■ Crystals small (< lmm) needles 

■ Conditions: 

Temperature: 600°C 

Pressure: 26.5 kpsi 

Density of NH3: 0.67 g/mL 

Concentration of Mineralizer: [KNH2] = 0.4223M 

[KI] = 0.0052M 

;LF_M* >N CQRN'fcU ßSU ***** uLR P   % 
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£5P        Mineralizer Optimization 

■ Both KN3 and CsN3 were synthesized successfully 

■ Ease of production and mineralization effectiveness of 
KN3 have made it the mineralizer of choice 

■ GaN growth reactions have shown great improvement 
when 1.3M-1.6M KN3 is used rather than KNH2/KI or NaN3 

■ Average GaN growth and transport over 14 days : 

- 2.28 mg using 1.3M NaN3 

■ 2.44 mg using 1.3M KN3 

- 3.83 mg using 1.6MKN3 

l."*...^L'H«*rt Cl.RMSON awu. J5U ™?5K u£R F * 

jmm^ Effectiveness of Different Mineralizers 

Mineralizer 

KNH,/KI 

NaN3 

KN3 

ICQ 

600 
550 
450 
350 

600 
550 
500 
450 

600 
550 
500 
450 

Am(g) 

0.0175 
0.0279 
0.0220 
0.0115 

0.0295 
0.0213 
0.0118 
0.0252 

0.0352 
0.0284 
0.0327 
0.0278 

Am/e NH, Density of NH, 

0.0045 0.691 
0.0071 0.714 
0.0053 0.755 
0.0028 0.747 

0.0069 0.777 
0.0053 0.731 
0.0031 0.692 
0.0068 0.675 

0.0081 0.790 
0.0066 0.782 
0.0078 0.762 
0.0070 0.722 

l."4,-i.«mHH C.1-RJ RMSON CPRWU ÄSU M? »K JS? ^    ^ 



-«Solubility of GaN using NaN3 and KN3 
<tf*PE»iii,iKiyii[[mi,iJiiiiJitt«^ 

Solublity ofGiNvwiut T»mp«fskjr» 

550 570 590 

T.mp«.ttur. (C) 

■■4---^'l'WHH CLEM^ON cpwm. JKU ^ u£? P *» 

GaN Growth and Transport 
An Integrated Approach to the Bulk lll-Nitridc Crystal Growth and Walennfi £&iÄöS.;^i 

■ Use of KN3 as the mineralizer has increased the rate of 
transport to GaN seeds, as well as, bulk growth 

■ Purity and size of GaN crystals has increased 

■ Colorless plates (3-5 mm) and Pale polygons (1 mm) 

■ Growth conditions currently: 

■ 500°C for 14 days 

■ 16.5-19.0 kpsi 

■ Density of NH3: 0.672 g/mL 

■ 1.3M-1.6M KN3 

■ 50:50 crystallinc:powder GaN feedstock 

■ 3 sets of samples sent to both SUNY and ASU for analysis 

I.MM.«lflmiH aJ-USON CpRNfcU ÄSU M?»K U*LR P   % 



GaN Transport Reactions 
An lnU'j»ratvd Approach to the Bulk Ill-Nitride Crystal Cinmlh and Wafcring 

—> 
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GaN Single Crystals 
E2E3JZEE2: An Integrated Approach to the Bulk Ill-Nit ride C 

> 
:'U 
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SjSg        Future Goals 
^itg(W^MI.llJ]JUJIIIU.M.IIIJlUIJ.«lllJllJIII!lllMnWMWMWl*<mi!W^ si'^sse-;. 

-  Continue to find optimal conditions for transport 
of GaN to GaN (in house and Hanscom AFB), A1N 
(NC State), and SiC (commercial 6H) seeds 

■ Isolate and identify soluble intermediate in GaN 
reactions 

■ Continue solubility studies of GaN using KN3 as 
the mineralizer to maximize transport and deposition 

■ Design cell for in-situ Raman spectroscopy 

1,-4^1 Jl!i.W-ffl1 CLRM^ON cpKWu, ASH ™?5K JLK P  % 



Ammonothcrmal Processing for Bulk Gallium Nitride 
■l.ll,l»Jil».M.I.IJ,MJ ch Co (he Bulk Ill-Nitride Crystal Growth and Walenig 

M. Callahan, D. Bliss, R. Lancto 

Air Force Research Laboratory, 

Sensors Directorate, 

Hanscom AFB, MA 01731, U.S.A. 

Multi University Research Initiative 

Bulk Ill-Nitride Crystal Growth and Wafering 

Period 1 (7 months) 

E3£2 msmCM-M^S CpKWU PSd iwnjffiF 

Requirements for Single Crystal Solution Growth of GaN 
MtiwMai«i«o«iiiiiiiiii»iTOiiia^ 

o   Solubility of GaN in solvent must be adequate for growth, 
m Not high enough low growth rates will result 
m Too high polycrystalline growth will result 
m Obtained by adding proper complexing agent (mineralizer). 
m Typically solubility should be in 0.1-10%. 

o   Solubility must be temperature dependent to achieve 
supersaturation. 

m This allows the transport of GaN to the seed interface to be controlled 
by varying the temperature gradient between the nutrient and seed, 

m Experiments now in process to determine solubility curves, 
o   GaN and desired phase (cubic or wurzite) must be 

thermodynamically favored at growth interface, 
o   A separate saturation zone and growth zone must be established 

by proper control of temperature and fluid flow, 
o   Temp., Pressure, Mineralizer, and Geometry can be varied to 

achieve growth conditions above . 



Ammonothermal Growth Mechanism 

An Intcuraicd Approach to the Bulk UI-Nitridc Crystal Growth and Watering 

Typical Conditions 
Tl :450°C±100°C 
T2 : 500°C±100°C 
Pressure : 2- 5 kbars 
Fill - 70-90% Vol. 

9 l»w*    Siqjcr\ulurajwn of 
Di. 

A + E)ll»irr» Ü.M. J.K)Th.rmucuupki 

B) C.afi su-d IJB>mi 

C> Insulation LJPiwurf Transducer 

D)C»N Nutrient M)Prtnurc Vcssd 

t> Untr 
(Optional) 

N) VIMCI Stillnc Aiwmblv 

7-<7\ 

S.lli: m/.MV. 

GaN Soluhilitv 

Higher % 

>• »I    r- 

<!aN Solubility    | ,    ;   -*~~*. — T i 

(iiwium-* forward solubility - higher solubility with im-ivtisiiif; teiti/'crtititrt') 

irtrJifliHttiH CLF_\INON CWsPii. ASH «« S5 uT? P   % 

Growth Results of various Lewis acid/base ions 
in Amniononothcrmal Growth of GaN 

Jon Mincralizers 
Solubility 
of GaN 

Phase of 
GasS grown 

Size of 
Gaiy 
grown 

Corrosive» es s 
of Solvent 

Ml.    ill  1 Mil 1   \ 11  1 li 
Ml  1 

lk-\.l!ll'k 
mi\ol 

,,„, 

NH, 
Am mines - 

[Cu(NH,)4r 
Not attempted 

Ml.  and Nil, Ml.land KN1I. •• Hexagonal urn- 10s urn *♦** 

NH. 
Amides- 

NaNll.. KM1, 
• Hcx;ii;cin;il None ♦• 

Nil" Imiile-PbNII Not Attempted 

N -' Aziilc-NaN,. KM, ... Hexagonal 
um - 

I0()s urn 
* 

Red    Acidic system 

Blue - Al kali ne system 

Azide minerali/.et s - 

Yielded Best Overall 

Results to Dale 
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Azide based mineralizcrs 

o   Many compounds bond with the N3" ion. 
o   The alkali metal azides and some of the alkali earth azides are fairly stable. 
o   Usually prepared by neutralization of the hydroxide with hydrogen azide 

(hydrazoic acid.) 
o   Preliminary studies at Clemson indicates increased solubility of GaN with 

KN3 than NaN3 

o   Boron, gallium , and aluminum azides have been prepared in past - 
I.E. Ga(N3)3. 

o   Azide containing ammonothermal solutions will react with Noble metals 
inhibiting solublization of GaN. 

o   Early indications are high normality azide based ammonthermal solutions 
can be run in high nickel content autoclaves with cone seals without 
appreciable corrosion of autoclaves, 

o   Still problem of transporting source material to seed over long distance 
(> 1cm) 

■■,*-i.«,wmi Cl.LMSON CQKNFU, /53J «??»K (j£iK P     % 

Insights and Directions 
IIMIMH^IMIWillMHfflM '■iii,iuum«.i.iJii,i,i,ii.ii,iJ.iiiii 

o Azide mineralizers show most promise to date, 
o Noble metals complex with alkaline ammonothermal solutions. 

m Prevents Noble metals (Platinum, Gold, Silver) being used with alkaline 
solutions (I.E. amides or azides) 

m Large 0575" autoclaves are sealed by noble metal disk Bridgeman type 
seal, 

m Alternative sealing disk with mechanical properties similar to the noble 
metals must be found if azide based ammonothermal solutions are to be 
run in a Bridgeman type seal. 

o  Bridgeman Seals can still be used with acidic solutions. 
m Must use either platinum liner fitted to autocalve or welded platinum 

can with a double fill system. 

o Smaller Autoclaves are cone seal made out of Stainless Steel, 
o Custom made larger scale autoclaves will have to be considered 

at some point with modified bridgeman seal. 
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How to increase transport of GaN 
»P^ in animonothermal growth ? 

nwwiniHTmi 

Dielectric constant at -33 °C for ammonia   = 22 
m   The Dielectric constant effects solubility ofGaN. 
m   Increasing Dielectric constant will increase solubility of GaN. 
m   Will mixed ammonia - azitle or hydrazine solutions increase dielectric constant '! . 

Viscosity at 25 °C for ammonia = 0.135 cP 
m   The Viscosity effects Flow Patterns of Ammononothermal Fluid. 

m   How is viscosity related to flow patterns ? 
m   Can viscosity be changed without contaminating the system by adding inert additives ? 
m   Can geometry be modified in system to increase dynamic flow in both saturation zone and 

growth zone if viscosity and or other parameters that effect fluid flow cannot be adjusted? 

What oilier factors effect solubility ana transport ? 
m  Solubility of mineralizer itself (ability to ionize). (KNS and CsN3look promising) 
m   Temperature gradient between saturation and growth zones must be optimized for slope of 

solubility curve vs. Temp. 
(Want at least 10% change in solubility of GaN from source to seed.) 

m  Size and composition of source material 

l.-.t.^.WWH.II* _RMSON CPKNtfU ASH JiM »K u£? P    % 
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Polycrystalline GaN from Vapor Transport 
before animonothermal growth. 

Material will be used at 
Hanscom, NRL, and 
Clem son for Scale Up. 

> Source material : 
lmm3 - 3mm* 

> Seed material up to 1 cm3 

> Eventually Single Crystal 
Seeds will be needed. 
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Collaborations 
An Inti-uralcd Approach to the Bulk Ill-Nitride Crystal Growth and Wafcrinß &y$^ 

o   Visit on November 24lh to Clemson University. 
m Callahan (AFRLX Kolis (Clemson), Sitar (NCSU) and Chen (Florida 

International University) in attendance, 
m In-Depth Discussion on progress of ammonothermal to date, 
m Agreed to concentrate on Azide base mineralizer. 
m Discussed modeling of ammonothermal system and agreed to concentrate first on 

modeling flow properties of ammonia in attempt to make iterative adjustments 
to change flow dynamics in system to improve transport to seed. 

o   Verbal Discussions with Purdy (NRL) on doing closed platinum liner 
experiments with acidic solutions to enable better control of gradient, 

o   Once mm3 or greater GaN samples are obtained. More characterization 
tools such as xray, PI, Cl, and others can be used at AFRL, NRL, SUNY, and 
Arizona State, 

o   AFRL and NCSU sending vapor grown material to Clemson U. for seeds 
and nutrient, 

o   Free Standing GaN HVPE Single Crystal Seeds from other sources would 
enhance research. 
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AFRL Work Plan for Second Period 
WIIHifflHII&WHItmBHHI IS III;I.'IIJ.I.II •nrnth and Watering äßssifev.-. 

o    Obtain Post-Doctoral Student from Clemson to start in Jan-March Time frame at 
latest, 

m   Possible candidate will visit AFRL lab at Hanscom during MRS meeting in November, 
m   Will train 1-3 months at Clemson before working at AFRL . 

o    Concentrate on KN3 and CsN3 for Mineralizers in 15cc autoclave at high 
temperature and pressure, 

m   Model MRA-438R can go to 650° C and 100,000 psi. 
m   Obtain high temperature solubility curves 500 - 650° C for 0.5 - 5 Normal Solutions, 
m   Merge data with temperature range from 300-500 ° C obtained from Clemson. 

o    Obtain 1-2 additional MRA^38R autoclaves (0.375" Diameter- 15 CC) and 2 Qnt. 
MRA-112R autoclaves (0.5" Diameter- 27 CC) for solubility and cm size growth 
experiments, 

m  Contingent on AFOSR funding, 

o    Work on seal ring replacement for noble metal seal rings on 0.875" dia. Autoclaves, 

o    Obtain feedback from Dr. Chen on modeling flow patterns in order to improve 
transport from saturation zone to growth zone, 

o    Conduct acidic experiments in closed Pt liners with NRL to control normality, 
temperature gradient, flow patterns, and other parameters. (If time permits) 

o   Obtain > mm3 size Ammonothermal GaN crystals for analysis. 
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An Intcuratcd Approach to the Bulk Ill-Nitride Crystal Growth and Wafcring 

Optical Characterization of Bulk GaN and A1N 

Brian J. Skromme 

Department of Electrical Engineering 
Arizona State University 
Tempe,AZ 85287-5706 
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__ Overview of Progress 

o Carried out room temperature & low temperature PL 
measurements on bulk GaN grown by 
m Na/Ga flux method (DiSalvo/Yamane) 

m Ammonothermal method (Kolis) 

m Freely nucleated HVPE (D. Bliss) 

o Performed low T PL measurements on bulk A1N 
grown by sublimation (Schlesser/Sitar), using below 
gap excitation 

o Performed Raman measurements on bulk GaN & A1N 
grown by above methods (undergraduate now 
assisting) 
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Overview of Progress 

o Constructed system for reflectance on A1N (and GaN); 
will also allow excitation spectroscopy and possibly 
above gap excitation of A1N PL 

o Modified CL system for short wavelength materials; 
expect to have first data shortly 

o Constructed system for reflectance on A1N (and GaN); 
will also allow excitation spectroscopy and possibly 
above gap excitation of A1N PL; starting to use 
currently 
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_!,_ Na/Ga Flux Material: Key Results 

o Different crystal habits (from different growth 
conditions) have characteristically different spectra: 

:  Photoluminescence (300 K) 
1     'v? 

I 

Large platelet J \J 

3.31eV^  ; : 

-   Smalt platelet J 

2.95 OV 

\- 
'; 

Prismatic sample 
r 

~   Photoluminescence (1.7 K) 
Bulk GaN 

1     1    '     ' o           <■ (D°.X)~_- 

■_ Large Platelet 
x100 : 

7 Smalt platelet 
,.A 

'-. 

X1000 

-   Prismatic sample 
 ■ -,>.. ..u; 

2 2.5 3 
Energy (eV) Energy (eV) 

n Zn acceptors observed in prisms; depends on polarity for platelets 
(discussed below) 
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«*2^Na/Ga Flux Material: Key Results 
An Integrated Approach lo the Bulk Ill-Nitride Crystal Grotuh and WafcrinB 

o Exciton spectra show new peak believed related to 
extended defects (stacking faults?) in thin platelets 

1.7 K PL 

,,,,,,. 
j (D°,X)' - 

Bulk GaN from Na/Ga F ux 

; Large Platelel 3.41 teV 
»20 

Exciton peak 
positions 

| imply strain 

rSmall platelel /■-'   ...            «15 
■     r. xlOOOj; is virtually 

- i                  - zero 
'. Prismatic sample 

.   .   .   i - i'V   .   , 

»1000               )    ' 
t        . »100 

j       ■ »1000 

l.--l--JWH^Ifl 

3.3 3.35 3.4 3.45 3.5 
Energy (eV) 

n Highly resolved excitonic spectra remarkable for bulk material! 

n See sharp two-electron replicas up to n=3 state of donor, and sharp excited 
exciton states; should yield improved understanding of donors 

_„_ Na/Ga Flux Material: Key Results 
'^{ff'y KIJI.IHllJIIHIH.I.IJimJJIIII.IllllllllliflflWBirg Uh anil WauTina UK*! 

o Raman spectra show sharp, unshifted Aj(LO) phonon 
peak; implies carrier concentration probably mid 1016 

cm3 or less (again remarkable for bulk: Na 
gettering?) . ' ' ' i U,' 

- T=300 K                               Ej1'1 

1  1  1  1  1 '         1         ' 

- Bulk GaN platelet ~ 

; 
A,(LO) 

\ 

E,|1)                A (TO) 

. , '. 1 , , . 1 . , ' , '. 1 , 

i 
.    1    , 

200        400        600        800        1000 
Raman Shift (cm' ) 
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«■j^Na/Ga Flux Material: Key Results 
An Integrated Approach to the Bulk Ill-Nitride Crystal Growth and Watering 

o Strong crystal polarity effect on material quality and 
Zn impurity incorporation 

i ■ ' • > i ■ ' ' ' i ' ' ' ' i ' 
Photoluminescence (300 K) 

Small platelet of GaN />, 

from Na/Ga flux / 

Rough side 

Smooth side 
I    .    >  -.- r   r 

x10 >    \ 

■•■*»■ ^'WMM 

1.5 

CLF-USON 

2 2.5 3 

Energy (eV) 

3.5 

coRNpi, JSU SfSi vr*P  % 

r»H^Bujk ^jN Luminescence Properties 

o Excited Sitar/Schlesser crystals using Ar laser below 
gap; efficiently excites deep level PL! 

o See strong polarity effect on deep levels (opposite ends 
of seed) 

1 61 eV 2 Photoluminescence (1.7 K) 
/•'    \ BulkAIN 

\      Right of seed 
'   ■   ■  >-   i 

At least three 
deep levels; all 
deeper than the 

Al-vacancy- 
related 

"yellow" 
(really UV) 

band 

1.5 2 2.5 3 
Energy (eV) 

3.5 
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__ Ammonothermal GaN Properties 

o Studied various small crystals supplied by J. Kolis 

o Some crystals in batches (not others) apparently have 
structural defects causing additional PL band 

Photolumlnescence (1.7 K) 

Ammonothermal Bulk GaN (Kolis) 

Zn (D°-A°) 

(D°,XK 

Sample A 

1.5 2.5 
Energy (eV) 

. J-_;t_,i 

3 

Again see Zn 
impurities as 

main 
acceptor 

3.5 
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^jj^Related Work: Identification of Zn 
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o Studied Molnar HVPE with various [Zn] levels 

o First ever resolution of separate (D°-A°) and (e-A0) 
peaks (no-phonon structure), as well as acceptor- 
bound exciton behavior 

1.7 K PL : 
r HVPEGaN:Zn ~ 
keavily doped ..■'\     1 

Lightly doped 

X1000   v 

~..*4                    I   - 

- X2000 
-    <H                   !   " 

UID -   . 

JJID 
X2000 . ^         ! : 

:UID »20000 
.  .«r !.: 

ID'* ,L° (OV)  ,." A",    HVPEGaN:Zn, 

!    "\i       VV 45 K 111 

X200        T = 1.7K 

2.6 2.8 3 3.2 3.4 
Energy (eV) 

2.9        3        3.1       3.2      3.3      3.4      3.5 
Energy (eV) 
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|^Work Plan-Next Six Months 

o Carry out more detailed studies of selected Na-flux 
crystals with sharp linewidths, including ERS and 
magn etospectroscopy 

o Characterize a variety of A1N (and GaN) samples 
using panchromatic and spectral CL measurements 

o Continue Raman studies on bulk GaN and A1N 

o Characterize series of bulk GaN & A1N samples as a 
function of growth conditions, as they become 
available 

o Begin implantation experiments to help identify 
spectral features for various impurities/defects 



An Integrated Approach to the Bulk lll-Nitridc Crystal Growth and Watering 

Synchrotron White Beam X-ray Topography (SWBXT) 
and High Resolution Triple-Axis X-ray Diffraction 
(HRTXD) of Widebandgap Semiconductors 

Michael Dudley, Balaji Raghothamachar, William M. 
Vetter, and Govindhan Dhanaraj 

Dept. of Materials Science & Engineering, 

SUNY at Stony Brook, 
Stony Brook NY 11794-2275 

631-632-8500       Fax 631-632-8052 
mdudley@notes.ccsunysb.edu 

and 
Stony Brook Synchrotron Topography Facility, 

Beamline X-19C, National Synchrotron Light Source, 
Brookhaven National Laboratory 
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Summary of 6 Month Accomplishments 
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In past six months SWBXT has been used to characterize defect 
distributions in 
o   A1N crystals grown using spontaneous nucleation from the vapor phase by subliming A1N 

in a N2 atmosphere by Raoul Schlcsscr and Zlatko Sitar 
o   GaN crystals grown using the ammonothermal technique by Joe Kolis 

Q   Results for AIN 
O   3-D defect distributions reconstructed to enable determination of their most likely origins 
O   Surface ridges partially obscured SWBXT images from previous AIN crystals R047-3 and 

R047-4 which evidence for growth dislocations and growth bands. Subsequently grown 
crystals were subjected to a polishing process to remove the ridges. Images recorded from 
crystals R089-2 and R091-A indicate that the polishing was largely successful with few 
scratches apparent on only crystal R089-2 and clear images being recorded of growth 
dislocations, deformation dislocations, growth sector boundaries, inclusions and growth 
bands. The presence of growth dislocations, growth bands, inclusions and growth sector 
boundaries indicates the presence of small amounts of impurity in the growth system. 
Measures should be taken to identify and eliminate these. The deformation dislocations 
most probably arise due to the stress at the point of crystal attachment to the BN chamber. 
Stress modeling carried out on SiC by Hui Zhang at Stony Brook has shown that this is to 
be expected with the stress being very localized as observed in the case of AIN here. 

Q   Results for GaN 
O   2H structure confirmed in all 11 crystals studied. Two growth morphologies observed: 

Basal plane platelets, and [0001] prismatic needles. Prismatic needles have lower mosaiciry. 
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SWBXT of Ammonothermal GaN 
■■I.1UIJJ1IIU.H.I.IJIUIJ.II.II.II1.IIII1IIMIIJIIIMMMBHI 

Two batches of crystals grown using the ammonothermal technique were 
provided by Prof. Joe Kolis atClemson.Many were fused masses of two or more 
crystals, but some were high quality single crystals which gave extremely good 
unit cells and peak profiles by ordinary single crystal X-ray diffraction on a 

simple 2 kW sealed tube. 

A total of 11 crystals from the two batches (A 1-6 from batch 1, and B1-5 from 
batch 2) were examined using SWBXT. Generally crystals were observed to 
adopt one of two morphologies (habits): (0001) platelets parallel to the basal 

plane and prismatic needles aligned along [0001]. Laue patterns recorded 
confirm the 2H structure but indicate varying degrees of mosaicity. 

^& ^$&    U^ 
A.l, (00(11 )PI;iieli:i AJ.("»on Platelet A5. (OOOl) tint Aft.|0OOI) 

Prismalk-ncctlle 

»5. 11)001 ) 

"• «"»""w.o. prJvmaTii. nennK pmmi,„c nc,ak. I«. tOOOl) Pbu-U-i PriM..n.ic needle 
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SWBXT of (0001) GaN platelets 

Transmission Laue Patterns from (0001) platelet crystals A2-5, Bl, B4 (0001) face normal to 
the beam (recorded on 8"xl0" high resolution X-ray film). 

o ■o.. 

*J!^ ^\ 

All platelet Lane patterns exhibit the expected 6-fold symmetry. Only crystal A3 shows well- 
defined Laue spots; the rest show varying degrees of asterism (streaking) indicative of mosaicity. 

Asterism obscures any detail within the Laue spots so no enlargements provided. 
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SWBXT of [0001] GaN Prismatic Needles 

Transmission Laue Patterns from [0001] prismatic needle crystals Al, A6, B2-3, B5 

o **        ^ 

i&üaifcfiä 

ü> 

-0002 

[000IJ 
ZLine 

B5 
(0001) Face 

Enlargement of 
,.»00(12 Enlargements Enlargements 

sat . *"     e-to-io 

g=10-IO * 
All prismatic needle Lane patterns exhibit well defined Laue spots indicating 

an overall mosaicity smaller than that of the (0001) platelets 
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rD^eneral Features from SWBXT of GaN 
► |Mnliill^.»imujjiJ..iJJiiiili^^ 

□Two kinds of growth morphology were found among the two 
batches of crystals: (0001) platelets, and [0001]-axis prismatic 
needles. 

□Crystal sizes were of the order of 1mm in largest dimension. 

□The [0001] prismatic needles were of highest relative quality, 
having the lowest mosaicities. Several of the individual Laue 
spots were of high enough quality to warrant enlargement, 
although no readily recognizable contrast features were 
identifiable. 

□The (0001) platelets were generally of poorer quality than the 
[0001] prismatic needles with some having mosaicities as high 
as several degrees. 
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SWBXT of A1N Sample R089-2 
An Integrated Approach to (he Bulk Ill-Nit ride Crystal dnmth and Watering 

R089-2:     (n~20   surface orientation 
Visual observation of the sample does not show any well-defined growth 

faces. X-ray topographs recorded in the transmission geometry show 
growth sector boundaries along the basal plane (0001). In the middle 

region, some inclusions can be seen. Several scratches are visible, 

probably left over from the polishing process. 

normal to 
(0001)    _^_ 

2mm 
Optical micrograph 
of R089-2 sample. 

f.; normal to 

'"■*•*• ».-.J^jj^^ 

Transmission x-ray topograph (g = 0002, X = 
0.4333Ä) of sample R089-2. 

ma CLEMSON CORNELL JSU i«* »K I®* ^ 

SWBXT of A1N Sample R089-2 (Contd.) 

Transmission x-ray 
topograph (g = 7 100, 
X = 0.7499Ä) of 
sample R089-2. 

Transmission x-ray 
topograph (g =7 101- 

X = 0.58Ä) of sample 
R089-2. 
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SWBXT of A1N Sample R091-A 
itcd Approach to the Bulk lll-Nilride Crystal (.rtmlh and Wafer inß 

R091-A:        (1 nOsurfacc orientation 
Visual observation of this sample shows well-defined growth faces. X-ray topograph.s recorded 
in the transmission geometry show growth sector boundaries along the basal plane ((X)0I) and 
along (\ |02)' Observation of Pendellösung fringes at the right edge and the top edge indicates 
that dynamical diffraction conditions are operative and is indicative of very high crystal 
perfection. Fringes at the top are spaced wider than those at the right edge indicating that the 
thickness gradient is more gradual. The slope angle is 11.628° (j 23fj) at ,0P ancl 6''385° 
(approx. (|2l 3)) a' r'£nl edge as estimated from extinction distance calculations and fringe 
period measurement. Growth dislocations originating from the bottom edge are seen in the 
central region. No contrast from these dislocations is observed in the 0002 reflection indicating 
that these dislocations are of screw type. A line of inclusions is also seen along the ( 1 100) 
plane in the middle section. This is likely to have been caused by some kind of growth accident 
(sudden but brief change in growth conditions). Some strain and deformation induced 
dislocations are observed near the bottom edge, perhaps associated with the point of attachment 
to the BN chamber. Stress modeling carried out on SiC by Hui Zhang at Stony Brook has 
shown that this is to be expected with the stress being very localized as observed in the case of 
A1N here. 

Optical micrograph 
of R091-A sample. 

2mm 
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SWBXT of A1N Sample R091-A (Contd.) 
■IJI,IIWIIJ,KMJJ,|IU.lllllW,WllllMWWIlJWI«llrilllMIWIIIK18MIII 

Transmission x-ray 
topograph (g = 0002" . X 

= 0.4333Ä) of sample 
R09I-A showing 

Pendellösung fringes 
(PF) and growth sector 

boundaries (GSB). 

Transmission x-ray 
topograph   (g="[]00'* 

= 0.7499Ä) of sample 
R091-A showing 

Pendellösung fringes 
(PF), growth sector 
boundaries (GSB), 

growth dislocations (D) 
and inclusions (I). Note 
the dark band of strain 
along the bottom edge. 
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SWBXT of A1N Sample R091-A (Contd.) 
mmi^XjXUüuXiLlLWSülEilk ma JU252 

Transmission x-ray 
lopograph (g =   j|0I . X = 
0.58A) of sample R09I-A 

showing Pendellösung 
fringes (PF), growth sector 
boundaries (GSB), growth 

dislocations (D) and 
inclusions (I). Near the 

lower edge of the crystal 
(probably where the crystal 

was attached to the BN 
chamber) there is evidence 

for localized strain and 
some plastic deformation 

with dislocation loops (DL) 
being visible. Stress 

modeling carried out by 
Zhang predicts such stress. 

normal to 
(110J) 

200um 
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General Features from SWBXT of A1N 

Summary of Observations from R089-2 and R091-A 

SWBXT images orcrystal R089-2 revealed mainly inclusions distributed throughout the crystal as well 
as growth sector boundaries. 

SWBXT images of crystal R09I-A revealed a very high degree of perfection. The overall dislocation 
density is around I O'cnr3; in the vicinity of the growth and deformation induced dislocations it is around 
lCr'cnv3, but there arc also regions completely devoid of dislocations. The growth dislocations, growth 
sector boundaries, growth bands and inclusions arc evidence for slight impurity contamination. The strain 
and deformation induced dislocations observed at tlic bottom crystal edge arc, according to research 
carried out on SiC by Hui Zhang of Stony Brook, expected from a stress modeling point of view due to 
thermal mismatch stress with the BN chamber. 

The wedge sliapcd facets on the crystal and the overall wedge shape of the large faces (probably arising 
due to uneven polishing) create the opportunity for the production of thickness fringes. The presence of 
thickness or Pendelkisung fringes on the SWBXT images of crystal R09I-A is indicative of an extremely 
high level of perfection. This is believed tobe the first such observation in AIN. Pendelkisung fringes 
arise due to interference between wavcficlds (Bloch waves) associated with the two branches of the 
dispersion surface. These interference effects arc extremely sensitive to local perfection and will be 
destroyed by the smallest lattice distortion. As a result they arc only seen in crystals of the highest 
quality. In the lower right of each of die SWBXT images of this crystal, interactions between the 
Pendcllösung fringes and the distortion fields associated with the deformation induced dislocation loops 
in that region can be observed. Fringe spacing changes and in some regions fringes disappear altogether. 
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Work Plan for Next 6 Months 
An Inleuratcd Approach to the Bulk I It-Nitride Crystal Growth and Watering 

Ctiijniclcrization of AlN and GaN Cr>-stals grown by ammonothermal and vapor transport techniques using SWBXT 
and HRTXD. Atomic Force Microscopy (AFM) and Optical microscopy studies will be carried out as necessary. 

Identification of the origins of the defects observ cd, e.g., growth dislocations versus deformation induced 
dislocations or point defect condensates, by detailed examination and analysis of defect morphologies observed on 
SWBXT images. 

>     If growth ilislooiions jre observed tk'n i( is likely that ihcse i:an be minimized or eliminated by decreasing the impurity content 
in die growth system and for seeded growth by iKing more perfect seeds (now: results obtained from vapor trany>ort gnnvn AlN 
< n\!u!\ receives! from Rtimil Schtcwcr indicate the presence of growth dislocations, inclusions and growth bands till indicating 
the presence of impurity)  Specific impurities will be investigated using Scanning Electron Microscopy (SEM), Secondary ion 
Mass   Speclroscopy   (SIMS),   and   Infrared  Spcctroscopy   carried   out  at   Stony  Brook.   Results  will   be   compared   with 
Pliotoliiminescence and Cathodohtminescenee studies carried out at Arizona Stale and Naval Research Laboratory. 

~>     Growth dislocations can also be minimized by avoiding "growth accidents", i.e.. sudden charges in growth conditions. This will 
he tested by requesting growers to make small  known changes to growth parameters and observing the resulting defect 
nuclcation  phenomena  using  SWBXT.  This  will  help  establish  the  relationship between  growth parameters  and  defect 

nucleation 

)     If deformation induced dislocations are observed then stresses in the growth system must he minimized. For example where 
crucibles arc used, stresses from thermal expansion coefficient mismatch must be avoided; where no crucibles arc used, stresses 
arising from thermal gradients in the growth system must be minimized. Close collaboration with growth modelers will be 
established to understand these phenomena. (Now deformation indued dtshcatimx »ere observed in one of the AlN crystals: 
the origins of these (likely to he associated with the point of attachment to the chamber) will be investigated). 

Establishment of feedback loops with crystal growth and modeling groups to optimize growth parameters, 
understand defect nuclcation and generation phenomena, and develop strategics for defect density minimization 
and/or elimination. 

Feedback of information regarding surface strain and strains associated with scratches etc., on wafers received. 
Scratches that might not be discernible optically or using AFM may be revealed through their associated strain 
fields in SWBXT. Diffuse scattering in HRTXD arising from surface localized polishing residual stress will also be 
closely monitored. MM*« ■ 
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Year Milestones 
An Integrated Approach to the Bulk Ill-Nitride Crystal Growth and Watering 

Establishment of detailed relationship between crystal growth parameters in 
ammonothermal and vapor transport techniques and derect generation in crystals 
through reedbaek loops established above. 
Fine tuning of growth parameters in collaboration with crystal growers and 
modelers to optimize growth. 
Fine tuning of wafering and polishing technologies in collaboration with crystal 
growers and modelers. 
SWBXT and HRTXD characterization of thin films of GaN on GaN or AlN bulk 
substrates grown as part of the MURI. Comparison between substrate and thin film 
defect structures. In cases where high defect densities (e.g. dislocation densities in 
excess of 10* cm2) comparison will be made with results with Transmission Electron 
Microscopy (TEM) studies carried out at Stony Brook and Arizona State. 

Assessment of influence of defects observed on device performance. This requires 
establishment of close collaboration with crystal growers/device fabricators. 

Identification of defects most detrimental to device performance. Development of 
strategies for their density minimization or elimination 
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_,!_ Objectives 
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o Two objectives of this study are: 
m (1) to understand the origins of dislocations in bulk GaN and 

A1N crystals, and 
m (2) to advise crystal growers on growth protocols that would 

lead to the reduction of dislocation densities. 

o In the period under review, we examined GaN and 
A1N crystals supplied, respectively, by DiSalvo at 
Cornell University and Schlesser at North Carolina 
State University 
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äS'Bulk GaN Sample from Cornell 
nfüWf 
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BF Image 

(a)     M 
WBDF Image 

i i 
Possible Burgers Vector: "c" or "c+a" type or j-|l7lOJ or r[fllO] 

Dislocation Density: 2 x 107/cm2 

Figure 1. Micrographs illustrating diffraction contrast behavior of dislocations 
observed in a GaN crystal. 
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Figure 1 shows the diffraction contrast behavior of dislocations 

observed in GaN crystals for two different reflections. Both 

bright-field (BF) and weak-beam dark-field (WBDF) images are 

shown. Based on these results, the Burgers vectors of dislocations 

could be c or c+a or -n 2101 or -(2110]. Dislocation densi ty is 
3 3 

estimated to be 2 x 107/cm2. 
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Ri'ik GaN Sample from Cornell 
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WBDF Image BF Image 

*"     \ 

BF Image 

Possible Burgers Vector: uc" or "c+a" type or   - [l7l0]  or   T [I] 10] 

Dislocation Density: 1 x KWcm* 

Figure 2. Micrographs illustrating diffraction contrast behavior of dislocations 
observed in a GaN crystal. 
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Bulk GaN Sample from Cornell 

WBDF Image 

Possible Burgers Vector: "c" or "c+a" type or - or - 

Dislocation Density: 3 x 10"/cm2 

Figure 3. Micrographs illustrating diffraction contrast behavior of dislocations 
observed in a GaN crystal. 
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An Integrated Approach to the Bulk Ill-Nitride Crystal Growth and Wafcring 

Figures 2 and 3 show the diffraction contrast behavior of 

dislocations, observed in different regions of GaN crystals, for 

two different reflections. Again, both BF and WBDF images are 

shown. These results are consistent with the assignation of 

c orc+a or -[1210] or -[2110] Burgers vectors to these disloca- 

tions, and their density is 1 x 108/cm2. Furthermore, dislocations 

appear to be randomly distributed and are not aligned along 

crystallographic directions. 
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Bulk A1N from NCSU 

BFI WBDF Image 

Extremely low dislocation density -> less than lOVcm2 

No dislocation was found in TEM 

Figure 4. Micrographs showing BF and WBDF images obtained from a 
dislocation-free region in an A1N crystal. 
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JaT Bulk A1N from NCSU 

BF Image 

SSSSiS-V.,'. 

Extremely low dislocation density -> less than l04/cm2 

jNo dislocation was found in TEM 

Figure 5. Micrographs showing BF and WBDF images obtained from 
dislocation-free regions in an AIN crystal. 
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Figures 4 and 5 show BF and WBDF images obtained 

from dislocation-free regions of AIN crystals, implying 

that these crystals are highly perfect. Furthermore, we 

do not see impurity striations that could be attributed to 

the incorporation of oxygen into the crystals. 
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BF Image 

V 
VVBDF Image 

g= 1100 
200nm Ste; ~:& 

Dislocations were observed near a microcrack 
Crack might be induced by sample preparation 

Figure 6. BF and WBDF micrographs obtained from an A1N crystal. 
Dislocations are seen near a microcrack. 
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Figure 6 shows BF and WBDF images obtained from 

an A1N crystal. A couple of dislocations appear to 

emanate from a microcrack that could have been intro- 

duced during sample preparation. Based on these results, 

we could eliminate [0001], ^-[l 123] and ^H20] Burgers 

vectors. 
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Discussion 

o Two significant results emerge from the present 

study. 

m First, the dislocation density in GaN crystals grown by the 
flux method is fairly high, 

m Second, A1N crystals grown by vapor transport are of high 
quality. 
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^S^Discussion (cont.) 

o There are three sources of dislocations in seeded 

bulk growth: 

m (1) replication of dislocations present in seed crystals into, 
growing crystals, 

m (2) incorporation of non-equilibrium concentrations of 
point defects into growing crystals, and 

m (3) multiplication of dislocations under thermal gradient- 
induced stresses. 
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Discussion (cont.) 
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Since our growths are not seeded and since dislocations in Figs. 2 

and 3 are not aligned along specific directions, sources #1 and #3 

may not be responsible for the observed dislocations. It is likely 

that non-equilibrium concentrations of point defects are 

incorporated into GaN crystals. These point defects could cluster 

together to form faults on (0001) planes. These faults could either 

coalesce to form c or unfault to form a dislocations, c and a 

dislocations could combine to form c+a dislocations. 
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«^Research Plan 

o We still need to resolve several scientific issues. 

m (1) What is the source and nature of point defects in flux- 
grown GaN Crystals? 

m (2) How do GaN and A1N crystals grow? 
m (3) Could dislocations in GaN and A1N crystals be 

delineated by etching? 
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^Research Plan (cont.) 

To address the source issue, we will request Professor 

Frank DiSalvo to grow GaN crystals under different 

supersaturation. We plan to carry out collaborative 

positron annihilation experiments to address the nature 

of point defects. To resolve question #2, we will 

conduct AFM and Nomarski differential contrast studies 

on as-grown crystals. 
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Research Plan (cont.) 
■njMii!.ijiiij,iLi,i,iji!u,ii.iuj.iiiiiiig,'tiWH4mnifffiBi!riTLiif.ra 

Following the work of the Sony scientists, we have demonstrated 

that dislocations in GaN crystals can be delineated by vapor 
etching in an N2/HC1 mixture at 600°C. This study was carried 
out in our OMVPE system. To address question #3, we plan to 

extend this study to A1N crystals. If successful, this approach 
would complement X-ray topography for macroscopic 
characterization of bulk crystals where crystal thickness is not a 

limitation. 
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£jj^ Introduction 

o Beaudoin team has extensive experience in Si02 CMP 
m Semi-quantitative models of polishing mechanics 
m Validated descriptions of wafer scale removal rate variations 
m Preliminary models for chemical effects 

o Needs 
m Understand chemistry of GaN and A1N system (etching) 
m Understand mechanical structure of epitaxial and free 

standing crystals 

o Goals 
m Protocol for polishing wafered samples 
m Protocol for polishing free standing crystals 
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JscGaN and A1N Structures 

o Understanding GaN and A1N structures      O Ga 

m Wurtzite structures expected •  N 

Ga-poIarGaN, (0001) oriented,+c type 
Ga -terminated surface (left) 
N - terminated surface (right) 

N-polar GaN, (000-1) oriented, -c type 
Ga -terminated surface (left) 
N - terminated surface (right) 
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Epitaxial Films and Bulk Crystals 
m 

o MOCVD Films 

m N - polarity, Ga - terminated surface "etchable" 

o MBE Films 

m Both N (000-1) and Ga (0001) polarity 

m Ga - terminated surface 
m N polar "etchable", Ga polar "unetchable" 

o Bulk Crystals 

m Both N and Ga polarity 

Sumiya, M.; Yoshimura, K.; Ito, T.; Ohlsuka, K.; Fuke, S.; Mizuno, K.; Yoshimoto, M.; Koinuma, H.; 
Ohtomo.A.; Kawasaki, M., Growth Mode and Surface Morphology of a GaN film Deposited Along the 
N-face Polar Direction on c-plane sapphire substrate, Journal of Applied Physics, 88, No.2, pp. 1158 
(2000). 
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_!,_ Chemical Mechanical Polishing 
<ittSg^»iji,uuiiij.Kijjm^^^ 

o Chemical effects 
m Free etching chemical reactions 

m Kinetics, equilibrium 

m Process dynamics 

o Mechanical effects 
m Wafer stress distribution 

m Abrasives, nanoindentation, scratches 

m Local stress distribution 

o Both chemical and mechanical processes essential 
m Chemical etch only produces rough surface, slow polish 

m Mechanical abrasion only produces scratched surface 
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-   - reliminary Direction: CMP of GaN 
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o Form hydroxide layer by free etching (chemical effect) 
o Resulting rough surface (hillocks) can be polished by 

applying a lateral force (mechanical effects) 
m More easily abraded than base material 

o Both chemical and mechanical effects occur 
simultaneously 

o Mathematical modeling for prediction and 
optimization of the GaN CMP 

m Free etching mechanism 
m Stress distribution and abrasives 
m Compile the results in an integrated model 



Free Etching of GaN 
iL'":, smi-M 

o Wet etching 
m NaOH or KOH aqueous solution can etch the Ga terminated 

surface of N-polar GaN 
m Acid solutions can etch mostly at dislocations 

o Observed phenomena 

m Etching rate is much higher at the dislocations 

m The overall etching rate decreases with time 
m After brief etching - hillocks on the surface have pyramidal 

shape with -60° angle between the side-walls and the basis 

o Ga atom on the surface has three dangling bonds and 
it is relatively more reactive than any other atomic 

configuration of GaN 
Cl.RMSON CQRMIJL JSU ä??5B I© P   % 

Preliminary Etch Mechanism 
Miii,iMiia.Mxij,uliiiii,ii.iliii^ilur.fM»nitf»»ufflflm 

f~\  Diffusion 

°^>°   ooo  yr 
Ad-sorrtion ^ 

o   Overall chemical reaction 

GaN + OH + 3H20 = Ga(OH)4" + NH, 

o    Possible mechanism (MOCVD GaN) 
etching in aqueous KOH 

OH-O 

H-OHp 

Ga O Adsor| 

N • 
OOP 

Ga(OH)4- ^T 

NH,     " A 
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.UfiBi -—Preliminary Etch Model 

o Etch rate = k ([A]3[S]-k'[C][S]/[A]) 

o [S] concentration of available active sites 

o [D]= [H20], [A] = [OH]", [C]=[Ga(OH)4]-, [E]=[NH3] 

o [S]=[T]/(l+Kane[A]+KalleKa22e[A]2+KalleKa22eKa33e[A]3 

+KJC]+(Kc/Ks2e)[C]+(Kc/Ks2eKa44e)[C]/[A]+Ka55e[D]+ 

Ka55eKa66e[D]HKa55eKa66eKa77e[D]3+[E][S]/KD2e) 

o Assumes single site catalytic dissolution kinetics 
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--   Polishing Paradigm 

o Basis: etching occurs much more rapidly at defects 
than at quality crystal sites, partially etched layer 
much less strongly bound than pristine crystal 

o Induce selective, shallow (surface) damage on crystals 

o Contact crystals with aggressive etchant, create 
partially etched surface layer 

o Use mechanical abrasion with mild mechanical effects 
(stresses, indentation) to selectively remove surface 
layer without damaging sublayer 
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isT Work Plan-Next Six Months 
4iiffi^Bwi!nMJ.Kimmj)JMJji^ 

o Characterize GaN etching 

m Temperature, solution composition, defects, crystal props. 

m Use Mahajan epitaxial films for benchmark 

m Preliminary model validation 

m Identify etching conditions conducive to polishing 

o Characterize polishing of GaN 

m DI water, aqueous KOH, NaOH, alumina, ceria, silica 

m Use Mahajan epitaxial films 

o Develop protocol for CMP for sample preparation 

o Demonstrate proof-of-concept for damage mediated 

polishing 
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^^Introduction 
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o Surface Preparation 
m Motivation for Surface Preparation 

m Ex-situ and In-situ Cleaning Techniques 

m Analytical Techniques Utilized 

o Results Obtained 
m As Loaded 

m After Cleaning 

o Discussion 

o Future Work 
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jgj^Motivation for Surface Preparation 

o MURI goal: AIN & GaN substrates for film growth 

o Device quality films require substrate surfaces to be: 

m Atomically Clean 

m Undamaged 

o The cleaning method must be applicable for MOVPE 

and MBE film growth process routes 

o Present investigations on n-type, Si-doped GaN Films 

m 1 urn thick GaN(OOOl) films on AlN/SiC(0001) substrates 

■^"''"IM" CI.FJ ̂ HIN CQKNPU ÄSU ™™ JLK P   % 

Experimental Procedures 

o Cleaning Procedure 
m Ex-situ Wet Processing 

n 1 min each in trichloroethylene, acetone, and methanol 
n  10 min in 37% HC1 

m In-situ Chemical Vapor Clean 
n Heater ramped to 500°C in UHV (<lxl07 torr) 
n GSMBE chamber filled to l.Oxlfr4 torr with ammonia 
n Heater ramped to 1000°C, held for 15 minutes, ramped back to 500°C 
n Ammonia flow stopped, heater cooled to room temperature 

o In situ Analytical Techniques Employed 
m Auger Electron Spectroscopy (AES) 
m X-ray Photoelectron Spectroscopy (XPS) 
m Low Energy Electron Diffraction (LEED) 
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'Aiiopr Electron Spectroscopy Results 
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Differentiated Auger Data 
Normalized to N KLL peak 

•^v^'Ayv 

Ga      C    N      O Ga 

3D 230 430 630 830 1030 1230 

iHr.SfliMtfM 

Binding Energy (eV) 

XPS Results 
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285 287 
Binding Energy (eV) 

Oxygen Is Peak  
    After Cleaning 

Peak Position 532.05 

As Loaded 
Peak Positions 531.76 
and 532.88 eV 

Carbon Is Peak 
After Cleaning 
No Peak Detected 
As Loaded 
Peak Position 285.6 eV 

->►! 
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529 530 531 532 533 534 535 536i 
Binding Energy (eV) ! 

■■^■WHMH CLEMNfiN CQKWU ASH iSTSE ug? P   v 



«S^XPS Results 
mum 
K Mfikt*i^ An Integrated Approach to the Bulk Ill-Nitride Crystal Growth and Watering 

Nitrogen Is Peak 
    After Cleaning 

Peak Position 398.02 eV 

    As Loaded 
Peak Position 398.38 eV 

-<  Gallium 3d Peak 
    After Cleaning 

Peak Position 20.68 eV 

    As Loaded 
Peak Position 21.06 eV 

18 20 22 
Binding Energy (eV) 

->-    £• 

394        395 396        397        398        399        400        401        402 

Binding Energy (eV) 
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LEED Images 
An Integrated Approach to the Bulk Ill-Nitride Crystal Grouth and Watering 
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Results Following In Situ Cleaning 
■imiiii«iijjmimjj,iiiiiiiM^^ 

o Carbon removed by cleaning technique 
m Undetected by XPS 

o Low coverage of oxygen remained 
m Oxygen coverage is lowered from as-loaded case 

o Gallium/Nitrogen ratio dropped 
m Indicates removal of gallium rich phase from surface 

o Ordered LEED pattern indicated no surface damage 

o Ga and N peaks had higher XPS intensities after 
cleaning 
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Future Work 

o Chemical Vapor Cleaning: 
m Completely remove oxygen peak 
m Repeat process and compare results obtained from: 

n Undoped GaN 

n Mg-doped GaN 

o Apply chemical vapor cleaning technique to A1N and 
AlxGaj.xN surfaces 

m Determine suitable in-situ process routes for removal of O 
and C contaminants without surface damage 
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