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g E4& z= Ao= g2 AlGaN-GaN high-
electron mobility transistor(HEMT s)9 H&
715 A S84 2 A9 eld AE
¥t GaNe 9 3.4 eV X9 & Wi=fe 7
T 7H8e 200 V ol & FEAYL v}
=¥ AlGaNe} o]FH¢L PA3te A piezo-
electric fieldell ¢J8led 1x10® cm? o)A =&
25 9] 2DEG(two-dimensional electron gas)9]
Aol 7bedta, 4 A FEI} 1,200 a/V-s
oo EZA 2uFH NEY MAAAY] FH ©a
B EAE 232 Ao A cutoff frequency fT
7} 60 GHz °l4, maximum frequency fmax’}
150 GHz °]/¢9] &a7F L=t Les, 3 W/em ol
49 cw (continuous wave) AEYEs} Rug
Hh Ol E3 HALES) 2 2 Ylge] Ads
I, heat dissipation € 7}43}7] 9% Q2 e& &
ZA7z7F AEge et B 3L AYUEE =

92} EE MMIC(monolithic microwave
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1% 1A FZ7)(solid-state power amplifi-
er : SSPA) tid HoAL FHFANY 434 7
dol o gojFo we} o & AX1 Uk, ¢89
Aol wety 8T EE AMge] dEXT $4¢ 1%
Y, 1AE HNY4YT9 540l a7EY. AR
T U9 BE AFE BA BEAFE @ o) ¢l
T 78 A8, [-V & wxA 281 A3eE
< goo e 2¥std AlEHT Aok waA 3
o] EFANAN fe] ZE AIYS FAo] gEAL
T AE A did a7 F3 FME3 o,
SiC U GaN$} Zo] Wi=7]o] & Edo] Sl n
gadd. I FAME 53 GaNE 3.4 eVel W=
A, 3x10° V/em FEY EL FEALTH ¥4
AlGaNst A1FHEE g% 29 e AR)E
=(> 1,500 ar/V-s), peak velocity(~ 3x10’
cm/sec)9} saturation velocity 59 EX4& 2=
7Veell SSPAS] 34202 53 #44 2o}, &
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g 3¢ ZEahta e AAgsgriele =9 e
N2E A ot BASEE B 7)go] @
Aol we} o] EF g ol &% 1A% SSPAS A
o ® o ¥e] =z gtk B =FdME GaNej
714t F3 AEE3n = microwave E& mil-
limeter wave AYx2}] 7% F4& votsin @
A el dig Jde AAstnA sk 2 2 A
A= AlGaN/GaN <133 §e ALEH S F4e
2 893t en, Al 3 HoAE FET e 7l
2 g4 AANFDL Y= 235 HApagte 72
22 AA7Ieg APESNHTG. A 4 oM dA
7hA] 28E [-F FE dEA) 2aF3 239
DC 2 21F9 EAL a9%3glen, 53] ther-
mal management A& HEFo 2N AFAi
2 8o Ulg 7leA S A S gotuston, ¢go
2 WA id AL AAE

I. AlGaN/GaN O|EZ&S ®J|H BN

AL ] £ 25 AA}E 7] 29F A4
d #gdSE FAEAE Ae)FE ¥ saturation
velocity ]t}

ARl EEE 2%, JA, =49 F&, 228n 2
A A &Y. o FME E3] 7| 9
@ AdFge] g E AFL BdFT Q).
Sapphire 7189 AZ=He F$ AL+ ¢
WAA G2 ZFole] o3t 10~30 a/V-s FE& B*
€ AR EEE ZET Amano [1] 9 234
MEe A243 AlGaN Y GaN [2, 3] viH &3¢
A28 wel 350~400 ar/V-s AEZ AR FE

&:7K

[

LA L (Lt S I D R I B e A

el bt 2 4 Lo+ ¥ 1 351 3
[ ] L] o8¢

Thickness (A)
Z1& 1. Mobility vs. Buffer Layer Thickness
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T3 2. Mobility vs. Doping Concentration

&2 wurtzite ¥ cubic Fe9] bulk GaN ¢
@ full Brillouin zone [111] W9 first-order con-
duction band & ensemble Monte Carlo W22
Aitol +34 v} k. F el BF I valley7} H
& U E e direct HEFR Edojgle FEHE
2t FA9 vl & conduction band +ZE Z1
o, A & AFEAHES 2 Ao HAHE
1. #&=x).

7}% cubic GaN® ZA$-ol& I'-X separation ©]
1.5 eV AXQd wsle, wurtzite GaN9 Z$ol=
M3} L valley Alolo] minimum point7} Qo0
2 2.0 eV A=}, 1Y 3914 HFER0] cubic
GaN9 3% 112 kV/emolA 2.57%10" em/s9)
peak velocity& 7FA™, wurtzite GaN9 3% 170
kV/emolA 2.45%10° cm/s AEE d&dt. &
%9 peak field9} saturation velocity: interval-
ley separation energy’} 231 % 2 39 polar
optical phononel 7]¢1&c}t. E3 GaN9 ballastic
transport W velocity overshoot 2] GaAsol H}
gt L3, o2 EAoE Adte GaN7} GaAs
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ROk 234 49 $49 AT 4548 22 AR HERE 23 Jor Ad FAET A
A& ¢ 4 A11~13]. 229l sjde] BYdglel 38 SiCel H|sto
GaN 227} & Hae FHL o|FHLS 748
4 i Feld, Shur[14]+= Monte Carlo A4t

# 1. GaN band structure data (44)3 Hall 2323} (Open Circle) &< 319
Cubic | Wurtzite bulk GaN$®} AlGaN/GaN o|FH o] 93to 3

GaN GaN ¥ 2DEGY A$5EAe] Aolg 19 49 2ol B

I Energy gap 3.2 3.39 & v k. oA B 4 gl%el 2DEGY}
valley [oV] bulkel] H|3td Wl ¢ £& Aol FEEE BT T 9]
Effective mass | 0.15 0.2 oF, T ALH S 2ol7} bulkel A9} |23

' o AL 4 4 A oI} YL bulke AH$

Non 0213 ) 0.189 YA ¥ E49 BE, 53 slRse Ads

parabolicity o o5l dojutes Ao = bulk GaNel H|sho

[eV7] 53] =& AAFE oF A& screening®ll

2 | Energy gap 4.7 5.29 st HAlo|Fxrt AMAEA, A o) FHFHNA
valley [eV] AAOlFEE 429 34 1,700 at/V-s FE, 80

Effective mass| 1.00 | 1.00 KeI4 5,000 a/V-s ol¢e] n.nd ¥ S(14].
Degeneracy 3(X) urr
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18l 4. Electron Hall mobility in GaN vs.
3 temperature for 2-dimensionanl
electron gas and bulk GaN for
cubic(dashed lines) and hexago-
nal(solid lines) GaN

AlGaN/GaN °o|ZH g9 5A4F 53 71&9
AlGaAs/GaAs HEMTH#9] Aol AlGaN9] ¥&
piezoelectric A#7} zmelsojof fpgoln.
Sapphire 7}¥$¢] 43F¥ AlGaN/GaN °lFH3§
9] AUE ArdAHY BEURU LR HAHA
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F2A7)E PHoE AEeE v, 2QA
AHE 2DEGSH Bx2& /M7 oz F4d
o AAE olH¥ S4& 2DEG $EE U7
o #4300 AHSED gom, @A 2x10% om?
BEe) ¥& 2DEG $EE Y48T nusel g
T}H15].

II. GaN FET &X}7= % R=ols
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18 5. Calculated band diagrams of
Aly.GagsN/GaN heterostructures
(a) gallium-terminated and (b)
nitrogen-terminated. Dotted lines
correspond to relaxed structures,
solid lines correspond to unre-
laxed structures

AA7A GaN & /€% AA2AE= HBT
(Heterojunction Bipolar Transistor) [16],
cold cathode type field emitter [17], Z2El3
vertical current flow static induction tran-
sistor (SIT) [18] Fo} AYHIY oY, hRE-9 A
TE FET & $4o= AP n gl gy & =
ZdAMEe FET ¥H9 GaN &3 7% 2 Az7&
3 3E AN RTIe S F2 5

1. GaN-based FET AXI3+ZX

Iy 6& A F= d7H32 = GaN-based
HFETS Tzt 43 o2 GaN-based
MESFET 4 MISFET= Y& g, 54 2= A
o2 "o gk, Kahn[19, 20]2 undoped
channel 729 short channel (0.25 mn)
AlGaN/GaN HFET=2%¥ 423 110 oA 20
GHz9 ;9 77 GHz9Y ... & ¥ ¥ U,
Doped channel® Z= AlGaN/GaNE 1.3x10%
cm”? °]4e £ 2DEG F:9 ¥4 ¢5%
mobility & Zte Rz gr18n glon, A7
E A 2aFu §E4& 2oFx oH21].

Y.-F. Wu, APL 69(1996)1438, UC Santa Babara

Al mole fraction = 0.15, W = 150 pm—|

(Tum | 1.5um [ 3pm |
I " e —

Source Gate .
Ti/Al Au drain

120 A AlGaN cap layer (~1x1018 cm3)

150 A Si-doped AlGaN donor layer(3x 1018 cm-3)

30 A AIGaN spacer

0.3 pm GaN device buffer layer (4x10%6 ¢m-3)

200 A GaN nucleation layer

Sapphire

1% 6. GaN based HFET structure

2. &AM BT |=

A. Ohmic Contacts
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Ohmic contact& 53] i=7y0] & £ GaN
€ A 23E 228 FHI 95t 2xAF
F9A 71 EAAIE R Q3 = Holth. FET
FZo) A sourcest drain A&go] =AA HH
extrinsic gp°] #4334 =y, AAHo=z 2P
% gain E4Jo] i, YNHoz ALFHH Y
£ n-type ohmic contact2 Ti/Au(22] Y Ti/Al
[23]& Z3% ¥ < 900TolA alloying 8= WY
oz, zt7} 7.8x10° 2-av, 8 X 10° Q-ar =7} @
EH v} gl

Alloyed ohmic contact] ball-up 84l 23
o ¥do| vi$ ARA FyAHAT. I BAH pat-
ternd 53] 2uFy} 239 F¢ 5L Asfse
8% FEA EAA Hz dd. welA alloy-
ing process& wiA37] Y A7t FHEHJ=,
# 2= Schottky barrier height7} Adldes
@& InN &2 InN/GaN superlattice & 4yt
€ FAo] MEci(24]. 2 o}y pEYw
AEARgGe LEHA g k. A9 state-
of-the art @3E 5%10% cm® GaNolA 6x10°*
Q-arr®] contact o] g u} glo},

A9 FARES FA A 9% dUete=
separation-layer ohmic contact [25] °Ju
multilayer ochmic contact [26] o] A5 2 gl
. A2 Ti/Al/Ni/Au(15 /220 m/40 nm/50
m)E 900TNAl alloying 3t 8.9x10® Q-cwe}
$-9% ohmic contact 237} 2 ¥ | v} ¢},

B. &2P7|&

LEAY GaNt "9 4ol o etxe
2 AYAol Zsd. GaNxE 4294 7194
alkalisel 93t of ¢ =2]A) g3, NaOH £
Aol o}3le electrolytical W& st Aoz &
BlA Aok, wepA #HelA Y 9ol reflection
mirror$} waveguide 348 9314 dry etching
o]} RIE process 5°] /NZHI o}t ARILAA
oA dag A 3Pz dAYZA gate
recess A& £ ¢ e, WAty A4 RIE
ol dvtd oz AMgHI 9t I F8E ole
£ damage’} 12 FAlo] of$ FWE 4 con-
trol o] W82 3= gate-recess FHol}, E3
AHAZ9 Lol recessoll mWElr & AHY o]
AAHE 715 nE &Y AYLAE A7) HHAAe
g3} s ofof g,

olzl g AP o2 Q&Y GaN AA:z AL =

14/ HiO1E-Sal0EHD BIE AKX 712 (DD-Z0F0 IS Gallum Nitride MXI2XQ 7|18S8 & LY
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71elE gate recess& 31X ¥ FZE AML3Ige
v, v JEAGFY EAHC] JFIHUD. A
£ #2 CHFy/Ar ECR AZg¢] F2 A= gl
o3 [27], A%AHY A7 9o g Fopolr},

C. Schottky contacts

E 20l H2o) 2EE n-type GaNel g o
21714 contact® barrier height& 733 ¥t
}. Contactd FFY &4 98t barrier
height7} 24 "33l AL ¢ F ded o=
contact A8 £& WX interface state’} &
Aoz 7IteE EAZ 4 glch[28]. =
A] contact PAA] FHA Yo} AN
AREE B 977 28§ 9o},

¥ 2. Contact characteristics of all 17 met-
als to n-Type GaN along with their
corresponding metal work function

Work Function .
Metal I-V Behavior
[eV]
Sc 3.50 Ohmic
Hf 3.90 Ohmic
Zr 4.05 Ohmic
Al 4.28 Ohmic
v 4.30 Ohmic
Nb 4.30 Slightly rectifying
Ti 4.33 Slightly rectifying
Cr 4.50 Slightly rectifying
W 4.55 Slightly rectifying
Mo 4.60 Slightly rectifying
Ag 4.26 Schottky
Cu 4.65 Schottky
Co 5.00 Schottky
Au 5.10 Schottky
Pd _ 5.12 Schottky
Ni 5.15 Schottky
Pt 5.65 Schottky

V. GaN FETQ| =D¥Fn S4

Y 7& A 5 4 ¢¥ ¥ GaN-based FET
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9] gate lengthol Wish £, £, W3S Q% 1
goltk, YA BXo] 7]&9 GaAs-based
HEMTS} o] 2153 EAL gate length7t &
A% et AAEE A B 4 dd. A GaN
FETY Z31F% EA4L GaAs Y InP-based
HEMT® H13tS 19} £ 1/3 AZY FFo|t},
A9 A2r)|E L2 v|Fo] Bol GaN FETE
millimeter wave 9922 F&A717] A &
Ao 2 gate lengthE 0.2 pm ©)3}E Y H o2
frAEAof g AL & 4 Uk

Current Status of GaN-based FET

Frequency [GHz]
g
T

o
T

Gate Length [Microns]

2! 7. Current status of GaN-based HFET.

GaN &ty 2155 9944 71F Zx=He A
< YUz ¥ ¢ Q. HZY A&HA 47
o 9Jste] @A W WA okt 2 GHzolA
1.1 W/m[29])4 4 GHzolA 1.5~1.57 W/mn
[(30] z8)x 10 GHzolA 1.7 W/m [31] 522 A
E£Hxoz /AR ot HId 2ER GaN FET
o] xnFy Fiag EA4E 2 1Y 83 o) 4}
9 g, 54 JHF AV &S ¢ F Uk
GaAs-based FETY 7A$l& g, 2 gate length
o} H & FA e whsle, GaN-based FET
= aEd dAZ A gd. F, 42A9
intrinsic 54X+ extrinsic E4, 7}¥ con-
tact A&, Fo olAx F¢HI ks AL 99
3o}, FkA] o 2A AlGaN/GaN HFETSY
2DEG Aol %X+ conduction band disconti-
nuity AE. &8t F7181A% Al composi-
tione] 0.15 A=A HH A YAPHAG. 2
2yt A5 AlY composition®] F71gol w

g A&H oz AAEHE AL TFY & =6 [32].
olg]§ A4 Al composition®] <& % ¢ con-
tact AT HAHFAo| o} YA=HA g7 W&
o]},
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18 8. Power density vs. g, in GaN-based HFET.

w2}A GaN-based FETE 24742 v £3o
FA7eo] g Be AUt oty "WaE sta Y
¥olgly ey

F2 3AY A&E 2= 23 2LFA] 7
P E4L 2= GaN-based FETY A2A £44
o2 FFH ol s HE 2xle EEHE & &
Ak, 53] GaN9 79+ homo-epitaxy’t &
AzAM e B71538t7] @& sapphire Y SiC 7)%
o] £ A4H1 U}, Sapphired BF$ols
thermal conductivity?} SiCell Hlstd &&3}7]
& dEAe] ¢ EFd &Y Lxpze
AE 2z . 71 54% 2AE sapphirest
SiC 71l #1=¥ 74 sapphire 71%$o} Alztd
4#¢] thermal resistance™ ¢ 25 C-m/W 2
A SiCe] 7% vlge] ¢ 13 Wl AxE 2 g& ZE=
Rez 2wy v AUvH[33]. Y SiC 7199 A
£ sapphire 7]1%e] & A7]He2 con-
ducting 3}7] &) ¥ parasiticel 28l =1
Fu 5ol AsEx k. 2 A2 Sl(semi-
insulating) SiC7} /i8] wel xnFy 14y
278 A foE SIC 71l Fd 580 g Ao
2ok, a3y, SiC 7189 Afds & slhe2
A @A) M E FAPeE AT Aok, o
B M2 AR A&Hos A4HT gloy, &
A HVPE & AM4% GaN self-supporting thick
film() 100 mm) o]} flip-chip bonding +&& ¢l
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R 394 BRo] GaNE& 7122 & A&zl &
£715AAe FAIe W93, =F HdriEd
X3} 2 system integration® 71de] Hele) w
g Az Yolxx it} I FollME $MHeE 7}
Algte d¥eosM BEE, 2uFy, DHFLA R
olg ol&¥ AXY=RJ/|¢E F 5 Jdon, oHF
71€€ AU ARFA Jwrle2A gFE 7HeA
< 23Edn & 4 A g 20 Gk A=
BT 7lgg gertaz =309, ag4 9RE
oM E AT YA $2lo AFez B o, Ay
Moz otz AAMAHoz AFAA GaN-based
27 Fote @Y A9 F¥doz uFe] AFHo|
o B&H AT B8 d Eoketa Azt

¥ 3. Examples of potential applications that
can be satisfied by GaN devices.

High Temperature

High-Frequency Power

® Power supplies

® Rail-bound
vehicles

® Reactive power

combustion control

¢ UV spectroscopy,
dosimetry, astronomy,
light emission

compensation ® Incoming ballistic
¢ High-voltage DC missile detection
transmission ® Air quality monitoring

® Electronic
actuators
® Solid-state lamp

equipment
® Full-color displays
® Indicator applications

High Temperature

High-Frequency Power

@ Turbine engine
monitors/controls

@ Jet engine ignition
systems

® Automotive engine
sensors

® Industrial process

® Solid-state broadcast
and TV systems

® Solid-state phased array
radar systems

® Electronic counter-
measure system

® High-frequency power

measurement supplies
instrumentation ® Satellite
® Nuclear power communications
Instrumentation ® RF and microwave
transmitters
® High-temperature UV
photodetectors
¢ UHF TV broadcast
systems
High Power High UV-Blue Emission/

Detection Efficiency

® Surge suppressors
® Industrial motor

drives

® Color sensing
® Photodetection
® Flame detectors for

16 / HIOL7|=-REI0IEHD BIZNAXE 712 (1)-Z2F

ballasts ® High density optical
storage
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