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Next Generation Energy Efficient Semiconductors: Status of R&D of GaN
Power Devices
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| . XIMICH GaN = AX}

GaN(Gallium Nitride) RFEA= Alg}2olL; ZaEH|4
o} HlwshH ColE WMEY(E=34eV) EAJT 1
(700°C) QFg-gell A=de] Qlet, olsaAld 71A=<] A
g3E71= AME A 7IE Si—718F LDMOS(La—
terally Diffused Metal Oxide Semiconductor) EZHA] 2
BlHoh AYUz=rE 108 ol woF &Fset AHelE
S8l 30% olde] A=zt 7hsstkaL, Hold, f14
59 4l HEoll ARgSE 739, GaAs(Gallium Ar—
senide)—71HF HE5-Z7of| Hlsl =2 AHL=(>84)
&F BE(020%) 4o BAA 9] Hstet ofuvA] A
ol 2A 7108 4= ok, 3 GaN g 293
2= 71E Si—7]HF IGBT(Insulated Gate Bipolar
Transistor)ell H|sto] 291 &AM} 247} &40
wo} 30% o] ol | x| Azto] 7kssto] HEV(Hybrid
Electric Vehicle)t} 712Fg2tol 21-8shd Zos}, ¥
Sag Y, A8 YA ES AAD 5 Qlo] AEa
HE10% oV &4 4= loH1l,

(& 1)-& GaN—based electronics®] 7igt JALE B
ojZtH2), 29 GaN WHeA| A7 1969% Maru—
ska@} Tietjen©] HVPE(Hydride Vapor Phase Epitaxy)
Rlol ofet AR AsY St 19710
= MOCVD(Metal—Organic Chemical Vapor Deposi—
tion) WHOE, 1974d0= Akasaki 15041 MBE
(Molecular Beam Epitaxy) HHC.2 GaN A4S A%
silch, Mg =37 95 g4 E $3 p—F GaN RH=
Al A 71e-E 19929 Nakamura “LollA] 27H%]%]
t} AlGaN(Aluminum Gallium Nitride)/GaN HEMT
(High Electron Mobility Transistor) AAR= 19934 1]
= South Carolina TH5}H9] Asif Khan 14> Z-gollA] A
207 BIE 519on 19979 AlGaN/GaN HEMT
on SiC(Silicon Carbide) £21= 0]-83F RF(Radio Fre—

quency) AEEAL 4GHz S—bando|A] 1.4W, 10GHz

(¥ 1) GaN—based Electronics?| 7Ht HA}

Year Event Authors
1969 |GaN by hydride vapor phase epitaxy |Maruska and Tietjen
1971 MIS LEDs Pankove et al,

GaN by MOCVD Manasevit et al,
1974|GaN by MBE Akasaki and Hayashi
1983 |AIN intermediate layer by MBE Yoshida et al.

1986 |Specular films using AIN buffer Amano et al,
p—type Mg—doped GaN by LEEBI

1989 and GaN p—n junction LED oetal.

1991 |GaN huffer layer by MOCVD Nakamura
Mg activation by thermal annealing |Nakamura et al,

1992|AlGalN/GaN two—dimensional Khan et al,

electron gas

GaN MESFET Khan et al,

1993 AlGaN/GaN HEMT Khan et al,
Theoretical prediction of piezoelectric|Bykhovski et al,
effect in AlGaN/GaN
InGaN/AlGaN DH blue LEDs(1 cd)  [Nakamura et al,

1994 Microwave GaN MESFET Binari et al,
Microwave IIFET, MISFET Binari et al,; Khan et al,
GaN/SIC HBT Pankove et al,

1995|AlGaN/GaN HEMT by MBE Ozgur et al,

Doped channel AIGaN/GaN HEMT |Khan et al,

1996 Ton—implanted GaN JFE Zolper et al,
340V VGD AlGaN/GaN HEMT Wu et al,
1st blue laser diode Nakamura and Fosal
Quantification of piezoelectric effect |[Asbeck et al,
AlGaN/GaN HEMT on SiC Binari et al.; Ping et al,

1997 Gaska et al,
1.4W @ 4GHz Thibeault et al,
0.85W @ 10GHz Siram et al,

3.1 W/mm at 18GHz Wu et al,

3.3W Sullivan et al,

p—n junction in LEO GaN Kozodoy et al,

HEMT in LEO GaN Mishra et al,

6.8W/mm(4W) @ 10GHz HEMT on

Sheppard et al.

1998 |SiC
107 Hooge factor for HEMT on SiC |Levinshtein et al,
1st AIGaN/GaN HBT McCarthy et al,

Ren et al,
1st GaN MOSFET Ren et al,

1999 9.1W/mm @ 10GHz HEMT on SiC  |Mishra et al.
GaN BJT(n—p—n) Yoshida et al.
4.3kV AlGaN rectifler Zhang et al,

2000 |p—n—p GaN/AlGaN HBT 7hang et al,
p—n—p GaN BJT Zhang et al,

X—bando|A 0.85W 0]tk =29 AlGaN/GaN
HBT(Hetero—Bipolar Transistor) 44k} GaN MOSFET
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(Metal-Oxide—Semiconductor Field Effect Transistor)
2AR= 19989 o] Bzt Ejglom, Zhang TIgolAle
20009 p—n—p GaN BJT (Bipolar Junction Transis—
tor) 244 7t

0|

II. S2¥ AL 9

o] 4e-, ARFEF o= 200395E 201087}
A WBGS—RF(Wide Band Gap Semiconductor for RF
applications) Z2HEE Fslo] AHEI7LEE >60%,
AT >9W/mm(10GHz), Ha<=H(MTTF: Mean—
Time—To—Failure) >10'A17H150°0), 4+& >807%2] GaN
on SiC 7|9k A=FE7|5 7gskaitha]. 2009978
201497k NEXT(Nitride Electronic neXt—genera—
tion Technology) ZRAEE 35}1L Qlom 13k
o] opdz1-24 4159 AA) HAE GaN 3]
24 % A4 S SR ok ol B A
%> 37F8 EdHAAE(enhancement mode FET)9
74, £1/f>400/450GHz, 3% EHA|2F (depletion

mode FET)2] 7%, f1/f,>500/550GHz0cH4].
AL TN 297 2 TSR 2005 E]
20091374 KORRIGAN(Key Organization for Re-
search in Integrated Circuits in GaN Technology) 3£
BAES T3 S-/X-band IEZHZTEZV|(HPA: High
Power Amplifier)?} A525%7](LNA: Low Noise
Amplifier) 3 22913 MMICsE 7l&}3itH5]. 2010
WiE 2014970 8 521 MANGA(Manufactur-
able GaN Technology) ZZAEL =, Laks olet
glof, 29dl, =< -5 570 147]3o] ofahy 4914
AlGaN/GaN on SIC 7l 7iPdke H35= shar qltt
[6]. KORRIGAN T2aAEol= HWrg 20053
2008 37k4] =385l ULTRAGAN(Ultra-high Power
Gallium Nitride) ZZAEX= AlInN/GaN MOS-
HEMT 42K 7islo] 2GHzolA s 13W/mm,
10GHzoM =9 )10W AeR7kas 56%2] 547
A H2= 1,000CY] 12 F2k AESCHT] 2008
WRE 2011E714] 1174 247)3%0] 2ok MORGAN
(Materials for Robust Gallium Nitride) ZE A Eof| 4=

(& 2) GaN 1&EY MAZEJ| 7Y &

RFHIC Cree Eudyna Fujitsu Toshiba NKL(China)
Freq. band S—band S—band S—band X—band X—band X—band
Freq.(GHz) | 2.7~31, 2.9~3.3 3.3~3.6 2.9~3.3 9.5 9.5 8/7.71~8.2
Poutmax(W) 160/250 020 150/300/600 101 81 37/110
PAE(%) 55/38 63 55 53 34 40/38
Gain(dB) 11/34 12 14 - 8 8
Duty(%) 20 3 10 - CW CW
Vdd(V) 40 95 65 - 30 35/32
Fie Nitronex Four chips Four chips Four chips
’ Thales vendor highest in S highest in X highest in X
— - 3 o b
photo
nsrmally msiched Packas
(51mm X 36mm) (58,5mm x 40mm) (14, 3mm X (21mm x 12,9mm)
15.2mm)
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A4 tolokEE 713 9o AlFE 0,24 m AolE
AlGaN/GaN HEMT 4A2F2] fi/f,.= 21GHz/ 42GHz
532 990, MAIN/GaN HEMT on SiC &A= A
U= 6,6W/mm(3.5GHz)%} PAE 70%5 H I}, 53]
cantilever FE|2} drumskin Feje] 17-2—319H550°C,
50bar) AlAE A8 & sFlTHS),

NEDO =7} Z2AEE= A’ A A1 ¢spl
2002\ 2007714 167 7]¥o] 3 =ask a1
A9 1539} AlGaN/GaN HFETs 7ldt 2 AEor),
T8 AFANEE 2GHz T3} S2RSE 50Vl
=2 230W(HHEE 4.7W/mm), N7 aE 67%,
|5 95dBE ¥, 30GHz Ka-bandellA 0.25;m
T—gate HFET(Hetero-structure Field Effect Tran-
sistor)9] 7% AFULEE 58W/mmz $573F 23S
HEESIATHI].

<E 2>+ GaN 159 A8557] /i dsks vet
Ak v=re] CreeAloll A S-band8o=2 HdlEd
520W, &8 63% A= NLslolal, X-band &=
A FujitsuAPF &2 101W, &8 53% A< 71
el ot AAlE FlE 8 45 9= X-band Ul
&8 AEFE7)= Toshibadl 50WHEEH: TG
8596-50)°] il g0t} 20128 < FreescaleAt
= 2.3~2.7GHzolM &3 350W, 50% &%, 16dB ©|
59] AYSE7)E /dsle] 20134 2871l Gt Al

5 WHESIQICH 101,
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4 Alo]E TV/$PdEAl Hol2 tis o= 9t 20104
Strategy AnalyticsAtel] ol H3E APl S AL
1) JAR)of| st dAf s Hort 7Y W A
£ 781 glot Yig= o2 Aol o] 20149
A oF 3.8 Geje] Algo] P4 Ao Bl gl
Z, 20149 HA| GaN 22} ARoflA] = Hopr} 46%
S ARE AR dEatal, TeAA Hoks 54l
ol AMgEl= HEFE7] 8] oJg) FrElo] %
SHL, AFgAME A9 aAjel A2 1EES a6k
e} Hopolli= GaNet AABA | Y= SIC 71l
ofaf| 7] /g7o] Alghe|gletar ®arstgich11],

(O™ 204 & 4 95=0] Yole DevelopmentAle] A
AR g 2w 20119 1488 GaN Agart
AR 2505 = ostglont, 20126l A2 1,000
1 7] Akl 20166l 59 Eeof| ol5 A
0= o &3t QIrH12].
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d

A3 Ao] BAA|R S mmofo] o] FofA] 1 At
AAe] A7HEe] 50007 HE7HA] A Aoz 4

Areltt 20129 @4 IR(International Rectifier) A2}
EPC(Efficient Power Conversion)AF} GaN g 4}2]
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Wtk Toyoda Gosel, Hitachi CableAR= 242} 1227A(1
), 597@H)E sk 9 2™, Matsushita Electric
Ab= 5571(3%1), SonyA’t 4811(49))¢) & o= it
T G 7|9E0] 5815 i8It Top 10& A28t

1 7163 JAEF 22 719ell= Nichia Chem, Oki
Electric, ¥ NitronexAF7} It}

AR 71 S 716 meT RS ol
ol et vek 2, 24 2 9 Al )43 Bl
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o313] GaN ofu=jA] Zofr} Fa3t olfrz ZI3YE
AL glom, ol= 7|29 Si ARpAe}t FA L2915 7t
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SZ3}E o A= NitronexAke] GaN HEMTE A5}
of (2% 4ol Hi e} go] 2, 14GHzol A &84
40,7dBm®] £4< Zk+= Doherty 5-%7|5 W#s|ich
[14], 721 EFFeoAe Creerle] GaN HEMTS
olgate] (1 H)oA B ule} 7 3 5GHZOIA
45.6dBm®] EAYE 2= AESE71E Wit
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Input Power, Pin [dBm]
(22 4) ZEITH 2GHz Y 12WE GaN HEMT Doherty
27|

ZME 2 / At 1eE/0EH He
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2 1|~ Gain 70
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Input Power{dBm)
(38 5) =3 3.5GHz tS 36WS GaN HEMT &2
527

S AANEAIATEE 2011W 8 TriQuintAl GaN
A48 glolBe]alg E835te] S—bandollA 20W E2A
1} 40% oo &S e AEETE7] MMIC(Mic—
rowave Monolithic Integrated Circuit)2} X—bandof|A]
8W =3of| 25% Ao &
£ A k16,

SRRSOl A= 3 A HAEE 491%]
ShekE WHeA| fojl] =AHAQl 24 A 9 347 IE
S g8sto] 201249 29 AlGaN/GaN/SiC o]&g+
22 7]9koR S-band& 20WE GaN HEMT 27k}
X—band& 10W GaN HEMT 4212 =2} Aol
sl em[17],[18], (2 6)xF (17 7)) 2ol 2012
H 69 S—band-& 40Wg GaN HEMT 422} X—band
8 30Ww GaN HEMT 2415 7idsto] =0l 7]2]
201290 RlatARsr|setslol A WSkl
[19], Z= AR S—bandg GaN HEMT &A= 100W
% e sk B ot 4 A2 5
Ga A AZTHL olgstel Al S-band$

99 ZF= AEZZ7| MMIC

R 7107
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50 50

—~ Pout(dBm)
45 (|- Grdg) ||
- Pout{W)

L

W
(=T, |

)
w

I

+ GaN HEMT: 0.5xmx200xmx40
@3GHz

Pout(dBm), Gain(dB)
5
i
¥
(=]
P

a
S

- Psat=46.18dBm{42W)

* Pgain=12dB

+ Maximum power density =5.2W/mm
« Bais condition: Vd=30V, Vg=-3.0V

10 Laaas 0
0 15 20 25 30 35 40

Pin(dBm)
(ag! 6) ETRI S—band 40W& GaN HEMT AX}

45 70
42 - Pout(dBm) les
39[ — Gain(dB) 1
- 60
36 —— PAE(%) e
g 3t 1 as
< 30} 7]
% 27F 40
g 24': 135
z20f {30
sk 12
- GaN HEMT: 0.25mx1002:mx80 e 20
@93GHz | ' i
* Psat=44.9dBm(31W) 9 § 1
- Pgain=10dB 6k 1 10
+ Maximum power density =3.9W/mm 3L 15
+ Bais condition: Vd=30V, Vg=-3.0¢ o oo o wlg

il
10 15 20 25 30 35 40
Pin(dBm)

(2 7) ETRI X—band 30W& GaN HEMT AX}

GaN HEMT £:2H5 h8-sto] (G 4)9} (18 §)olA] 1
L e} 282 S—band-& 170W SSPA(Solid State Power
Amplifier) A&}l /35-5FcH19]

2 ARJA S GaN LED(Light Emitting Di—
ode)/LD(Laser Diode) 52 3g2x2to]| H]al] GaN A=4
Aol thgh dAtie] mjulet oot LGAA 1=
2 20049 ZAEHL} TA| Akl gt AE )
31 v} glom, UeoldlAak 2011 597H] X—band
GaN HEMT Hga2; 7is 471973 A= 3
SILOLE 7IAJAR] Adh W E|R] o2 AJEjolth, 4
AR Cree®] A2 GaN HEMTS AR&310] 7] 2|5t/
ZA71421 2GHz thY 20W GaN 712 7dsks]
t}, RFCoreol| A& TriQuintA} 0,25um GaN on SiC A

102 HASLSEEAM M27# M4z 2012 82

(X 4) ETRIOIA JH&st S—band 170W SSPA EM

Parameter Specification Remark
Operating Frequency | 2.9 to 3, 1GHz | Bandwidth: 200MHz
170V max, @30°C case

Peak Output Power 10% Duty temperature

Large Signal @ 0dBm Input Power,

+

Average Gain 34.5dB+2dB 30°C case temperature
Input/Ouput VSWR 1.6:1 -

DC condition 27V, 2.3A -

(b) SsPA 28 H3 54
(3& 8) ETRI S—band 170W SSPA

£ golBe|E o]gsle], 2~6GHzolA 1TWe] &9
7} 24dB9] ©15, 35%2] &2 ZH= HPSE7] MMIC
o} 8~11GHzoM 10We] E=3 18dB o]4e| ol5,
28% o3| mEg Zh= HYSET] MMICE AlAsto]

20114 vjo|=2} 9 welolela} il wtel
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Frequency(MHz)
(23 9) RFHIC L-band 1kW& GaN MSZE7|

T
1,250

ArH20], E3F RFCore= 20114 % CreeAr} Toshi—
baile] GaN HEMT A3 ARE-510] S—band 200W
GaN SSPA%} X—band 100W GaN SSPAE- 3425
Al A7t 317 7Tt RFHICE (17 9)oflA] B
= vfe} 7¥o] 1.2~1 AGHzolA <F 1.3kWe] &8&
1l o]E0] 53dBo]al f-89¢] 50%%1 GaN
ISR el AT

S ARREAI Aol A A 7HERE S—band H X—

zk

A2

scess Details

«0.5um GaN £ XI1EH
» 2.4GHz 7|X|128
» S—band d0|HE
- H7HHE EAE

Units

fi(peak)

fina GHz

+0.254m GaN AXIEM
« 10GHz 7|%|22

+ X—band 3|0|H2

- =1

270
>120
39
119

Vg
filpeak)
fima

GHz
GHz

(a) ETRI GaN T2} A} E4 29F 1

band-& GaN HZz}e] EAL (27 10)flA4] H+ Hf

O At} X—band§ A= 0,25:me] AlO|E Zo]2} 2
x100um 2] AJo|E Z& ZH= AlGaN/GaN HEMT +

22 pinch—off AY-2 —3 5VEA] 6% HLo| wU:e
7RI, 0Ve] AllE Aol =%l Afe
0.7A/mm 4220]1, | A A 0|5 270mS/mm
o] E4& 7Hict, RF EA 024 Apdealax(fy) 4 2]
I () 8VE Edl Aol 22t
39GHz %! 119GHz9| £d& Hof5=al Qlrk, X—band
GaN 1158 2440 RS 120V oY= £4%
Ao FU=E 7RI, SR ohefRte] S22 30W
olde Uehiglet.

o|A Y T HAREAl AT oA = 20124 64
A 253t 4917] Steke WheA] Wik GaN 37
A71eS Z83to] S—/C—/X-band§ &S
A 7pskel o, fF9olle Ku—/K—/Ka—band-&
Saxl A7t o7 S=R Edlso| Wglse] 3¢
Al HAE glol] EffAME F-55-2%7](DA! Drive
Amplifier), 11&2=37](HPA: High Power Amplifi—
er), AR252Z7)(LNA: Low Noise Amplifier), 294
(switch) MMIC 44| 9 Al&E 915 =4t ol Bejel&
TS ZM AA A= 2R e 7 A3 Al
gk GaN 7]&9] TA|1ZQ AR Q3 719k 53}
o 7o) =1 715 471 2Egol| B3-S ook,

]
=
o)

=

=

ol A

Gallium Nitride(GaN) Devices Details

Platform Features Application

* Gate length(Ls): 0.54m

EaM-0n-Si + Vygup to 40V + S-band
(.'"jN ;m =l . Pf}dwe?densily: SW/mm - Radar, BST
(R7k48) - Gain: >15dB - 2.4~3.5GHz

- PAE: > 45%

* Gate length(Ls): 0.252¢m

- Vs up to 40V + X-band

- Power density: SW/mm - Radars

- Gain: >12dB * 8~10GHz

- PAE: > 40%

(b) ETRI GaN Z2{ AXt E4 29F 2

(23 10) ETRI GaN MZAX} EM

=xE e / At 1§ E/aEY

BE=R|: GaN MHAX} A7 32 103
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Frequency Band2| &XQ! 2X(0|=87 XX &1 3])
L—band 1 to 2 GHz(Long wave)
S—band 2 0 4 GHz(Short wave):
C—band 4 10 8 GHz(Compromise between S and X)
X—band 8 to 12 GHz(X for cross):
Ku—-band 12 to 18 GHz(Kurz—under)
K—band 18 to 27 GHz(German Kurz (short))
Ka—band 27 to 40 GHz(Kurz—above)
V-band 40 to 75 GHz
W-band 7510 110 GHz
mm-band 110 to 300 GHz
ofo] He|
AESA Active Electronically Scanned Array
AlGaN Aluminum Gallium Arsenide
frnax Maximum oscillating frequency
fr Cut-off frequency
GaAs Gallium Arsenide
GaN Gallium Nitride
HBT Hetero—junction Bipolar Transistor
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HEMT High Electron Mobility Transistor

HEV Hybrid Electric Vehicle

HFET Hetero-structure Field Effect Transistor
HPA High Power Amplifier

HVPE Hydride Vapor Phase Epitaxy

IGBT Insulated Gate Bipolar Transistor

LD Laser Diode

LDMOS  Laterally Diffused Metal Oxide Semicon—
ductor

LED Light Emitting Diode

LNA Low Noise Amplifier

MBE Molecular Beam Epitaxy

MMIC Microwave Monolithic Integrated Circuit

MOCVD  Metal-Organic Chemical Vapor Deposition

MOSFET Metal-Oxide-Semiconductor Field Effect
Transistor

MTTF Mean-Time-To-Failure

RF Radio Frequency

SiC Silicon Carbide

SSPA Solid State Power Amplifier
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