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A Dual Gate AlGaN/GaN High Electron Mobility Transistor
with High Breakdown Voltages
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Abstract - We have proposed and fabricated a dual gate AlGaN/GaN high electron mobility transistor (HEMT), which
exhibits the low leakage current and the high breakdown voltage for the high voltage switching applications. The
additional gate between the main gate and the drain is specially designed in order to decrease the electric field
concentration at the drain-side of the main gate. The leakage current of the proposed HEMT is decreased considerably
and the breakdown voltage increases without sacrificing any other electric characteristics such as the transconductance
and the drain current. The experimental results show that the breakdown voltage and the leakage current of proposed
HEMT are 362 V and 75 nA while those of the conventional HEMT are 196 V and 428 nA. respectively.

Key Words :

1. 2

ZE YolEglel= (GaN)2 =& dA AAY =& AR
3 £52 93l nHE @ uE Foke wtmaA] AR
el ol&H3 A} [1]. AlGaN/GaN #HeH=Z F+2 (hetero
structure)¥ GaN¥ AlGaN¢] Hx wWize] & Ed&Ao=
st E& olxY AHAAJFA (two-dimensional electron
gas) 3% 7t e ZHEE /IR0 AlGaN/GaN 2 Az} o]
%% EWUX2E (High Electron Mobility Transistor,
HEMT)E Ad W £& 3824 8 5% 10° em™9 5 <
A AA > 3 MV/em)E 7HA 3 A 29%) RokolA A
THo g [2-4]. EFrE AU UF (Ing Xgsle
d2o] (alloy) 522 ME & AA Aeg We J& 7}
A& AlGaN/GaN HEMT 3HZ 2o AL HH3iA7)
4 ol &5 3drt.

DAY 2904 2AE B BB AYE Ao

3, 2

Y &8¢ Zoly] sl ¥4 ARE BaAAE W 3
2 g A-2X F5d 3719 3% AYL AAE vz
E Wz "y FEZ7)|§ o]F AoE AlGaN/GaN HEMT7}

2EEHAT 5l 22y B2E BE A FEZ71E olF Al
°|E AlGaN/GaN HEMTE & &5 AY¢S 71AA o
(<100 V), &2 ¥4 dHe 52 35 A4 54E& 1Ak

T O BAAA, EEGR SR BRI LHHM-ERE

E-mail :

* E & B ASRER ERIES [RE-LHRE
*»* IE & B AR ERIEE LA LRE
= E & B MSRER ERPRT - U2+
§ E & B ALA8E EREFHT 8% - LA+
BZ U 0 2004% 10 4H
B#5ET 2004 114 2941

GaN, AlGaN, HEMT, Dual Gate, Breakdown Voltage.

st LAY 29K 22 HEgEA @oh

B =FY B Be 54 AFo & I8 Age 7}
Az LAY 29X L o]F ACE AlGaN/GaN HEMTE A
gtE Reolrh, AAE ©lF Alo|E AlGaN/GaN HEMTE
F714Q FHe] Hastr @¥orn, 71& AlGaN/GaN HEMT
o] #AT gAY AtF A£AE 2 AR Apzpolo} gojH
el A=A AlGaN/GaN SEHZ TxoH AZ AEE 7}

A 71€ AlGaN/GaN HEMTSF &7 Azt=lglon &4 5
Aok Agkd o]F Al°|E AlGaN/GaN HEMT+ 362 Vo] &

¥ Agw 75 nAY FH FRE UG v 7)E
AlGaN/GaN HEMT®] &% stz ¥4 d%E 2% 196 V

S 428 nAZ ZRAATh AXY 279 we FB WL

=
75 47

Re FH AR skl FrHoz AW JolE
(AolE2)e) WY D AENN £ AFole) Aw) (Lo
off W A7H S4e] AFHUh

al
ES

2

.|

fotE AXfe] = X =t

a9y 18 AgH o]F Alo]E AlGaN/GaN HEMTS ¢@9
%olth. AlGaN/GaN HEMT%: c-plane Abstolo 7|3be] A
g #7] 38 714 £ (Metal Organic Chemical Vapor
Deposition, MOCVD)E A5 1Tt AlGaN/GaN sle|2 7%
£ 40 nm2 AIN nucleation & 9ol A& 3 el vz 3
=3 % (Unintentionally doped, UID) GaN ¥} 3} Alg3Gap7N
202 #A4dd. 33 nmY =EHA %+ AlsGaN FH
% (barrier layer)@ 5 nm¢ =3 H AlpzGaoN ¥ 2 (cap
layer) e <AA =3t 84 (piezoelectric polarization
effect)& st UID GaN #3 & o AAHAU} 232
g E 93 Wi 7EE 300 nme G E Cl/Ar §#7 9
AYEE AZ= EgZvt (Inductively Coupled Plasma,



ICP) ®+& o]2 27} (Reactive Ion Etch, RIE)E o]&3&l<]
YA =AU A2 29 AYe AHA A IFE FF
7] (electron gun evaporator)E ©]-£3}o Ti/Al/Ni/Au (20
nm/ 80 nm/ 20 nm/ 100 nm)2 &=, RTA (Rapid
Thermal Annealing)& ©] &3t 850 CeolA 30 %= &<t o
d8 HArt &£E7] Ale]E (Schottky gate)= Pt/Mo/Ti/Au
(5 nm/ 20 nm/ 20 nm/ 270 nm)2 B ZTE-Q I (lift-off) ¥
Hoz AEHNUT & & AYE d7] d8d & 4
EJ) A9 A9 F4UA Pt (546 eV)7t £EF] AolE WE
2 ol gHAnt [6, 71 AYH 22 2 & LAE FHA @
© 2 passivation® A gt} Ao ZXFE Ad U @
A7 sz Az olFxl zZ+z 782 x 10% cm 9} 1530
em?/Vsol ftt.

Ak A FAH AF L FqE AY EZL A7
Aatdd, Wi AclES =y Ateole) X Ao FrhH o
2 AoE7} AU, A 229 wd Aot 7}
Hog MHAY AoEr 74z AoELH AoE2EZ WHIHAA
o} Aoty Aztel AoElF AojE2E TAld AzEHT, A
" 2ze A FHL FUAA TEE aF7sA geh
AGE Axe] A]EL Aot Al|E2 Zole 2tz 2 mst
3 mE AAHYL. LD 239 AolEld =gl Alo]g]
A 10 mz HASH, ol 7|& 42 AolE 2214
AelEet waQl Ato]e} Azlet FUs AAP AR A
olE 1Hl= 100 gmo)c}.

Lsp, 3um Lgd

pm, 2pm g ‘
l | 10pm|
e—

Additional Gate (Gate2)
(Pt/Mo/Ti/Au)

Drain
(TVAYNi/Au)

Source Main Gate (Gatel)
(TVAVNI/Au)  (PYMo/Ti/Au)

5 nm doped Aly 3 Gag 7N

33 nm undoped Al g N
3 pm unintentionally doped GaN

40 nm AIN

Sapphire substrate

Drain
(Ti/Al/Ni/Au)

—

Source Gate
(Ti/AVNiI/Au)  (Pt/Mo/Ti/Au)

nm doped Alj 3 Gg 4 N
33 nm undoped Ah 3sz .r‘\'

3 pm unintentionally doped GaN
40 nm AIN

Sapphire substrate

{b)
I8 1. (@) Mgt olF AHolE AiGaN/GaN HEMT % (b) 7|
= 432 HolE AIGaN/GaN HEMTSl ciiig

Trans. KIEE. Vol. 54C, No. 1, JAN, 2005

3ME AN A ER

ox Myl

Aetd o]F AolE AlGaN/GaN HEMT: 7]& 4
olE AlGaN/GaN HEMTS #74 A#A=HUed, & &
8 A EAo} ztzZt SAHUY. chdg Ale|E2 Aol

% X,

e AdE 23 F4 AR AE 2% §A 239
Atk 1Y 25 ALY LA9 GFR ANE2 AL Vool
e 248 4 AFE E/1@ adelth AoE2 Wgdol
5 Ve W AE xae] ¥4 AFE 1235 nAoH, 7@

x 48 nAelth AlolE2t E=Y

279 FA AFE

(floating)d w} A" 229 ¥4 AFE 218 nAZ A
gt Agd Az W FrHoez MAY AoE2E wgl
AOlE (Alo]EDNS =g #ae A HJFP AAE £
AR At Azbe] W9l Alo]Egl =) Alojg] EW
999 A= (conduction) Z °]3} (ionization)7} 7438}
A AF a9 AgR 2ze 1€ 229 £ A
¢ 25 516 VE SAHHIJU A&y 74 AfHE =@
-2 AL (Vps)el 5V, AClEL A (Vael -6 VY o
A5t

m T T T T T T
Leakage current :
Conventional HEMT with Lgd = 10 um : 428 nA
500 - Proposed HEMT with floating gate2 : 218 nA
Z ol ~
5
= 300 |- .
3
-3
§ ool i
100 i
—e— Proposed AlGaN/GaN HEMT
I

Additional gate (Gate2) voitage, V, [V]

g 2. MetH
HE

Fig. 2. Measured leakage current of the proposed device
with various gate2 voltages

Axtel AHolE2 Moo wEg ZXE F4o

a3 32 AolE29 = Alel9] Al (Lga)7t 4 molH,
AolElx Alo)E2 Ale]lgl AY (Ly)7t 3 med AR 4zt
o A" AP EMo|t}h AgE LAt AlE2N} 4 VE
wojola HAY E2goly AolE2r thE AHGog ulo]
2" drdg ¢ & =28 AFE A ASE 279
cdd AFe AE2 HGE F7HAZl uwel Ao)|E2 of
Ao TH Fdo] #Aade =9 AFV F7Mgh L7l 5
Y et Lea7t 4 pm 4 wWe) Agd 2xbe] =gl A&

e
Fig. 1. Cross-sectional views of (a) the proposed dual gate 22t 326 mA$ 311 mAelth 7]& A9 =% dFe
AlGaN/GaN HEMT and (b) the conventional single 34.1 mAeltt. A¢H A 71& 229 =8gd HFE=
gate AlGaN/GaN HEMT Vps7F 5 Vol Vol 0 VY W A=)
£ 32 M9 SME JtxlE 0|F MOIE AGaN/GaN I MX} O|E% EMX|AE 19



BRPRIH N 54CH 15% 2005%F 1A

4.0x10° T T T T T T T T T 25x10*
Proposed HEMT with
3510° withLgd =4 um, Lsp=3pm, V =5V
. ] —— Additional gate voltage (V) =0V 4 20x10?
aox0r{ V=2V
@ =
U V=4V £ X
é’ 254071 —Fgan'ng gate2 - 1.5x10% g
§ 20x10% - 4 §_
% 1.5x107 4 1.0x10? §
o] oo N B
1.0x10% —
4 5.0x10° 4
50x10°
00 v T = L] - T T T T T T 00
84 7 6 5 4 3 2 a4 0 1
Main gate (gate1) voltage, V,,, [V]
ag 3. MotE AXe| AlojE2 e wE EXHE MY E

Ad
Fig. 3. Measured transfer characteristics of the proposed
device with various gate2 voltages

29 4% VpsZb 5 VY d, tgd AolE2 A wE
Aerd Ao 248 Ho EWAAYEA (gnmd =3
A AF (ps)E YEhd ade|th Agd 29 Alo]E2 A
g A EdxdYd Lo Qg vHA FEoh Agd
22e] AolE2 Ao} =ael-A2 MY (Vps)eh A HE
Aty Az =YA AF= T4 Agd 229 Aol
E2 Agtel =gl-42 ARt ZAY A HY, AE
29} 284 A7t o ol HuEo]l HR gGA Hel Aolx
2014 =@doez 2 AF AR gEd =9l

228 Lt 5 md W9} L7t 4 i @ AIQE Azpe
g Hd EdxfAddaE 747 84 mSS 7.7 mSe|t}.
279 Ad EXAAYHAE 80 mSolth A
2#9 =49 A EdaAGE2g =8 HFE

7o) e A A @t

=
ARE

8

T T T T T M T w
Proposed HEMT with
[ Lod=4um,tsp=3pm,V =5V

—e— Maximum transconductance (g, )
- —o— Drain currertt (I,;) atV;, =0V

-
w»

=4

3]
T

Maximum transconductance [mS)
3
8
[vw] Jueuno ueag

1
-
(=1

— 1 1

[} 1 2 3 4 5
Additional gate (gate2) voitage, V, [V]
HgheEl AXte] HolgE2 FMeto wtE

HAHALG A Y =2jel M7

ag 4.

Fig. 4. Measured maximum transconductance and drain
current of the proposed device with various gate2
voltages

29 5% Lol @e At 229 A4 ¥4 BF
el a2 gejrh AR 4ze] L7t F4EFE w4 A
e 4439 AolE2¢9 =d¢l Atole] A=y}t F7istd, A
Eld Hee A% 74 AF7F 44 Zagrh AJE2
E£29 Aol Lyt 5 md W AgE 22E M A
A AFYA 5 nAE F53A NE 229 A AF

428 nAZ AU

e

J
7

o
L

A=
e

H
3

g

| Proposed HEMT with
V. =5V,V,, =6V
—o—-V, =4V

I —e— Floating gate2

8

Leakage current [nA]

8

--------- lConventional HEMT with Lgd = 10 um
2 3 4 5
Distance between an additional gate (gate2) and a drain, Lgd [um]

0

oy 5 mHiek®l aXxiel AHolE22l =ael Atolel Heloff
2 EME S HM7
Fig. 5. Measured leakage current of the proposed device

with various distances between a gate2 and a drain

7.010° T T T T T T
—a— Conventional HEMT
6.010° + proposed HEMT with Lgd = 5 ym and Lsp = 2 ym 1
——V =0V
. 50x10° | —A—V,=4V .
<9 —w— Fioating gate2
o
§ 4.0x10° |- .
3
3.010° | i
% 2.0x10% |- E
1.0x10° | 1
0.0 s, ak n f ) 1
0 50 100 450 200 250 300 350 400

Reverse main gate (gate1)-drain voltage [V]
=l

a8 6. MotH 4Xtol HlolE2 Mol wlE £F

RCYY

L

Fig. 6. Measured breakdown characteristics of the proposed
device with various gate2 voltages

a9 62 g AoE2 AMgke] & o AU L=
249 g8 A4 EAELE ued a¥elct AlGaN/GaN
HEMT7} 9wak Alo]E-T gl ulolo] 2 e o, AlojE
ol AA7 FF5He] AolE dEo] ot AdH 229
AolE2: 5 A UM Ao Eld JFE HAE &
AN 71 D= Ye 8 (field metal ring) &S 3ot (8, 9.
ageE Ag" A FriEoz HAY AolE2x Aol
El9 #AA AF 4L dFAA AL axy FE AY
2 71E 2] uislyg FulETh AClEZ Yol 4 VY 9



0 ve 9 Agd AxY g8 " #2319 Vb 295
VE 23890, Ale|E27 2 o W AUdY izt st
T e FE A, 362 VE 589 e AF AoE
A2zbe] 8 AL 196 VE AgE &2t FE Hete) 54
%olel. Aetd 2xe #Hiad" FH AF 54 i s
g2 (hard breakdown) SA& HolAw 71E Axe ¢
A AolE-ryl HAYH T4 IF/ A&HHo=

B2 (soft breakdown) 54& veldich 23
TE& Leeol we AtE 2xtel Y 38 HY H4orh
AE 228 LgaZt 5 moll A 2 mmZ ZAHY, &8 Hdgto]
362 VoA 133 VE g3 "t Agkd 249 AleolE2¢9 =
g Alole] Azl (Ly)E ACIELY A JAFS AA 3

olt

ol rlo In

HEls AxE

400 T T T T T
—e— Proposed HEMT with floating gate2

g 8 8

Breakdown voltage [V}

g

150 ) L 1 L
2 3 4 5

Distance between an additional gate (gate2) and a drain, Lgd [um]

Oy 7. Hetgl AXie| AHolE29t =&Ql Alole] AHezlof ot
g 538 ¥ Mg

Fig. 7. Measured breakdown voltage of the proposed device
with various distances between a gate2 and a drain

4.2 E

we vy ARY Be B2 UL B4 AL o
o]E AlGaN/GaN HEMT7} A¢tson A4 =g
o Az=AUT. Ae m.oq zAHez 4AL A
(AelE2)7k Wal Aol (AeojeDd AA 3F 8L
aA7)9, o)z st xﬂom arel ¥4 ARE Ba
oh Lgd7t 5 md W AGE 4xe] ¥4 ARE 75 nA
gl w3t} 7]E AF Ale]E AlGaN/GaN HEMTS 4
Ft 428 nAolth AR 277 Z Aol UE W,
iAes 4AD AdE 4= MY G APE o o

o

J}E e o -l)l' BLre ¥ o m o M

.&Q

-v-'—«

Trans. KIEE. Vol. 54C, No. 1, JAN, 2005

g x 2 8

[1] I. Daumiller, C. Kirchner, M. Kamp, K. J. Ebeling,
and E. Kohn, “Evaluation of the temperature stability
of AlGaN/GaN heterostructure FETs”, IEEE Electron
Device Letter, vol. 20, no, 9, pp. 448-450, Sept., 1999

[2] V. A. Dmitriev, K. G. Irvine, C. H. Carter Jr, N. I
Kuznetsov, and E. V. Kalinina, “Electric breakdown in
GaN p-n junctions”, Applied Physics Letter, vol. 68,
no. 2, pp. 230-231, Jan., 1996.

[3] Wataru Saito, Yoshiharu Takada, Masahiko Kura-
guchi, Kunio Tsuda, Ichiro Omura, Tsuneo QOgura,
and Hiromichi Ohashi, “High Breakdown Voltage
AlGaN-GaN Power HEMT Design and High Current
Density Switching Behavior”, IEEE Trans. Electron
Devices, vol. 50, no. 12, pp. 2528-2531, Dec., 2003.

[4] N.-Q Zhang, S. Keller, G. Parish, S. Heikman, S. P.
DenBaars, and U. K. Mishra, “High Breakdown GaN
HEMT with Overlapping Gate Structure”, IEEE
Electron Device Letter, vol. 21, no. 9, pp. 421-423,
Sept., 2000.

[5] Ching-Hui Chen, Robert Coffie, K. Krishnamurthy,
Stacia Keller, Mark Rodwell, and Umesh K. Mishra,
“Dual-Gate  AlGaN/GaN  Modulation-Doped  Field
Effect Transistor with Cut-Off Frequencies fT > 60
GHz", IEEE Device Letter, vol. 21, no. 12, pp.
549-551, Dec., 2000.

[6] S. N. Mohammad, Z. Fan, A. E. Botchkarev, W. Kim,
O. Aktas, A. Salvador A, and H. Morkorc, “Near-
ideal platinum-GaN Schottky diodes”, IEE Electron
Letter, vol. 32, no. 6, pp. 598-599, March, 1996.

[7) Yuji and Hideki
Hasegawa, “Formation processes and properties of
Schottky and ohmic contacts on n-type GaN for field
effect transistor applications”, Solid-State Electronics,
no. 43, pp. 1483-1488, Aug., 1999.

(8] Seung-Chul Lee, Jin-Cherl Her, Kwang-Seok Seo,
and Min-Koo Han, “High Breakdown AlGaN/GaN
HEMT Employing Floating Gate”, Proc. of 20th
Nordic Semiconductor Meeting, pp. 45-46, Aug., 2003.

[9] Seung-Chul Lee, Jin-Cher] Her, Soo-Seong Kim,
Min-Woo Ha, Kwang-Seok Seo, Yearn-lIk Choi, and
Min-Koo Han, “A New Vertical GaN Schottky Barrier
Diode with Floating Metal Ring for High Breakdown

Koyama, Tamotsu Hashizue,

AelEgt = Atele} AAE BN At Voltage”, Proc. of 2004 International Symposium on
7NE &AL F5 Ak 196 Vel sl 362 Ve w2 Eoy Power Semiconductor Devices & ICs, pp. 319-322,
A4S 5t AL 4= %"Zé% F718 < FA ol May, 2004.
2FHA gon 7|E &zt FAHFA SFe] "Ho A
b B E%“_i:ﬁc-*,":*’\b} =g dFe e AVH 54
o] 43 glol ¥H WHRE FRAR2Y FF AGE Fh
’\]?&‘:’r Atrd 01% AllE AlGaN/GaN HEMT= 32 A
E4dn & FE WS 7HA nHY 29A Fopol] o]
%%‘ F At
E2 88 HY S48 JIXic olF AHOlE AGaN/GaN I HXl 0|5% EWX|AE 21



B|RBFRNE 54CH 13 2005% 1A

(3]
=
—
e
o
Hi
8
2
N
My
]
23
N
8
23
X
ol
i)

20019-AA, ALHSER W71 FHY Mo
A 533

o] & #(=F & #)
20003, A gdigtn A7) TR
20024, A&dgn A7)FER
20023-4A, Mgdstn H7F
a3y

A

-

o

4 A}
re 38

o O

5 ™ HEF & #)
20004, @ITEd A7) 2 WA
2 i}

20024, NENEFT A7) B FoHA
2002984, AEhen A7 FIR

EREE:

>

}

3
o}

A

ok

M Mk 8B)
1987'd, Univ. of Michigan A7| 8% ¥
ghabAl, US.A
19873-19883, Post doctoral fellow at
IBM T. J. Watson Research Center,
USA
1989-d A, Mgdiste H7]FgeER wgp

g 9l F(E K A)
19794, Johns Hopkins Univ. A7]|&8%
F&aiE USA
1979-1984, professor, State Umv. of New
York at Buffalo, US.A

19849-84, Agoisn Hol gy we
20024-AA, A et FIHes 3



