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HfO;& AlO|E Abslato 2 Zh= AlGaN/GaN 7|5}t 110155 A&} EMXA~E (high electron mobility transistor,

A &3} EWNAAE|(FET, field effect transistor)= 372 352
o)A e Sl Fe A7)7 AxpEA AR A7 = E)
H 3 itk AAl &7 ERAAHE T2E Vo R v ER

HEMT)S] 2] 23 (normally-off) Zrg T-&= I8t 7AlI01E 2] M|~ (gate-recess) Zo]ol whE Az} 5440 A&
oldE “sto] EAH . AEA Rl HEMT 7%, 3 nm®] 715 2= Al°|E gAlE HEMT 7%, Al°|E gefell

AlGaN 5-& ZH4] 9= HEMT 7-27F BARISICE #9249 HEMT 3 =He] &(normally-on) 5742 HERNS
om0 Ve 7lolE Mgt °l 15 vl =89l ek #EelA 0.35 A2l =9l AR 5492 veRiolth. 3 nme] TS

Zh= Alo]E glM2~¥ HEMT 135 2DEG(2-dimensional electron gas) N2 M4} s Az Qlal, 13- gt 9l
7} 27004 0.15 AL] =Rl AR w2 WAtk AlolE Yool AlGaN 55 284 ¢k HEMT 13 5315k e
o FAS YeRGlOo™, 0 V] F&AY 3k 1T = Tt

Abstract — AlGaN/GaN based HfO, MOSHEMT (metal oxide semiconductor high electron transistor) with different
gate recess depth was simulate to demonstrate a successful normally-oft operation of the transistor. Three types of the
HEMT structures including a conventional HEMT, a gate-recessed HEMT with 3 nm thick AlGaN layer, and MIS-HEMT
without AlGaN layer in the gate region. The conventional HEMT showed a normally-on characteristics with a drain
current of 0.35 A at V=0V and Vg =15 V. The recessed HEMT with 3 nm AlGaN layer exhibited a decreased drain current
of 0.15 A under the same bias condition due to the decrease of electron concentration in 2DEG (2-dimensional electron gas)
channel. For the last HEMT structure, distinctive normally- off behavior of the transistor was observed, and the turn-on
voltage was shifted to 0 V.
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semiconductor field-effect transistor), 1L 2} o] F & E M X A

U 54& 7RITH1-2].

TFTE 2 5385 483k &2 HheA] uiaks
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(HEMT, high electron mobility transistor) 5 S.% T-i-%| ™ A2
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A (source)t Ed|Q1(drain) A5 F-2A1Z] T2E 7, Tk

2E{(TFT, thin film transistor), 55 -4 A HEA] A &7 EAH
A 2~E|(MISFET, metal-insulator-semiconductor field-effect transistor),
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Sk 229N 2Rk 7| 9kete] A4 Aol 2 Adwo] ThaE v
o] it A o g Fx7} hdstal Fgo] weekRE g v
0] 2 =(LED, light emitting diode)2} 7] ¥4 t}o]  =(OLED,
organic light emitting diode) g 5ol A} 2ho]H, =& I LS
271 £13ll ClyBCly Z2F=vh(plasma) 217} 2745 AZICE B8, -

A= /gl i 7-7] whel E X 2<E] (organic thin film transistor) <]
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sl #et A77F s FP = §lrH3-4]. MISFET %
MOSFET-> =33 8l Hhe Ao 28 =29l A5 Fastal, A
O|E(gate) A= ot 72 AF-E WAIS] 218l HAF B A3}
gs EQle 7 2E 7Y, 24 vlRe] W SdA A, 13
He)g=] o] ARG,

AlGaN/GaN HEMT+= 154 14 7|22 12 54 F3(RF,
radio frequency) 53571 2 A8 37| FokolA] B2 S v
UTHS]. GaN&= M-V REEA] B2 = W& =7 (bandgap) &
Aoz 9ldf GaN 7|WF A Y A= 2 57 Y(breakdown
voltage)®] 5435 ZH=T}. AlGaN/GaN © 57 1% (heterostructure) =
AlGaN¥} GaN9] ZA}/d<=(lattice constant) x}o] 2 3 &3}

(piezoelectric effect)$} ZPH2] &= (spontaneous polarization)S &

AANA U 17178 A EeHe). B9 U713} AlGaNTh
GaN2] T =t #}o](conduction band offset) = 7 =2 2] Al o]
221 HAF 7}~ (2DEG, 2dimensional electron gas)7} & /d E o]
AlGaN/GaN HEMT:= $ojwt 2} o] 5= whE 93 £ 55
ERATH 7-8].

utA o & 71 2] AlGaN/GaN HEMTE 2DEG A 2ol &) 3)
=42] 2 (normally on, D-mode)°.2 F2122 Q3 (off) JE| 2
A7) e MRl S 2 a3, o] A Ay
=4 g &5 A8te] A7 Pt A7 IRbsA 2 dE ] Sel
AHEE 7] Y8l = = E] 23 (normally off, E-mode) AAF7) &
T 9] =d 2] 22 F AlGaN/GaN HEMT= 70| E 3142
AlGaN FH 35 A A= 2, Al0|E 99 Ald F-o) 252
A (F) o] Y8 75, p-GaN Ao E utuhS ALE5k= -3
5] QltH10-12]. ©] & AlGaN 33 21 Z(etching) 3= 43
AE frehs AlGaNTS FAISHERE, #lo] E 3Hel] 2DEGE
9] dE ot e @ AR FAo| 7hssh, e e
vl 22t g-go] Qg Aol 3 Blg-& Aoke = Qle FAlo]
TH13-14].

2 AT s vl 2 755 23l ACIE - AlGaN &
S5 AZbekar 71 flell HO, AAAITS AFdste] 7o) & A
AFE A3 Alo] E 2] A A (gate recessed) -5 2= AlGaN/
GaN MIS-HEMT %7} 222k Al g eo)/d& F8he] A5 31t
Alo|E gHl 2 Zlo]ol] - AlGaN/GaN MIS-HEMT 4x2k2] =#Ql
AF(Ip)-A U (Vpy), =8 A L(threshold voltage), 1A M=
(energy band), AA}F F%E 5 &4 EA4Jo] B4 HIloH, A0lE
A2 Zlo] 7} Az} Zhgol| nlX|= PEo] sletEgiTt,
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Fig. 12 ¥ ol AMgd Axke] 25 ekt 71E9]
AlGaN/GaN HEMT T-Z%(Fig. 1(a), HEMT A): 1000 nm 71| 9]
10" cm? 555 ZH= n¥ GaN A€ (channel), 25 nm F712] 101
em? FEE 72 0¥ Al,sGaNF, 60 nm F72] Si;N,Z Rou
O o]FofFItt, Al Bl AFo] AR A el kst
], 60 nm T|¢] Alo|E7}F EA st

712] AlGaN/GaN HEMT “F320)] Alo| & glA| A 327} 249
2 AFZ7 Fig. 1(b), (©)°l AN E[ Lt Al E o] 3}5-o
AlGaNZ©] 21Z}= o] Fig, 1(b) (HEMT B)i= 3 nm2| AlGaN &
B39, Fig. 1(c) (HEMT C)&= AlGaNGS©] £713] #| A= it
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Fig. 1. Schematic diagram of the simulated AlGaN/GaN HEMT

structures: (a) HEMT without gate recessing; (b) recessed

HEMT with 3 nm AlGaN layer; (c) recessed HEMT with-
out AlGaN layer around gate region.

Aol E g4l 22kl 30 nm F712] HO, 7F 22 AF9) = it
Al T2 B Alg,sGaN T2] 5719k HIO, & F-& Aol st &
Fio] BY T, B w5, BAS Zon, axt BARE Sk
Silvacorl2] Atlas™ T2 7380] ALL-E QL) 4} BALS 93 &
ARG Atlas™ 22 T3 8l F3gkE 2851900 14,15].
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Fig. 2(a)¥= 7]<& HEMT 73:Q1 HEMT A9 1,-V ¢ 18220t}
1~V pg RO A] Ao E Z8te] 0 V]I Z-¢- oF 0.35 AS] AF77}
o] e & 7S B3Ik Aol E Agte] -7 vl 49 2DEGE]
A2} 2'd 223 (channel depletion)©. = HA77} 5 24| o= 2.3 (off)
Z3Ei7F STk, Fig. 2(b)i= ©F 3 nme] AlGaN 455 2= HEMT
B 1,V g LA ZOITE [V, TLEHZ oA AlO1E 2 gto] 0 vl ul,
T2 ARG 22015 A9 ARV &8 mEE Row 7ERth
Ale1E Hsto] 3 vl w AFH7E 524 ok @3 A7} sick Akl 2
Alo|Eel| eFzsto] 7FlA #12} A'd @ (channel enhancement) .
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& 7B HAMT B HEMT A Bt 352 0.0737 S g

S 7FAth HEMT Ci= AlolE e AlGaN 5ol glor
2 2DEG AYo] EAlsHA] it Alo|E Zte] 24 GaN WlF-=
H-E] HfO, AWl Axpzo] 1of Ajdo] FA A upebA 1% CF
T2 AS} B] 2DEG Ag tin] Hzte] o] grdo] Aste Ad-e 7k
A G A AY”A ghs 7RI

Fig. 55 33 20 Alo]E "= 9 2] HEMT A, B, C°ll
ot o] Wi BAEE Uepdc Alo]E A= o] AlGaN 3
WZFo] A= 73 A, BO] A-F, 352 2% AlGaN/GaN AW
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(bending) ¥do] LAYst] M52 2 (accumulation) O 2
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Fig. 6. Simulated characteristic diagrams of HEMT A at V¢ =10 V condition: energy-band diagram at (a) V;=0V and (b) V;=-7 V; Cross-sec-
tional views of electron concentration at (¢c) V;=0V and (d) V;=-7 V; electron concentration profiles at (¢) V=0V and (f) V=-7 V.
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Fig. 3).

Fig. 72 HEMT B2 Al°|E A3} 0V (Fig. 7(a)-(c)), ZI°|E A
&+ -3 V (Fig. 7(d)-(f), A1 E At 3 V (Fig. 7(d)-(f)) 7 NA
Alo|E 999 oA] WhE, AAls= 3E, Zlo]of| & HAsEE
717} eIt o] o] =9l 9k 10 Voltk. Fig. 7(a), (b), (¢)&
V7F 7Fll A A 248 wl, AlGaN A3 Z-0] 3 nm EA] 3l AlGaN/
GaN Al'Hell GaN 71 t) ol %] M=2] & #A O 2 2.8x10° em™2]
FERE AR} 52 o] A9 2DEG Y-S HojF=th HEMT BS]
2DEG A2 WA} F L7} HEMT A thi] W2 o] f-=, kA oy
A W P2 Aol AlGaN FHE9] AR U] A
| 7o) AAaste] 45 Ak Fet RAagly] whiko]oh
Fig. 7(d)-(H= HEMT Bell -3 Vo] v 7} 71l 8-S o, 17178l 2
3 2DEG A o] AF ¥ o] AlGaN/GaN 7Al'd A=} %27} 12x10718
em30 2 THAE S HojFth o] & 53 HEMT BE -3 Ve Vol
2] 2DEG o] wheh= -8 S(pinch-off) & 5= SITh. Fig. 7(g),
(h), ()= HEMT Bell +3 V&l V. 7} 718l 51 & w), #17]7of 23|
2DEG Ado] 35| o] (enhanced) AlIGaN/GaN A A} 5 %7}
2.3x10"7 em? 0.2 TR & < Qlrh o]l whet =9l ARFIE
0.352 A= S718hE E1sh 4= SIth(Fig. 2(b)).
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J

e 4 ATh(Fig. 2(a),

Fig. 8 Vpg=10 V 3}l HEMT C2] Al°|E 3 0 V (Fig.
8(a)-(c)), AlI°1E A<t 4 V (Fig. 8(d)-(f)) AN Alo]E 49
o] W=, MAbsE 3, Zlolo i AAs =g 77 Hojd
t}. Fig. 8(a)-(c)= HEMT C°ll V 7} 718li#]#] 948 ull, HfO,/GaN
Aol GaN 7HAT) oU ] wl=2] 3 FAto] YehgA] okar, ok
3.1x10"% emPe) AR} FEE 71 =9 AFTF 5 EA = AL
& = T} Fig. 8(d)-(H= HEMT Cofl +4 Ve V 7} 718l 512 ),
7717l 2J3ll HfO,/GaN Al el Azt &2 = o] A} Al do] &
23185 vrERdTt. o] W] FAAks = 1.7x10" em?ot}, 218
B2, Fig. 2(c) ¥ Fig. 30418} Zo] Alo|E A2 Bl HfO, Al°]
E ARHhS: Zh= HEMT Ci= \=E] Q2 R a7} 2588

4.8 E

HfO, Alo| E At3}ekS: ZH= AlGaN/GaN HEMTS] Ao E & A
2 A - A 5/do] BAFE L 71E2] AlGaNTS KA
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Zo] 2H3] AAE HEMT C AAte] gistod, J-29 54, g
AYEX B4, olux] MEAY, 2DEG A'd 2] At w2, Alo|E o
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o] A} FE So] £4] HQlth. HEMT AE AlGaN/GaN 7]l
P E 2DEG A def 23] dEFQ vy & F5S Bk
AlGaN A Z0] 3 nm Fol3li= HEMT B 24 A9 W) HEMT
A ] S AR FEE TP e dYE AUEA gS 7Y,
7] 2 758 2otk =3 A FAY AAE 5Y 7F dy
Z71 87l HEMT A thH] w2 AF3ke B3l AlolE d=
B AlGaN FHZo0] B5F A 71¥ HEMT C= A2e) AEo A
o] E zigto] 917}H A k= Sh oM AR E 2] P e
I FEE B, AI0)E M5 ol HIO, 9] EleE A
F& LA 7 Aol AAE HIO, Aol E Abstehg
HEMT C 7%= 2DEG A2 AAR wda 2 50| 71538}
], Fe] AlR|E A A7F Al AT g2 EEl AR UER
v AYEiat g wdo] 9% EWAAE R AATA FEE o
=
z Al

A3he AR S B EA)] Aoz ST A ek
S o} 3E 79 (No. 2021R1F1A1056647).
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