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Fig. 1. Challenges in (a) vertical GaN SBD, (b) vertical GaN PiN diode, and (c) vertical GaN trench MOSFET.
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Fig. 2. Schematic cross section of vertical GaN-on-GaN
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Fig. 3. (a) Forward I-V characteristics of the vertical GaN SBD; (b) measured and calculated forward I-V characteristics; (c) pos-

sible carrier transport mechanisms at/near the Schottky interface. Reproduced with permission from Ref. [17].
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Fig. 4. (a) Reverse I-V characteristics of the unterminated-SBD and terminated-SBD; simulated electric field distribution in (b) un-
terminated-SBD and (c) terminated-SBD at —600 V. Reproduced with permission from Ref. [17].

R T AR5 H I . Ik, AR B
TIFRE ] THE A GaN TR e F il R4 sk
¥, WKl 4(a) FoR, @t ZEe s A SGEA
J 1B KT 1 AT 1 28 i 45 4], ) i 1 A
GaN SBD i gE L i ~260 V $#2F+ 2 ~800 V7.
TS TR LR A L A, TR T VA R
B A R Y [ LT Y, G R A T T AR
GaN it (427 B (B s o 4 v A5 21y FH 22, JEF it
FEPE, I 3R - ATE B [ € 7 R, P AR
22t GaN SBD %512k # 3 B4 (I 4(b), (c))17.
Hitk, Z R E FEABCS A SEA G iE
BRI E AR E A GaN SBD 424 T —Fh
UNELSTHES IApE S

2.1.2 #AA GaN B FL_ME

48 SBD 7E I ] 38 F1 5 ) BHL T4 22 ) A7
TEAHE R FR, 3%t T HIF A v A BE i
H1¥52Z SBH (52 m 751 anf&l 5(a), (c) Bz,
(% SBH (q¢s ) AT REARBEWIR L . ST, (2
() sk 2 S SO v 1) T i v T NG v )3 S AR, A
T RMAESE SBD IE R mPEREAH BRI AR, A
AR AT B AU TR R 45 B s ALl 78
48 /GaN ¥ R iR A —)J2~5 nm 1 AlGaN
TEL J& (18 6(b)), nI [ i ode 28 1 ) S 38 H1 2 ] BHL
WrRtRAS T 20 T iz L 22

Kl 5 A7t TEL Z5#4 #9258 GaN SBD 7£
T8 AN IO ST B9 BB D6 EE 231, TRl 25 1 7
F R s HLE: POl &5 (thermionic
emission, TE), f£%F (tunneling) F1#U7 & 5 (ther-
mal field emission, TFE). SHEIRE T, S =
AR AlGaN/GaN Fit 1 H A5 23 R 38 114 41 70

A5 AlGaN JZ2 A ] T 412 5 L 7Bk 28 AR 58 AR 2 H Ui
(I8 5(b)), AIAREAR AT G . BHWRIRES T,
AlGaN M#F GaN AR5 5 =11 SBH (1 5(d)),
AT REE AV FEL O 1 .

(a) w/o TEL

qoB
P

Forward bias

Reverse bias

Metal
@ TE, @ Tunneling, @ TFE

ads > qoB

& 5 (a) Jo TEL il (b) 44 TEL AYFEEL A GaN SBD 7 IE 7]
538 I Y BEHF R B B X EE; (c) 6 TEL Ml (d) & TEL B9 3
H & GaN SBD 7E J [n] BH Wt B ) B 7 7% B 1106 LL 5 3243110
B TS HUR L TE I iR . A SOk (23], B 3RRRA
Fig. 5. Schematic energy band diagrams of the SBD (a) with-
out TEL and (b) with TEL at a forward bias; schematic en-
ergy band diagrams of the SBD (c) without TEL and (d) with
TEL at a reverse bias; the dominant current transport
mechanisms are also shown. Reproduced with permission
from Ref. [23].
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Fig. 6. Comparison of the vertical GaN SBD with TEL and the vertical GaN SBD without TEL: (a) Forward I-V characteristics and

(b) reverse I-V characteristics; (¢) benchmark plot for reported unipolar vertical GaN diodes. Reproduced with permission from Ref. [23].

TAE5E SBD 1E [ I it 5 52 1) BEL s R, 22 1] A
HHIZESER (F 6(c)), KB HFIEFRES

2L e [24-30]

2.2 WRBIEEHLZEM GaN PiN ZHRE

T E A GaN PiN A RYSEARZE N IE 7 ir
7R, HAMESSFEFEIGER) pt-GaN #l2, 500 nm
JEIK) p-GaN JZ2H1 15 pm B n-GaN 2, i@
i O VI HR IO SRS 2 A B 22 Mk 4R
6x10'° cm™3.

Passivation

/

Termi.

pt-GaN
contact
Isolation

p-GaN, 500 nm

Pd/Au

Termi.

N-implant

n-GaN, 15 pm

Ti/Al/Ti/Au

7 I HH GaN-on-GaN PiN —# & 45 7R 2 1K
Fig. 7. Schematic cross section of vertical GaN-on-GaN PiN
diode.

T A GaN PiN AR W& T2 F 24
e ERR B L v 2 A T A | 2 T IR A B L A
Jo 2B A S T T R O B e 2 kS
FUHEAX D ST X E5ih Gk T 2 e
ABETIEA, LW p-GaN I3 20tk 5 e
IR BN A fR A A LS. 7E GaN Rl
FUPd/Au & J8)ZIFB K, DIARASHIG e BHAY 25 1 R
Izl B S 0 B2 AL L T T BRI T S
A GaN SBD #[A].

K 8(a) /R THEEA! GaN PiN i Y Sl
Ferk. 5 E A GaN SBD AfH, # EH A GaN PiN
TR AE I B T 1] RS T BRI Rox
(0.81 mQ-cm*@2 kA /ecm?0.46 mQ-cm?@6 kA /cm?),
HAARE TR Roxsp FHS(E (2.2 mQ-cm?),
FWH GaN PiN WS 7E RS P A A R B
PAIRLN 5132,

wiE 8(b) Fizw, Hid 2R A B FHEARRT
K umsEAe, ALK A GaN PiIN AT 5
HEH~1100 V 2T+ ZE~1800 V, It 2 Z i e
it B U A Y TR e 2 B B 8 R
p-GaN H T, AT REAR I DX Bl 22 7k
B3 X — 2 PR R AE GaN PiN A5 4
NG WT —Fh 2Rl F 45 L um P B (junction
termination extension, JTE) [ IIRELSHY, AU L%
fift TR, SRR T AR RRE . 1 8(c)
R A B FHEA LRI HA GaN PiN A A
O A U B 1 2540 GaN AR A8 10 G B g
?E‘T/]? [34-42] .

Syt —H IR H A GaN PIN A& R g H
SRR, WS TR GaN SBD Y 1E [0] 5
W SRR T HE A (491, 0 IEl 9(a) Fis, 3 A
GaN SBD [ 33l KR (Vo) B8 SR (toy) 18
Jm b, 3 SR T PO A R T | S L
SHinE, SEGEBR TR M2 T, #EEHA GaN
PiN ZHAE 1 Vo RIHAE R BES A1k, 7]
K500 3 AN (B 9(b)): FEXI T (~103—10" ),
23 QEAG | R B SRR 5 37, Vo Bl tox 34
TTREAR, B IR0 i AN 8 FEXIR T (~10 ' —
10 s), MR (<30 mA) 4 T B S G & 3=
F, Von FFEETFE, MAER AL (=40 mA) T HHA

080703-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 75, No. 8 (2026) 080703

o 6 10? . 102
7 a0t (c)
g E 5 —~ & Sandia '22
S 5 C ]
: L

g4l j10 ¢ T107 § 1
z ~ = ] OSU 21 This work
'z 7 2 10-5 = N a 0sU 23
= z g 10 S g0 Nasovalo~ ‘n
& S @ S
T j100 & T Z Virginia Tech 23 73 “m OSTU 3
% < § 107 ~ Chiao tung '19
3 A E —— Unterminated PiN diode 101} Virginia Tech 21 &M g M0 18
5 0 { . P © 10-9 ) .Termina.ted PiN (‘:Iiode Polish Acfademy 22

2 4 6 8 0 400 800 1200 1600 2000 102 103 10*

Forward voltage/V Reverse voltage/V Breakdown voltage/V

Kl 8  aH A GaN PiN G 1 (a) IE 10 I-VHFEFIRS Rox g, FEPES (b) K1) I-VERE; (c) T 403E A UK BY 3 B 251 GaN —

P PEREXT L. 1 ST [31], ELARFFBAY

Fig. 8. (a) Measured I-V characteristics and corresponding differential Roy g, (b) reverse I-V characteristics of the vertical GaN

PiN diode; (c¢) benchmark plot for reported bipolar vertical GaN diode. Reproduced with permission from Ref. [31].
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Fig. 9. Time-resolved forward voltage shift of the vertical GaN (a) SBD and (b) PiN diode at various applied ON-state current in

semi-log scale, inset represents voltage shift in linear scale; (c) time-resolved forward voltage shift of the vertical GaN PiN diode at

50 mA at elevated temperature in semi-log scale, inset represents voltage shift in linear scale. Reproduced with permission from

Ref. [43].
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Fig. 10. Energy-band diagrams illustrating two possible photon-enhanced conduction mechanisms (reabsorption of the radiative re-

combination by the initially neutral or ionized traps in p-GaN) in GaN PiN diode. Reproduced with permission from Ref. [45].
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Fig. 11. (a) Quasi-static I-V characteristics with differential Rqy ,; (b) reverse I-V characteristics of the fresh and irradiated GaN

PiN diode. Reproduced with permission from Ref. [12].
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Fig. 12. Schematic structure of (a) vertical GaN JBS diode, (b) vertical GaN MPS diode, (c) vertical GaN TMBS diode, and

(d) vertical GaN SJ diode.
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Fig. 13. Reverse recovery measurements: (a) Double-pulse test circuit; (b) waveform schematic; (c) comparison of reverse recovery

characteristics among the four types of devices. Reproduced with permission from Ref. [54].

Driver GaN |
._I > a. 1
Ve \L_' Trangistor

CZ vGs Il

L

B 14 ZhAs s B

Clamping circuit

(b)

vaGs

LAJLL L

UClamp VDUT

i

|
:

ipuUT

1 ps

(a) MK EE; (b) BOERE. 3K [54], T ARRAL

Fig. 14. Dynamic Roy measurements: (a) Test circuit; (b) waveform schematic. Reproduced with permission from Ref. [54].
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Fig. 15. Time-resolved dynamic Rgy/static Roy of (a) lateral GaN device and (b) vertical GaN SBD; (c) extracted dynamic
Ron/static Roy of the two types of GaN devices at 200 ns and 500 ns. Reproduced with permission from Ref. [55].
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Fig. 16. Time-resolved normalized dynamic Rgy/static Roy of the vertical GaN PiN diode after switching from Vgpp of (a) 100 V
and 200 V, (b) 300 V and 400 V to varying Ioy of 14 A; (c) dynamic Rqy/static Roy extracted at 500 ns and 3000 ns. Repro-

duced with permission from Ref. [43].
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TRAE IR L TR R L SRR
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TRIF F R S IR RN, B SR IR RE ). SR TR
TSI A Zh S -V ERpEh 2 b (181 18(¢)),
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SEER S AE S Bk, ALY GaN PiN
T S SIAS -V OREE 2 0 B0 35 A T
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17 () IR AR SR, (b) 1 LC R ™ A B9 B YR H R Dk st B . th A SO [57], 2 3RA544L

Fig. 17. (a) Characterization platform for surge current ruggedness evaluation; (b) test waveform of a single surge current pulse

generated by LC oscillation. Reproduced with permission from Ref. [57].
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T A -V R (d) S )R 970 ) 5 04 (R 3 F 3 Y GaN PiN T B M0 L R I AE; (e) ANV I E) R, 38 B2 GaN PiN

THRE I Ro, o BETRIF AL AL AL, ) FSCHR [57), TARASAL

Fig. 18. Surge current/voltage waveforms of (a) vertical GaN SBD and (b) vertical GaN PiN diode with varied I e.; (c) correspond-
ing I-V characteristics of both devices; (d) maximum surge voltage of the PiN diode under different ty,,. and I, (e) differential

Roy, sp of the vertical GaN PiN diode as a function of surge current under different f,,,.. Reproduced with permission from Ref. [57].
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Table 1.  Benchmark of surge current capability of
vertical GaN diodes and SiC diodes.

%ﬁ'ﬁ:%ﬂ tsurge/ms Esurgc/(‘]'cm 2)
QV GaN JBSI® 0.1—10 316 (10 ms)
FV GaN PiN Diode! 0.005 —
FV GaN PiN Diodel! 10 180
SiC JBSY (SCS205KG)66 10 130
SiC MPSY (C4D05120A )5 10 221
FV GaN PiN Diode w/o
diamond!6? 10 323
FV GaN PiN Diode w/
diamond[6?] 10 390

H: QV, #ETEH (quasi vertical); FV, 5643 H (fully vertical).

(c) Anode 700

R AU J—
g =]
= 70 %
> Hot spot Hot spot 365 =
‘é 140 n—-GaN

Bondig wire "é 210 nt-GaN sub.
5
$ 280
N

25
0 100 200 300 400

X-coordinate/pm

K119 (a) tyyge N 10 ms I, T E AL GaN PIN AR 7EA [A) 00 it 3 T VR A FL 3 /P TR 5 (b) VR I HBL VA0 I 3/ 2 3k i e 1 2
GaN PiN 1) SEM EUE; (c) B A GaN PIN M A 78 YR I B Sl v 2 85 25 i SRLBE 43 0 L . 10 A Sk (57, B ARAF 454
Fig. 19. (a) Surge current/voltage waveforms of the vertical GaN PiN diode under different I, with a tg,.e of 10 ms; (b) SEM im-

age of the vertical GaN PiN diode after surge-induced failure; (¢) corresponding simulated temperature distribution at the failure in-

stant during the surge current test. Reproduced with permission from Ref. [57].
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3 FEHA GaN W MOSFET

TEHL oL 7R IR, SR S R i A R A
AL IR L i, JT & T Z2 b A GaN T3 5,
A T S2 08 SGae I, an: My FLAR 2 B A
ﬁi & (current aperture vertical electron transi-
stors, CAVETs) (I&] 20(a)), & 1 37 % b i AR 45
(fin field-effect transistors, FinFETSs) (& 20(b)),
25 B3 3800 RS (junction field-effect transis-
tors, JFETs) (&l 20(c)), T ELAVAAE M MOSFET
(& 20(d))s.72- 78],

ARYTRETIRE R GaN I MOSFET
HIRTERAL, A28 THT AN ZUL AR (nitri-
dation interfacial-layer, NIL) AL H AR A%
5405 100 WO R 22 ot R R L B T R GaN VA 1 Al
MOSFET Hili EEAARS DTS 1064,

1938 L BHAESS MOSFET 38 H B A% F2 2240
G 73, IR/ IN L S Wi a5 14 14 368 1P g 109001,
I, 4 T 2 ) TE AT B8 48 Sy B AR T H BH Y
k. 7F GaN MOSFET H, il i f8 R £ 2 %

(a) (b)

Insulator

nt-GaN -Insulator

EEM%NEJ J L

n-GaN n-GaN

(c) (d)

B A TR A B TS 55 A 1 (6708, PR R W
TEMHAZ S GaN 13H Z A4 A AIN NIL 7] 4 5%
M3t MOS Ftifii i, HiZ oy ik B 6 F il GaN
MOSFET H i ik 52 0] i 25 5 155 V4 18 1 7% 558 (0971
BT FARHLE], AT BT 5t HA AIN NIL
H TR R A GaN WHEHF MOSFET.

T EH A GaN WM MOSFET Y #1445 44

FET WA 21090, HANE S5 F) 6 15 H Y
ntt-GaN $% fifl 2 , 280 nm J& i) n*-GaN, 550 nm

JERY p-GaN JZ1 13 pm JEHBZURE R 6x 1015 cm ™3
) n-GaN, FMEA KT 320 pm AR nt-GaN
IR L. MR R 1 pm, FERRDTRL 5 nm () AIN
A1 80 nm FY SiN, /E Ao i (191,

e HA GaN WM MOSFET ) 3% T. 223
PR 1) T8 20 b A B TR A S B RO B
2) IEFEMEZI 1 nt-GaN, 288 1 H T 7 #EH Y p-
GaN; 3) 7£ 850 °C 17 30 min iRk, S p-GaN
PTG 4) SR AR 3 Cly/ Ar 200 A% & 55
BRI N B F Z) ik (inductively coupled plasma
reactive ion etching, ICP-RIE) K, DLl %1%

M1 pm BRI ; 5) A Y Eﬁ%ﬁ%ﬂt’éﬁ

ot-GaN Insulator
o GaN & 'm
n-GaN n-GaN

D D D D

20 (a) TH M GaN CAVET; (b) FE A GaN FinFET; (c) FE A GaN JFET 5 (d) T EH % GaN W Hl MOSFET My 45 7R 2 K
Fig. 20. Schematic structure of (a) vertical GaN CAVET, (b) vertical GaN FinFET, (c) vertical GaN JFET and (d) vertical GaN

trench MOSFET.

(a) Gate dielectric: SiN, (AIN interfacial layer)

—Sn+_\ ~ S’—/

a
G

n—-GaN NIT

Substrate T
e Py EARAE s |

(b)

Nitrogen implanted termination (NIT)
Selective etching of nt-GaN

Buried p-GaN reactivation

Gate trench etching

Surface treatment

AIN NIL & SiN, depo.

PDA at 850 C 10 min in Ny

Electrode formation
(Body — Gate/source — drain)

K 21 HEA AIN NIL (936 15 GaN A8 HE MOSFET 1Y (a) #5 PE45H 5 (b) il & T 2 WA, W H STk [15), B 3R18 8241
Fig. 21. (a) Perspective-view schematic cross sections and (b) key fabrication process steps of vertical GaN MOSFET with AIN NIL.

Reproduced with permission from Ref. [15].
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(TMAH) X A 5 JE A7 1 ek ab B, 48 53 2 il 45
Pi; 6) FIHIEAL Ar /Ny 775 25 52 R b B A S
i, B i REAAAE R AR ALY I EliL Ga Bchit.
B I 38 e 2 B R R T R TUR R SE (plasma
enhanced atomic layer deposition, PEALD) KX
UUA 5 nm AIN Fii )21 80 nm SiN, AE A5
7) S OIS TE 850 C Ny Ul F 47 10 min 1B
‘K (post-deposition annealing, PDA); 8) JTRUAH
e A/ D AR AN PR

SARPACH 2 i &5 ¥ AH b, DeAR S 18 3 2
GaN I #if MOSFET B H i Bk 1 44 i 78 79
TR, ST e B T LA A B I BE T A
JEE TMAH 8 & 5 3043 1 718 19 2] o ) B
AR T8I A AT AR AR B A AR IR kS
1.2, AIN NIL iy BT 75 24 8004k, 45 SiN,/
AIN-NIL/GaN i 4 22 52 0t 5 25 ok i 19 5 1o
(& 22)051,

p-GaN
Before PDA

After PDA

B 22 SiN,/AIN NIL/GaN FH G H# H SEM (%) 5 TEM
(F) BEMR K I 4E Ga, Al SiJGZE 4046, HH Sk [15], B.3K
FHRAL

Fig. 22. Cross-sectional SEM micrograph (left) and TEM
(right) micrograph of the SiN,/AIN NIL/GaN interface, and
distributions of Ga, Al, and Si at the interface. Reproduced
with permission from Ref. [15].
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JUT TG APk K, B 235 TR R4 3 4 R 11 B e
BRIRE 24l A E 5 A R SRR SR 2 B T I 1)
B I TF [ R 2, ] AR v 2 1) T - R A1 1E
I FEF, ZEMEAL 48 SBD i 5 1F i) 1 AR L 11 24
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T A A 3 E R S [ R S R ) R S 9
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4

(b) 300
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& w 200
| —
|
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< g
35 S
) < 100
g
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12

(a) Fe R HRIE (Z2) S detE (F7); (b) & 54 AIN NIL &89 2 22

Fig. 23. (a) Transfer (left) and output (right) characteristics of vertical GaN trench MOSFET; (b) inversion g, of vertical GaN
MOSFETs with and without AIN NIL. Reproduced with permission from Ref. [15].
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Table 2.

Comparison of the key device parameters of the state-of-the-art vertical GaN FETs!').

Channel mobility

S Roy/(mQ-cm?) — BV/kV  Vpy/V Jem?V s ) Iox/Iorr @ ~1200 V. w/regrowth
JAEMIMOSFET!™ 9.3 0.2 3.7 131 — No
CAVET/™ 2.2 1.5 0.5 — 107 Yes
VAEMIMOSFET™ 2.7 1.6 2 — 108 No
WIEHCAVET(™ 1.0 1.7 2.5 1690 10° Yes
FinFET!™ 0.2 1.2 0.5 — 10 Yes
HHEHIMOSFET!™ 2.2 1.4 4.7 185 10° Yes
JFETI™ 0.8 1.4 1.3 — 108 Yes
HEHIMOSFET! 2.0 1.4 4.1 205 108 No

TR DTN 4G S 200 T8 /T MEREI R 1t
Hh, M H M GaN PiN A I8 HA Jo8h A i fHER
b5 = IRIR e 1 AR S s AR, BT AIN Zfk
182 R A0 U 2 ol AR ) T S S
FETARLARE IS, SN R B o o ot o PR 3
I GaN A MOSFET, J7efkimii g s
I M RBARRE PL . DR S i sl e, AR S
38 B T E GaN DR T2 m R L =
R B Rk T4 AT ) R G R
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SPECIAL TOPIC — Semiconductor physics and devices

Vertical GaN power electronic devices: Structure,
fabrication, and key mechanisms”

WANG Juntai  HAN Zaitian DU Jiahong XIE Xuan  YANG Shuf

(School of Microelectronics, University of Science and Technology of China, Hefei 230026, China)

( Received 30 November 2025; revised manuscript received 15 January 2026 )

Abstract

Compared with its lateral counterpart, vertical GaN-on-GaN device can extend the voltage/power ratings
and yield superior dynamic performance, showing potential for high-frequency and high-efficiency power
electronics applications. This work presents the recent advances in structure design, fabrication and key
mechanisms of vertical GaN diodes and transistors, primarily including the follows. 1) By utilizing the
tunneling-enhancement layer with polarization effects in GaN, the trade-off between forward conduction and
reverse blocking capability in unipolar GaN diode can be optimized. 2) With photon recycling/re-absorption in
the direct-bandgap GaN, the desirable conductivity modulation at on-state and zero reverse recovery during
turn-off transient can be simultaneously achieved in bipolar GaN PiN diode. 3) Vertical GaN diodes exhibit
current-collapse-free performance and superior surge current ruggedness. Moreover, ultrafast junction
temperature mapping has been developed to identify the failure mechanism during surge current transients.
4) By virtue of an AIN interfacial-layer to suppress the interface traps and carrier scattering, vertical GaN
trench MOSFET featuring a high inversion channel mobility and high Baliga’s figure-of-merit has been

achieved.
Keywords: GaN-on-GaN, interface engineering, power electronic devices, dynamic characteristics
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