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Fig. 1. (a) CL image of the homoepitaxial GaN wafer;
(b) schematic cross-section diagram of the fabricated
Ni/Au/n-GaN Schottky diode; (c) top view image of

the devices.

8

1/C2/10% F-2

Nq=4x10%cm—3

1.18 V

Voltage/V

2 Ni/Au/n-GaN ZHREM =N 1/C2-V B E
Fig. 2. High frequency 1/C2-V data plot of Ni/Au/n-
GaN diodes.

it EB AR E LI N4 x 1010 em ™3, BT H AR

AT ) PN R AR B R R A 22 B 20
1.18 VF11.34 eV.
3 #XR 51tk

Kl 3 (a) AT 78 9 GaN B 4 2 — & 19 48 |

LI - B JE (T-1-V7) o 1 il 2, 4k 3 2 3 B Ry
300—400 K. "] LA 2, 78 1E [l 5T, 2% £
ARER R I HLIR SR R G K, SRS BT AR L BE
JS7 1 SR T ) R . G, R AR
T-1-V KA H LN &5 A 2 E i B

S (S UYL B
wamp(3$>, (1b)

o T Jy S a) MR LR, TT R 2R T O R AN E &
V = O W R AR 3RS, o W 2 EE; kA
PR 2E2 WAL R NARBCH M, n W ELAEER 7, 7]
B I-V i 2 R 3RS T MR, ¢ AT
M. 2 T 322 il #A L 7 K 4 (thermionic emis-
sion, TE) By 5 F F HEFHAMFERZE S
AR LN, niE T 1. B3R R KT
IR T, BE 2 Btk i E E R, To FlnfE
%Aﬁmm.@u)%TﬁnﬁhﬁT%m%%
&, ATLLE ], B T M 300 K FFm %400 K, n H
L.78 BT FRER]1.37, 1M Io FH 1 x 1071 A IR #Hi 4%
In#8.24 x 10710 A. T I, MEEZ KT HISH
1 x 10715 A, [R]85 J2 31 23 U 34 22 5 FE UK (2
2.12 eV), BT A Io (iR FEHURF I AN BE A & 8 TE

177202-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 17 (2018) 177202

WL B A A HLHIARRE. R4k, BESR o RIN T
F10 5 R R, AR R R AL AN IE .

Current/A

i e . .
107" 8 6 —4 —2 o0 1 2 3

Voltage/V
2.0 10-9
(b) /'
< L8} .
= e
g e
& 1.6 11010 i
= T <
=14} o '\-\
] ]
=
1.2
-
® 410-11
1.0 1 1 1 1 1 1
300 320 340 360 380 400
Temperature/K

B3 (a) Nij/Au/n-GaN 145 5 —He4s BB 4536 1V
FAPERIZE; (b) n Al Io X T HIMKHIOR 2
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Fig. 4. Arrhenius plots of (a) the net density of the donor-like impurities and (b) the satu-
ration current in Ni/Au/n-GaN Schottky diodes.

177202-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 17 (2018) 177202

KNP ANEREEF IR, o NA B TR 2,
E N K. 515 (3) 1%
n <1> o W 1 @
E2 3qh E
(4) R, HFNREF BRGS0, L
In(1/E2)-1/ E %04 B0 12 2% P Ak 6 2 02, FLAY
RATWIS KA. B 5 () B o se i s 13 2
M In(I/E?)-1/E ¥4, 885 (4) KmEAxe—
B, R e 1)t Y HE R N E O FN B . 5
Hashizume % 7 % — 80, S~ 11351 — AN AR
PGSR, il A L AU A 1R ECE R T
HAFFEK LN 4 nm, W5 (b) s, @G
B, ARG A AR B 2L 0.8 eV, i1d
TR RR B R 1.1 eV, IXT] fE &G 1E
FEAL Ry L7 AR T 2 3. 2R 2, IX L
H Frenkel-Poole /& S i FE H AN B2 KN HL I #F R
(IR P SR B L B AR 25 SRR 5 .

—50
(a) " 300 K
—52 °® 320K
_54 A 340 K
v 360 K
8 —56 [ < 330K
~ > 400 K
= 58 [
E
—60 [
—62 [ .
764 1 1 1 1 1
2 3 4 5 6 7
1/E/10=9 m-V—1
8
(b) m 300 K
7 e 320K
A 340K
TE v 360 K
g 6
5 Hddqqeaq € 380K
% > 400 K
—
=5F Mx
= YVIVVVY

14 16 18 20 22 24
Depletion depth/nm

5 (a) ANAEE T In(1/E?)-1/E $#K; (b) HiE
AREE A 820 A
Fig. 5. (a) The experimental In(I/E2)-1/E plot at dif-
ferent temperatures; (b) the distribution of donor-like
impurity concentration as a function of the depletion
depth.

N AN AL GaN 4} i B2 (7% RE R
it R, AR, FATIAN O B AN HU O BRI

o 51RO M I L B R B R, BB D 1) M
BHA KRR, O JE Wi 17 {1010} 2 i iE ik
N S AL AT HIOIF A2 O F o AR R, T B 6
(1 ON-Vaa EEY, FMALES 1 B 2R 19 2) 28
— Ve JE B R A B O A O 32 3 IO RE
237950 meV 14191 4R H2 17 A% SC A B (1) S {H
47.5 meV.

BEZ AR THE ML SRR, GaTALLE
GaN M RN B A BARKIE e, WA iR REH =
TR EHAAAE T AL O AL B ASHEHEN, X L8
AR 2 TR AR BE S E H BT, 4
THZAE B 55, (RIS AR it £ A5 1 s 3%, T
J A P 6 BT 1 e s 4k e 018 R A
= E G A D00 o MR F AL 12 AT TR, T 4
) v AR P R Rt 3 RS TR 1 22 1 BE R
ARG R X, Y IERE, AT DR A R i i
VikE A IE. AZ AL H AR G S g A R —
F RO, R IR F A 2 R A AE A 1 B 2 X
s AR FAT IR AR TR B BRI T S A it
U HEL 0 T S W, RO TR 5 K RES
IR SRS SR i 2 = U Ry O = = T B O
SREEAASYIEAGAL, JRATT AR H A H 2 B ) B
BEINEE, X0 T 0T A GaN JE & 4 1 1t s
T IE AL DS S AT SR I S R R R A B

Core of dislocation

Bulk-GaN  pogitive Positive

Acceptor-like traps
Donor-like traps Donor-like traps

K6 GaN al AL Befr i = K
Fig. 6. Schematic bandgap diagram around the elec-

trical dislocation site in GaN.

4 #

IR S HT GaN 45 2 AR kR LR
FsHUIIR T — A AR A R AR, O
0 BN DR TR REZ R A, X R
FEAEAT TTHR; AL ) R A i A R RE Rt 2 25 I

177202-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 17 (2018) 177202

SRR A RS 7 TS, v AN ST R
o8, DL, A28 O A SR it 3 25 (B0 I3/
L BB N G BE 25 7 ) Fe A R0/ it S A it s
LR I RO VR — P

S

(1]

2]

Cao X A, Stokes E B, Sandvik P M, LeBoeuf S F,
Kretchmer J, Walker D 2002 IEEE Electron. Dev. Lett.
23 535

Hsu J W P, Manfra M J, Molnar R J, Heying B, Speck
J S 2002 Appl. Phys. Lett. 81 79

Miller E J, Yu E T, Waltereit P, Speck J S 2004 Appl.
Phys. Lett. 84 535

Miller E J, Schaadt D M, Yu E T, Poblenz C, Elsass C,
Speck J S 2002 J. Appl. Phys. 91 9821

Zhang H, Miller E J, Yu E T 2006 Appl. Phys. Lett. 99
023703

Lei Y, Lu H, Cao D S, Chen D J, Zhang R, Zheng Y D
2013 Solid State Electron. 82 63

Hashizume T, Kotani J, Hasegawa H 2004 Appl. Phys.
Lett. 84 4884

Ren B, Liao M, Sumiya M, Wang L, Koide Y, Sang L
2017 Appl. Phys. Express 10 051001

Sze S M, Ng K K 1981 Physics of Semiconductor Devices
pl63 (New York: Wiley)

(10]
[11]

[12]

[13]

[14]

177202-5

Look D C, Stutz C E, Molnar R J, Saarinen K, Liliental-
Weber Z 2001 Solid State Commun. 117 571

Ren J, Yan D W, Yang G F, Wang F X, Xiao S Q, Gu
X F 2015 J. Appl. Phys. 117 154503

Ren J, Mou W J, Zhao L N, Yan D W, Yu Z G, Yang G
F, Xiao S Q, Gu X F 2017 IEEE Trans. Electron Devices
64 407

Hawkridge M E, Cherns D 2005 Appl. Phys. Lett. 87
221903

Roy T, Zhang E X, Puzyrev Y S, Shen X, Fleetwood
D M, Schrimpf R D, Koblmueller G, Chu R, Poblenz
C, Fichtenbaum N, Suh C S, Mishra U K, Speck J S,
Pantelides S T 2011 Appl. Phys. Lett. 99 203501

Jiang R, Shen X, Chen J, Duan G X, Zhang E X, Fleet-
wood D M, Schrimpf R D, Kaun S W, Kyle E C H, Speck
J S, Pantelides S T 2016 Appl. Phys. Lett. 109 023511
Elsner J, Jones R, Heggie M I, Sitch P K, Haugk M,
Frauenheim T, Oberg S, Briddon P R 1998 Phys. Rev.
B 58 12571

Oila J, Kivioja J, Ranki V, Saarinen K, Look D C, Mol-
nar R J, Park S S, Lee S K, Han J Y 2003 Appl. Phys.
Lett. 82 3433

Lei H, Leipner H S, Schreiber J, Weyher J L, Wosiniski
T, Grzegory I 2002 J. Appl. Phys. 92 6666

Cherns D, Jiao C G 2001 Phys. Rev. Lett. 87 205504
Cao X A, Teetsov J A, Shahedipour-Sandvik F, Arthur
S D 2004 J. Cryst. Growth 264 172

Han S W, Yang S, Sheng K 2018 IEEE Electron. Deuv.
Lett. 39 572


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1109/LED.2002.802601
http://dx.doi.org/10.1109/LED.2002.802601
http://dx.doi.org/10.1063/1.1490147
http://dx.doi.org/10.1063/1.1644029
http://dx.doi.org/10.1063/1.1644029
http://dx.doi.org/10.1063/1.1478793
http://dx.doi.org/10.1016/j.sse.2013.01.007
http://dx.doi.org/10.1063/1.1762980
http://dx.doi.org/10.1063/1.1762980
http://dx.doi.org/10.7567/APEX.10.051001
http://dx.doi.org/10.1016/S0038-1098(01)00010-2
http://dx.doi.org/10.1063/1.4917566
http://dx.doi.org/10.1109/TED.2016.2636135
http://dx.doi.org/10.1109/TED.2016.2636135
http://dx.doi.org/10.1063/1.2136224
http://dx.doi.org/10.1063/1.2136224
http://dx.doi.org/10.1063/1.3662041
http://dx.doi.org/10.1063/1.4958706
http://dx.doi.org/10.1103/PhysRevB.58.12571
http://dx.doi.org/10.1103/PhysRevB.58.12571
http://dx.doi.org/10.1063/1.1569414
http://dx.doi.org/10.1063/1.1569414
http://dx.doi.org/10.1063/1.1518793
http://dx.doi.org/10.1103/PhysRevLett.87.205504
http://dx.doi.org/10.1016/j.jcrysgro.2004.01.031
http://dx.doi.org/10.1109/LED.2018.2808684
http://dx.doi.org/10.1109/LED.2018.2808684

) I8 % 4 Acta Phys. Sin. Vol. 67, No. 17 (2018) 177202

Physical model of conductive dislocations in
GalN Schottky diodes”

Wang Xiang" Chen Lei-Lei” Cao Yan-Rong? Yang Qun-Si’ Zhu Pei-Min"
Yang Guo-Feng! Wang Fu-Xue Yan Da-Wei!  Gu Xiao-Fengh?

1) (Engineering Research Center of Internet of Things Technology Applications (Ministry of Education), Department of
Electronic Engineering, Jiangnan University, Wuxi 214122, China)
2) (State Key Discipline Laboratory of Wide Band-gap Semiconductor Techonology, Xidian University, Xi’an 710071, China)

( Received 21 April 2018; revised manuscript received 2 July 2018 )

Abstract

The excessive leakage current, commonly observed in GaN Schottky barrier diodes (SBDs), severely degrades device
electrical performance and long-term reliability. This leakage current relates to the dislocation-related conductive states
as observed by microscopy. Up to now, various transport models have been proposed to explain the leakage current, but
none of them can clearly describe in physics the electrically active dislocations. One just equivalently regarded the electric
defect as a continuum conductive defect state within the forbidden band, without considering the microscopic electrical
properties of the dislocations. Here in this work, on the basis of numerical simulation, we propose a phenomenological
model for the electrically active dislocations to explain the leakage conduction of the GaN Schottky diodes, which are

fabricated on a freestanding bulk substrate n-GaN wafer with a low dislocation density of about 1.3 x 10° cm™2.

In
this model, we emphasize that the acceptor-like traps at the core of dislocations could capture electrons from the nearby
donor-like traps, resulting in a high Coulomb potential and a decreasing potential at the donor-like sites. In this case,
the core of dislocations would be negatively charged, and not favor the electron transport due to a strong Coulomb
scattering effect, while the shallow donor-like traps around them can lead to a significant tunneling leakage component.
This model is consistent well with the common observation of the localized currents at the edges of the surface V-defects
in GaN. The shallow donor-like defects in GaN induced by the substitution of oxygen for nitrogen (Ox), rather than
the nitrogen vacancies, act as the dominant donor impurities responsible for the significant leakage current, which has a
density on the order of 10'® cm ™2 and an activation energy of about 47.5 meV, because 1) it has been demonstrated that
during the material growth, oxygen diffusion toward the surface pits of dislocations via nitrogen vacancies could produce

an exponentially decayed distribution with a density of at least 10'"7 cm™3

, in good agreement with our derivation; 2)
by the first principle calculation, the thermal activation energy of the oxygen-related donors is determined to be about
50 meV, which is very close to our derived 47.5 meV. According to this model, we propose that reducing the On defect
density during device growth is a feasible method to suppress the high leakage current in GaN-based SBDs. In addition,

this study can also improve our understanding of the leakage current in other GaN-based devices.

Keywords: conductive dislocation, GaN Schottky diode, shallow donor state, leakage current
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