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BT A AR RN, B (GaND 3 5l TiE R R A% (high election
mobility transistor, HEMT) wJ S B & (R D 85 B2 L SEAIR Y S 4534 DA S B s 1
ARSI, AR ARHOR AT L ) T AU B AT R S AR S 2L, AP A, SEBR
A, SR S EEF I (Electrostatic Discharge, ESD) 14, i%
HOE RIS BB E G, GaN & HEMT #84FtB A nl il f . 8%,
ESD SEAF 458 SN P/ T B AR B 5T R A i) B T LA 22 (R AR AE S SR e
W% 1) R 110 7 A2 AR I B AMBCE Y (Human Body Model, HBM) /2 it
R ESD AR —, lH FHORBU AR B g I 5 8 1 ey, AR
H TR, AR BCR AT Y, —BRORATE MR R B DL
AR, FIBRA AR AL, SREI LRI, S EEE AR R AR A B
TR AER i R B A A T S . Rk, JF & HBM 20~ ESD F4F%f GaN
Je HEMT #F HL 22 P B A0 Re BB A R S F 90 1A B35 X

RIS T 7 2 SR A T B R 2 S 5 Ml GaN 2 HEMIT s Wi 7 K
B, AFEE IS ESD M ATHEANTE LT, AR AL B RS AlGaN/GaN HEMT
FAFAFAEA R HBM LIS, 4 1E [ Az 5] HBM ESD N 7)1 F T 281 ik
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RAS . 4B AR IN 7] ESD N AR, PIN AR AT IR A AR . 1E & A]
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ZE A P IR P AR R RN PIN AR R, R X A% 5 245 BRI, p-GaN
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HEMT #3419 ESD KR2S{E . ESD 327 [H] (RS 1V R L K4t ESD il
AREFLLLSL L5k HBM 520 T ESD . 754 %28 25 4 B T8 A6 LR AL 1 ) 52
M A TR o

ZR LR, ARSCR A B SORAT ML ARAE (1 H O 1T e 7 HBM B
N IE AR AR VR ESD B 7%} p-GaN Mt AlGaN/GaN HEMT 2844 B, 24435 14 [ 52
W, 3507 2R R AR S . R R AT S AR AT SR L T
ESD B 775 #5444 E b BHE AL B R0, 45 HE T BSD N ) R 8RB SRR R A AT
B BB A B (0 PO FE DG IEG, R T RRAE IE ) MR AR R ESD R 7) (¥ 5 %
FALBAHLA] . AHSEWTE 7T 45 B A] 324 p-GaN Mt AlGaN/GaN HEMT 2844 ()4t ESD
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BRI P L5 8 INN700TI350B. e K40 7€ HL R 700V [/ FH 2844, 1238
AR R I 1 B . NI BTN Si AR AIN Bii% )= GaN 2=
AlGaN #4222 p-GaN EMMR & IEE . N T SCEMK T 3040, AR

WD G E Y, A AFIRCR T 1 IR A H)

[
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G SiN D
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AlGaN
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& 1 p-GaN #lf AlIGaN/GaN HEMT #4454 7n 2
Fig. 1. Schematic cross-section of p-GaN gate AlIGaN/GaN HEMT.
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Fig. 2. ESD stress types in HBM mode: (a) The source is floating, the drain is grounded, and the
gate is subjected to a positive ESD stress; (b) The gate is floating, the source is grounded, and the

drain is subjected to a positive ESD stress.
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3.1 IEAIMHRESDR. /1% p-GaN#t AlGaN/GaN HEMT 2844 () 5]

3.1.1 IEFIMHRESDR Jp 5% fA v 2R ) S il

1E A5 MR ESD Ny HL R AR & 7500V B p-GaN it AlGaN/GaN HEMTs
SR AN A R it 20 ) 3(a) R (o) s . TSR I, 4 ESD HiL R IZ
1 7500V W, Be0F5E A te A A . 5 RR BN it n o7 S5\ BB e B LA

KB R E, HED p-GaN #iF AlGaN/GaN HEMTs 2814 1F [ HiH ESD 2k 241
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PERIZR ()R 2k ; (b)fa i iiZk
Fig.3. Electrical characteristic curves of p-GaN gate AlGaN/GaN HEMTs before and after positive

stepwise gate—drain ESD stress accumulates to 7500V: (a) Transfer curves; (b) output curves.
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sk BN T A UCIE [ 7500V MR ESD BiJ7. WEFCRIL, MR, #5att
SEATERHERE, WK 4 FR. 5o A s R AR AR A, sl 5 A1 6
Fiizse FTLAREL, FIKIER 7500V Mt ESD M) )5, #HFBE B BT 0.13V,
5 FUEAE T % 10.23%, RIRAR HIUR AR 17.32%,  1E ) MikAR s Ha g 2 — AN 4
B (Vas=6V T)o HFSL L, RMER—HREME, HAMELZREMALER R
P, B RPN R ESD BRI 32, Bk, FRabrE 7500V HiHk ESD
RAJG, o Atk A IIRE e Ak, AR R R AR AL

35 10
—a— R JT R () —e— S 7R ®)
3.0 —— 7450 (Htke: HIKIE ) —— 7450 (IH:  BIRIE M)
—— 7500 (6= FRIKIE ) 8 F —— 7500 (Ht¥s: FIKIEN])

VeV Vos!V

Kl 4 HxaE R 7500V A1 7450V Mt ESD B i f& p-GaN Mt AlGaN/GaN HEMTs #&4f (1) HL 2%

FrtE 2k ()R iZk: (o)t HiZk
Fig. 4. Electrical characteristic curves of p-GaN gate AlGaN/GaN HEMTs before and after one
single positive 7500V and 7450V gate—drain ESD stress: (a) Transfer curves; (b) output curves.
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25 T U B U H TG AR A

ANE R[] 7500V A 7450V MR ESD M A7 Ja SRS 45 2R, BRI 1A
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6 . FTLAEE], FRIER 7400V MiHs ESD Ny 5, A A1 AR FLR
KA, FFK 7.19%. B4, WE S FIE 6 Fik vl UEEL, Sk IERMHE ESD
RN, PR AR B B e R AR AL, FLBE RS R AR B 4 L A
IR, SRUCE AR ESD REJJF, SRR IR B 8 & SR
LR LB IE [E] 7500V 7450V LAz 7400V HiH ESD 7)1 J5 SR 50 45 51,
xS A X IR [ Mt ESD B 7 H R i B — Bk, 7400V F] & i p-GaN it

AlGaN/GaN HEMTs #5475 1E IR ESD B 77 R B8 R RI1E
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4
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K5 BIRIER 7500V, 7450V F1 7400V itk ESD N /7l & p-GaN #fit AlGaN/GaN HEMTs 7%

PR SR PR 2R ()R8 - 2R ANS 2 (b)ff H 26

Fig. 5. Electrical characteristic curves of p-GaN gate AlIGaN/GaN HEMTs before and after one
single positive 7500V, 7450V, and 7400V gate-drain ESD stress: (a) Transfer and transconductance

curves; (b) output curves.
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Fig. 6. Gate leakage current curves of p-GaN gate AlIGaN/GaN HEMTs before and after one single
positive 7500V, 7450V, and 7400V gate—drain ESD stress.
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NN B2 R IE [R] 7500V MiFR ESD W75 B SRI6 45 3. B 7(a) A HIRIE
1] 7400V F1 7500V it ESD 5 /177 5 p-GaN Mt AlGaN/GaN HEMTs #&4IH—1t
V) TE PRI M 75 T 6 1 9 B Sio/Ins? BEATR IR AT 2R . T LUK, Sin/los® BE £ 1)
AACEE 1/ % 5, R p-GaN Ml AlIGaN/GaN HEMT 2§ 1F (1) e 7 J& T~ 22 i 1)
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Fig.7. The low-frequency noise characteristic curves of p-GaN gate AlGaN/GaN HEMTs before
and after one single positive 7400V and 7500V gate—drain ESD stress: (a) Relationship between
normalized drain current noise power spectral density Sip/Ips? and frequency f; (b) Sin/Ips?

as a function of drain current Ips.
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L
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R, R YR T HCH BB AL W] R B A ST BTl p-GaN M AIGaN/GaN
HEMTs #4101/ B sl G d #E R nl 45 Sves, R HARN T 20T 45 B B 255 2
Ny

W L fC?
N, = ;2;7% SVFB 2

Hor, WAl Lg 73 5l 9 a8 - se A, AN ZE S8, C AR EHE,
o KT AlGaN #4 ), 1=0.5nm.
K1 R Svese AT LAKIN, BEMHE ESD HL WG K, Sves BTG N,
WIS AT Ve A B S B B P BT R N . ABCBCOR 7K 32 ESD N ) ) #3414k B i 55
4 Nro, BLUKIE 8] 7500V MR ESD 1), Sves A 1.72x10° V2 Hz! # 0%

9.91x10°V>-Hz', VHIEMIERAE EERE A 5.76 Nto, BUEEIN 5.76 £%.

R 1 BRIE RIS ESD /7T 5P R 5 5 5 Sves AITA TE PRI R B Nr
Table 1. The flatband voltage spectral density Sves and trap density Ntnear the channel before and

after one single positive gate-drain ESD stress.

ESD M. JJ HLE/V ST HL R R/ (V2 HZ D) R BF 25 B /(em e V)
J T Hi 1.72x10° Nro
7400 3.46x107 2.01N7o
7450 6.15x107 3.58 N0
7500 9.91x10°° 5.76Nto
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Fig. 8. Parallel conductance Gp/w as a function of radial frequency w before and after one single
positive gate—drain ESD stress: (a) fresh; (b) 7400V; (¢) 7450V; (d) 7500V.
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Fig. 9. Trap parameters of p-GaN/AlGaN interface before and after one single positive gate—drain
ESD stress: (a) The time constant zr of trap A varies with the gate voltage; (b) the density Dt of
trap A as a function of the activation energy Fr; (c) the time constant of trap B varies with the gate

voltage; (d) The density of trap B as a function of the activation energy.
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2 R E RN . BE—2B R, ANLERIN B R IE ) 7500V MG ESD RiJjjE, B
BF A (1] GelolA S RAE B, EHERFIZN T A JEREBF I T H 5%
WK, AFET A KBaEE, B 2B GrlolhE B IE FIHHR ESD S 7 H R 3K
BB, TR B SR B E) A 8 7 H e 2 i i K
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B 2 [ Bk 14 B 1] 5 2 3.67x102 nus~4.59x102 us 1IN % 4.48 x102 ps~5.79x1072
uso AR oM KL MR ESD BT A4 A SR B 2804 DH7 R (¥ v 5E Al
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Exl20221,
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1.17%1083cm?-eV-'~1.43x101 cm2eV-', AEZLM 0.337 eV~0.351 eV H I ZE 0.346
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eV~0.361 eV; B MBI % A 1.30x103em2-eV-1~1.46x10Bcm2-eV-! 1 i %
1.37x1083em? eV-1~1.65x10" ecm?-eV!, HEZ M 0.230 eV~0.235 eV % 0.235
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Fig. 10. Electrical characteristic curves of p-GaN gate AIGaN/GaN HEMTSs before and after
positive 8000V drain—source ESD stress: (a) Transfer curves; (b) output curves; (c) gate leakage

current curves.
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Fig.11. The low-frequency noise characteristic curves of p-GaN gate AlIGaN/GaN HEMTs before
and after 50 times positive 8000V drain—source ESD stress: (a) Relationship between normalized

drain current noise power spectral density Si/Ips> and frequency f; (b) Sio/Ips? as a function of Ips.
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Table 2. The flatband voltage spectral density Sves and trap density Nt near the channel before and
after positive 8000V drain-source ESD stress.
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Fig. 14. Discharge path during forward gate-drain ESD stress.
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Fig.15 Schematic band diagram of the p-GaN gate AlIGaN/GaN HEMT under the forward
gate-drain ESD stress.
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Fig.16. Discharge path during forward drain-source ESD Stress.
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Effect of electrostatic discharge on the electrical
characteristics and trap evolution of p-GaN gate AIGaN/GaN
high electron mobility transistors
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1) (Xi’an Branch Center, China Aerospace Science and Industry Defense Technology Research
and Test Center , Beijing 100039, China)
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Abstract

In fact, electrostatic discharge (ESD) events tend to accompany the entire lifetime

of semiconductor devices. Compared with conventional depletion-mode devices, the

complex gate structure of enhancement-mode p-GaN gcate AlGaN/GaN

high-electron-mobility transistors (HEMTs) may make them more sensitive to ESD

events. In this work, the effects of forward gate-drain and drain-source ESD stress

under the human body model (HBM) on the electrical characteristics. and. trap

evolution of p-GaN gate AlGaN/GaN HEMTs are investigated. Meanwhile. combining

the low-frequency noise and frequency-dependent conductance  techniques, the

intrinsic relationship between changes in electrical parameters and the evolution of

trap parameters was carefully discussed. It is found that under forward gate-drain and

drain-source ESD stresses, the ESD failure thresholds of the p-GaN gate AlGaN/GaN

HEMTs are 7400 V and >8000 V (The maximum output voltage of the ESD simulator

is 8000V), respectively. Compared with other electrical parameters, the saturation

drain current degrades first under both ESD stress conditions. When the forward

ogate-drain ESD stress voltage increased to 7500V, besides the saturation drain current,

the degradation in threshold voltage, peak transconductance, and gate leakage current

are also observed. After the 7500 V forward gate-drain ESD stress, the saturation drain
28




current decreases by 17.32%. the threshold voltage shifts positively by 0.13V., the peak

transconductance decreases by 10.23%. and the gate leakage current increases by

approximately one order of magnitude (at Vgs = 6V). The positive drain-source ESD

stress experiment results show that even when the stress voltage reaches the maximum

output voltage of the ESD simulator (8000V). there are no significant changes in the

electrical and trap characteristics of the p-GaN gate AlGaN/GaN HEMTs. With the

increase in the number of stress cycles. only the degradation in saturation drain current

is gradually observed. After 50 times 8000V positive drain-source ESD stress, the

saturation drain current decreases by 7.96%. The measurement results of the

low-frequency noise and frequency-dependent conductance techniques indicate that

both types of ESD stresses first damage the region near the channel. The greater the

ESD stress voltage, the higher the trap density generated near the device channel,

which is consistent with the degradation trend of the saturation drain current. As the

voltage increases to 7500 V, forward gate-drain ESD stress will further induce traps at

the p-GaN/AlGaN interface, which is consistent with the degradation of the threshold

voltage and gate leakage current. It is believed that the traps generated near the

channel by the two types of ESD stresses dominate the degradation of the saturation

drain current. The increase in p-GaN/AlGaN interface traps after 7500V forward

cate-drain ESD stress dominates the positive shift of the threshold voltage and the

increase in gate leakage current. Based on the experimental results, this paper also

presents three suggestions for improving the ESD ‘tolerance of p-GaN gate

AlGaN/GaN HEMTs. This work can provide support for the ESD robust design and

failure analysis of the p-GaN gate AlGaN/GaN HEMTs.
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