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Advantages of GaN Power Converters: High Efficiency

High Power Density
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B On board DC/DC module B Inverters

Si siC

GaN 1MHz, 1500 W/in3 4 GaN

100kHz, 820 W/in3 6]

[1] https://post.smzdm.com/p/a25g6vz2/

[2] X. Huang “Design consideration of MHz active clamp flyback converter with GaN devices for low power adapter application,”

[3] Flex,BMR458 series

[4] https://laoyaoba.com/n/826044 2
[5] C. Zhang “A SiC-Based 100 kW High-Power-Density (34 kW/L) Electric Vehicle Traction Inverter,”

[6] VisIC, 800V 100kW 3-Phase GaN Inverter



GaN Device’s Dynamic On-resistance Depends on Numerous Factors
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B Dynamic Rpg(,, Degradation

RDS(on) A

---------- -

OFF stage; Turn-on
«—>,

Dynam ic RDS(on)
'
;Static RDS(on)
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0 Conduction loss Increase

O Difficult to estimate real loss
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B Facts of Dynamic Rpgon)

B OFF-state drain bias voltage
B Load current

dRDS(On) x
B Junction temperature

B Relationship between Dynamic Rpg,, and switching
conditions

O Hard Sw. O Soft Sw.
A A
VGs VGs
o Ves Jt o] Ves >t
Vps — Vps '\
fo) » t (o) >t

Ips ips /
(o) i (o] >

;‘fii!vkﬁ’ BN E I 8l Dynamic Rpg,n €an only be obtained by measurement 3




GaN Device’s Rpson) Behaves Differently under Hard- and Soft- Switching

Conditions []

+ S1—u||4
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(= 1 N 50mQ 150mQ
Vin/2 1‘) —H Vbs Dz = =
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B Soft Sw. Test
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B Double Pulse Test (DPT) @2us on-time

1.8

-
o2}

Normalized Ry,
e s
N I

1.0

—=— GS66508T, Hard Sw.

J—u— GS66508T, Soft Sw. |

Hard Sw.

|—42— PGA26E19BA, Soft Sw.

—a— PGA26E19BA, Hard Sw.

—A

Hard Sw. A
/ Soft Sw.

-’/ o
Panasonic
100 200 300 400 100 200 300 400
Vin (V) Vin (V)

> Rpson) Change differs under HS and SS.

[7] R. Li, X. Wu, S. Yang, and K. Sheng, “Dynamic on-State Resistance Test and Evaluation of GaN Power Devices Under Hard- and Soft-Switching
Conditions by Double and Multiple Pulses,” IEEE Trans. Power Electron., vol. 34, no. 2, pp. 1044-1053, Feb. 2019 4



Pre-Voltage Stress’s Interference can’t be Eliminated in DPT ran A
J PMIC

B Vg bias effect in continuous pulse [10] m DPT for dynamic Rpgon)
Pre-vol_tage_stress A
Vps lasting time Sufficient time > | Rosion) Pre-voltagg
\'/ ——
in VGs |
11 12] @
N~ (XX Vbs i .
s : —>
re——— | I O O e I Balance
Static Ron e L L > t

O pre-voltage can’t be ignored.

[10] K. Li, P. L. Evans, C. M. Johnson, A. Videt, and N. Idir, “A GaN-HEMT Compact Model Including Dynamic RDSon
Effect for Power Electronics Converters,”.
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Different Influence of Pre-voltage Stress for Different
GaN Devices under DPT
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Normalized Rpgq,,
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> DPT Results @2.5us on-time
1.8

—a— (GS66516B, Vin. —a— |GI60F1414A1L, Vin.

—u— GS66516B, 1/2 Vin. J—a— IGI60F1414A1L, 1/2 Vin.
1 I6 = N
1.41 !
1.2 -

rd
™ 14, Vin

1.0

100 200 300 400 100 200 300 400
Vin (V) Vin (V)

O Different devices have different
deterioration caused by pre-stress




100us Multi-Pulses Test (MPT) has Serious Self-heatin > 1.1
" e | PMIC

» 200kHz Hard Sw.
100 900 . . .
b e e, M Thermal Simulation in PLECS B Rps(on) Temp. Dependence
Ves | | H J-
cee > 40 2.5
° t T.=25°C ——FQHS *The diagram is from
Vbs [ c~ FQ SS ‘GS66504B_ DS’
5 . R = -
> | . =
o >t o o
© Hard Sw. S
=™ NS T=235°
CE’- g Norpralized R= 1.08
> 200kHz 2 1] S 1.0 -
T =257,
. foops  ooops 251 *simulation model is ‘GS66504B_v3', provided Normalized R E 0.98
< > > by GaN System. )
VGS -||-|I-| '-I- ¥ I ! ! 5 ' 0-5 T T T
o e >t 0 200 400 600 800 1000 0 25 50 75 100
Vos [ Time(us) Temperature (C)
o >t
Ip /

> MPT is still unsuitable for dynamic Rpg(,, measuring.
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Multi-group Double Pulse Test (MGDPT) is Selected
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> Double Pulse Test (DPT)

Ttotel < 10 IJS
>

1| |2| ¢ . O No self-heating.
VDsg | i O Pre-voltage influence.

>

VGs |

> Multi-group double pulse test (MGDPT) [11]

Group1 100ms Group2 Group600
€ >

< )i i‘ > a §
—> ve fE.__ 00, (0.
( : : i : )

Ttotel = 603
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> Multi-pulse Test (MPT)
Ttoter = 100 ps

€ >

Ves T| El El ...... |_ |ﬁ|_ q O Steady state.

Vps | O Self-heating.
nn.qr,

O Sufficient off-state pulse width for heat dissipation.

O Sufficient total time for reaching the steady state.

2k f wwmErsess  [11] CASA 005—2022 BEFF KBS HIGaN HEMTEIZSEE BRI 75 3% 8



Multi-group DPT’s Experimental Conditions and Data Processing

ran a1
Methods FI1Vile
Power Management Innovation Consortium
> Multi-group DPT @400V, Hard Sw.
Tswess  Group1 Group2 Group600
M > ooms > “
VGs 1 El —l |—| il : = Group1
el L UL 60
VS ress : 1
Vbs 4 e r _.50- Averaging
< > % ' —
Trotel = 60s £ 40+ | |
5 30- |
cg Pulse 1
o5 .
O Pre-T.yes =5 S 20+
— 4 || *A tis 15A.
. Pre-VStreSS =" VBUS 10 _ Th\ée;i;g)(;r?rl:\gﬁPallfesult is the mean
D 0 t 2 5 0 value after the pulse is stabilized
n-time = 2.5 ps - : : - . - : -
0 2 4 6 8
Time (us)
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Hard Switchin Multi-group DPT R Al
g WHH-grotip PMIC

B Hard Switching Bench Circuit > @400V, 2.5us on-time
1.6
. J_ o 1 | —— @2nd, FQ HS T, = 25°C
IN1 1_.|_
vleol T o Clamping Circuit 157 GS66516B(25mQ):
m<+> IN;:+ fo-o-\ - E 3
T Cin2 DS 8 14}
T~ F 14
DUT'_S:l_ o '
— ﬁ 13F
Current Shunt = t_EB [
(- 1.2 "l .
Groupl  100ms  Group? zo Multi-group DPT Results @HS
i >« > i€ > 111
V § H .
es2_| 1 [2] g |
: 10 1 aaal i PR
0.1 1 10 60
> Time (s)




Soft Switching Multi-group DPT ran a1
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B Soft Switching control method > @400V, 2.5us on-time
J_ 16 —— @2nd, FQ HS —=— @2nd, FQ SS
Cint S - .
v c T L Clamping Circuit ,_.15 M GS66516B(25mQ): TC = 25 OC
in + |N__+ ,o-o-\ g 3
® T. ins | 21.4}
INZ;: _.|': o W
. Sz O
l_lDUT .g 1.3 W
Curr;lShunt = © [ SS
€ 1.2}
Group1 100ms Group2 zo -

< > <€ P>« > 1.1k
VGs2 T| E] _| |_| R .
1.0 1 1 sl 2 i
I 0.1 1 10 60
¥ V > Time (s)
@ W AES AT L 11



Comparison between MPT and MGDPT R AN
P PMIC

Tstress Tiotar = 100 HS ; g
> > > @400V, 2.5ps on-time & 460y, 2.5us on-time
Vs ™ 1] [2] [3].... N| 1.6
1/:V = E ' N —— @2nd, FQ HS —=— @2nd, FQ SS
v 2V pus [ HS MPT - °
os = [T o [T [1lViee | T.%25%
350 -+ ; I ‘ . =) L
| 1 J —— 400V_200kHz % 1.4| % SS MPT HS MGBET
300- /@200kHz | T ] o .
| ©
a 250 | 3 1.3 W
£ 200 NN NN N NN T SS MGDPT
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§150- | DT s |
‘g RDS(on) Z
o 100- I\N 14}
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50- 25%DT 95%DT 10 1 | < T £ R
0 ‘:4verlage(l25%DlT,95l%:$T) , , , , 01 1 10 60
0 5 10 15 20 80 85 90 95 100 Time (s)
/,%/4’;:_":;\:\ o Time (us)
/,\;/[/ 52k F pnEmR e 12



Test Results Comparison between Different GaN Devices under
MGDPT and MPT (FQ@400V)
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AC/DC Applications: GaN Devices Operate in the Third Quadrant
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Third Quadrant Rpg(,, Behavior of GaN Devices is Different with First p—
Quadrant [12] IVileo

B Toiress = 108 ,Vstress™ 200 V, Tiore = 230 s Conventional p-GaN gate HEMT[12]
Tstress Tiotal 3 T=95T Static
7 > | — ot

VGs 10s | 230s N 1.2- fa

: []

] Vitress= 200V

TQ

Normalized RDS(on)
o -

VDS
e
atic

O In third quadrant, dynamic Rpg (., degradation is slightly.

0:8

Areas for improvement: 102 107 10° 10" 102

Time (s)
O Considering higher voltage stress. Applying multi-group DPT

)

R
)}

Fy

[12] D. Cingu et al., “Reliability of p-GaN Gate HEMTs in Reverse Conduction,” IEEE Trans. Electron

) b‘ 0.2 4 —n I—‘ 3 "y .
’”/ '}2 MMEIRHETO  pevices, vol. 68, no. 2, pp. 645652, Feb. 2021 15




Third Quadrant HS & SS Multi-group DPT R AN
Jrotip PMIC
Power Management Innovation Consortium

> @400V, 2.5us on-time

B Third Quadrant Test Bench

1.6
—e— @2nd, TQ HS —— @2nd, TQ SS
Cni| st GS66516B(25mQ): 150
™ c 3
Vin C|N L (%1 4 T HS
+ + —— al. TQ,SS
C‘) T IDs | m ! *
Cinz - N o)
T — ®1.3F
DUT: S, —
| | g .
Current Shunt = 16 1.2}
Z
11} ~
Group1 100ms Group2 erOUEL 100ms )GJOUEZ The five pointed stars in different colors Tc =25 °C
> ¢ gh > r represent the MPT resullts of the corresponding
ves2 [1] [2 . Ves2 [1] [2 1], 1.0 Lusvitchmode. Seepisfordetais. L
> : > 0.1 1 10 60
W\ - VV Time (s)
. HS test waveforms SS test waveforms
=, .
/,\;/[/ a2 F pnERses 16
&/J ZJU-Hangzhou Global Scientific and Technological Innovation Center



Test Results Comparison between Different GaN Devices under ren A

D
MGDPT and MPT (TQ@400V FiVile

> 1GI60F1414A1L (HD-GIT) 140mQ » GS66156B (p-GaN) 25mQ
L | —e— @2nd, TQ HS —— @2nd, TQ SS 16 | —e— @2nd, TQ HS —— @2nd, TQ SS
1.5¢ 1.5} HS MGDPT

-
o

bt ]
W

-
N8
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—

w

| SS MPT SS MGDPT
1.2 SS MPT 1.2}
i1l SS MGDPT al
iRl HS MGDPT |
0.1 1 10 60 0.1 1 10 60
Time (s) Time (s)
(1)) i wmamnoss 17



Summary of Multi-group DPT Results under 1st & 3 210
Quadrant @400V I1Vile

> 1GI60F1414A1L (HD-GIT) 140mQ » GS66156B (p-GaN) 25mQ
1.6 +— @2nd, FQ HS —=— @2nd, FQ SS b * —A— @2nd, FQ HS —— @2nd, FQ SS
i * —e— @2nd, TQ HS —v— @2nd, TQ SS i —e— @2nd, TQ HS —— @2nd, TQ SS

-
()]
| |
-
N

TQHS
@ FQHS

L e~

-
I
-
NS
> o
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w
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—

w

1.2 12} FQ SS
1.1 1.1F
1 _0 1 .0 1 1 R | < i w mow
. 0.1 1 10 60
Time (s) Time (s)
////f/,:::-“:\: i 2 ) ; " . N
i ) #7HE wansas 18



Conclusions M

1. Test Bench for dynamic resistance of GaN device should consider the effect
of numerous parameters, such as different detrap time of different devices
structures, pre-stress, pulses, junction temp.,etc.

2. 39 quadrant conducting of GaN is different to 1st quadrant , the dynamic

resistance evaluation of GaN should consider it.
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Test Bench with Clamping Circuit Applicable to the Third Quadrant PI‘V‘“”
|
Power Management Innovation Consortium
cm| Si_t B Improved Clamping Circuit
V; c T i L D .
e Nk I — T 1< — O Introduce D2 to block Dz’s current
_P T~ ips ¢ pl- D, + Vcc L )
Cinz + d + O Can be used in first and third quadrants.
~ Vs G —o}— DUT VDs(m) <->
DUT:S: |- s[+ Dz B Dynamic Rpson = (Vbsm)~Vo1)/ibs
Current Shunt = =
> IGI60F1414A1L @100V
; 4 ' h . I
N A1
~ . > 4l
Vin + Cin + T D, ,L g 4 1.2
QP T os {14 — g 2| '
Cinz - + D, ; + Vce ‘g I 1.0
-~ + > 0f
== Vps %VDS(m) C_)
DUT:S;| - p, _ 9
— - i) . \/\/\ 20|
Current Shunt = o @
M= 0 1 2 3 4 5
/(’/ “)) 2k F mmErsR e Time (us) 23
@ "/ zavnangenen Gonar smemitc ana reennongieanmrevmnon caer—— | 7] R.Li, X Wu, S, Yang, and K. Sheng, “Dynamic on-State Resistance Test and Evaluation of GaN Power Devices Under Hard- and Soft-Switching
J Conditions by Double and Multiple Pulses,”



Hot Electrons Effect makes Rpg(,n Higher under Hard Switching

Conditions

B Double Pulse Test (DPT) @2us on-time

1.8

—=— GS66508T, Hard Sw.
—m— GS66508T, Soft Sw.

Hard Sw.

Normalized Ry,
e -—
N S
LN

-
o

—a— PGA26E19BA, Hard Sw.
—a— PGA26E19BA, Soft Sw.

Hard Sw. -

100 200 300
Vin (V)

400

100 200 300
Vin (V)

400
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> Hot electrons effect (GaE#HEH FHR)

> Hot electrons effect dominates in p-GaN type device.
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A Hard Switching On P-GaN
Ibs
G
! : e.-.Q.??ss. D
AlGaN 12
............ N
ON S On OFF GaN _Tl_)’ Depletion of the 2DEG
o € Vbs
O Electric Field makes electrons “hot”.
O Lead Rpg(o, increase.
O Rps(on): Soft Sw. < Hard Sw.



Hole Injection Effect Suppresses the Rpg(,, Degradation under Hard Sw.

B Double Pulse Test (DPT) @2us on-time

1.8

—=— GS66508T, Hard Sw.
—m— (GS66508T, Soft Sw.

-
o

Hard Sw.

Normalized Ry,
s
N

-
N
L}

-
o

—+— PGA26E19BA, Hard Sw.
—a— PGA26E19BA, Soft Sw.

Hard Sw. -

200 300
Vin (V)

100

400

200 300
Vin (V)

100

" 400

> Hole injection effect (Z27GEANHIEL)

HD-GIT

G

GaN

Pass.

AlGaN
2DEG

: D

Vb

> Hard Sw.
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> Soft Sw.

Rch Ich
Vp = Ich X Ren

High
! Ich

Se =

O High I, makes PN junction turn on.

O Dynamic Ron is suppressed
O Rps(on): Soft Sw. > Hard Sw.

> Hole Injection Effect plays a significant role in HD-GIT @V;, = 400V
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Other Variables are Introduced in DPT: Different Pre-voltage Stress
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B Connect 1 to 2 (HS).

Power Management Innovation Consortium
B Connect 1 to 3 (SS).

7] Pre-voltage stress = Vin Pre-voltage stress = 2 Vin
i <-I|D J) S s, H Si_F
Vinz{ 26(HS) | vini2( 2 - vini2 (2) |
L
C *—/T3 41 ’W‘L
3 (SS) 1 Ips ¢ ips ¢ Ips ¢
+ + +
= H H
Vin/2 Cj) — Vs Vin/2 t) — Vin/2 i) — Vbs
DUT:S,| . DUT:S:| . DUT: S| .
CurrmShunt 1 Current Shunt = X Current Shunt =
Ves | Ves
. i S| si [ s{][s:][s:][s:
O Different switching mode o > ‘ 3 >t v o >t
in ‘ _ DS \ | | —
. Vps Vin/2 —ﬂ
O Different pre-voltage stress o .t o— ; > ¢
. | i | i i ‘
> DPT results will be affected. ol .y o ,,V/I — g
1:0 1:1 t2 t3 to t1 tz t3t4 t5t6 t7
//%//‘,::—:-:E\ + »
/’.\//U Vil 2 ﬁ’ U E PR F 61 Pl [7] R. Li, X. Wu “Dynamic on-State Resistance Test and Evaluation of GaN Power Devices Under Hard- and Soft-Switching Conditions by Double 26
L/ . ZJU-Hangzhou Global Scientffic and Technalagical Innovation Center and Mu|t|p|e PulseS,”
J



Higher Pre-Voltage Stress Deepens the Electrons Trapping

ran a1
I1Vile
Power Management Innovation Consortium
» OFF-state Trapping 8l > Dynamic Rpgon) VS. Vps bias P
B Fresh B Large Vpg bias 2.0- 0.8 BV,
oV OFF H.V. , 0.6 BV
G G 184—=04Bvps
S Pass. D s p-Ga Pass. D g © |=—o0.2 BVps
AlGaN AlGaN 8
T D hmmheee T 0 1.6
GaN Qbutrer = 0 GaN AQbuff_e_r.f 0 °
Buffer ‘:::"'85 R3O 8?65\} Buffer [ . q""gg $ 8.5‘65.565"“3 N 240V
___________________________ N M R RIS (_U 1 .4 i
AlGaN AlGaN E
Si Substrate Si Substrate 2 1 2 1 120V
O Lead to 2DEG depletion. 1.0 DPT @0us on-time
. . : 10° 10’ 102 10°
O Trapped electrons increase with Vg bias. _ _
Trapping Time (s)

> Vpg bias seriously influence the dynamic Rpg o,

Fy

[8] S. Yang, C. Zhou, S. Han, K. Sheng, and K. J. Chen, “Buffer trapping-induced RON degradation in GaN-on-Si power transistors: Role of electron
i 2 ) W e nERR . injection from Si substrate,”
gu'_f/h ?’EI?(?R)(’UIHEIPTT'LQHRETE’\ [9] G. Zulauf, M. Guacci, and J. W. Kolar, “Dynamic on-Resistance in GaN-on-Si HEMTs: Origins, Dependencies, and Future Characterization Frameworks,” 27
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