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Introduction

What is dynamic Ry, ?

- Dynamic Ry, is due to charge trapping effect of electrons. It results in a decrease of the two-dimensional electron gas (2DEG) density, and
therefore, cause the Ry, to increase. It will cause additional loss for the GaN-based power electronic applications.

In this presentation, we will present:

1. What is the dynamic Ry, value?

2. How to measure it?
- Reasonable soak time for pulse test
- Separation of heating and trapping effects

3. What is the percentage of the dynamic R, loss from
system-level in a real application?
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Agenda

* Measuring dynamic Ry,

* Test setups

* Soak time variation and its importance

* Junction temperature variation and conduction loss equation
* Dynamic Ry, effect on system loss

* Energy loss distribution in GaN device

 Comparison to Silicon and Silicon Carbide

e Conclusions
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Agenda

e Measuring dynamic RDS(On)

* Test setups
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Test setup | — pulse test

Test setup I:
Double pulse test (DPT) with soak time and T; control

Device under test (DUT): GS66508T GaN HEMT

Measurement equipment:

» Off-state V measurement > Differential probe
* On-state Vg, measurement = Clamping circuit
* |y measurement = Rogowski coil/Current shunt

. TJ- measurement = Thermal camera

Control variables:

* Soak time Control = Extra half-bridge S,/S,
* T, Control = Heating resistor/NTC thermistor
* Vg I, and on-time = DPT

DSP controls all four gates (S;-S,)
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Test setup Il — continuous test
Test setup Il: Continuous Boost converter setup

* DPT test setup can be reconfigured to a Boost converter setup for continuous test with the following changes,

1. Remove/short soak time control leg;

2. Change power source, load and inductor position;

3. Replace temp control board to heat sink.

|-

TDUT
Temp

O @ @ : I
L §33§§6651GB Normal
1 " 1Soak DQ’T
| I ..
| ¢_llme
IC I control J
=I
Vie l ileg s,
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I~ 4:
i Di=ferential probe
[ Loe 1L
i lemplng circuit 504
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Pulse test setup diagram
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Pulse test setup — bottom view

. . GaN HEMT
 GS66508T-based half-bridge on the bottom side Power resistor G I
* The heater and thermistor are installed upon DUT switch S, TIM — GaN HEMT _#ZSi
« Temperature is also monitored by thermalcamera = ESSSSEasl NSNS —
Holesfortemperatur%/"“""
monitoring
Bottom view with and without temperature control board Monitored temperature thru thermal holes on the back side

,’
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GR=C00000T Temp control board

- . e
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thermistor

| 4y measurement | + Good T; monitoring Is important to
:.f‘rﬁ @ “ separate heating and trapping effects
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Pulse test setup — top view

e GS66516B-based half-bridge on the top side

* The clamping circuit board is installed upon switch S, and close to DUT S,
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Soak time variation

Tek Prevu [ I n 1 Tek Stop [ [
: K ; ' : . : -
DPT examples with different Soak time: 600 ps Soak time: 2 secs
| | | | lOOHS SR o ims
soak times . . 6ows _ 2secs
Il—__.i : : : . " : :
ek 2wp I = I g 1 : i : ; 1 - - T : ; I ; TR
Soak time: 1 ps - Veo (2VIdWV) i I Ve, (2V/div) | !
. I . ; . .
-}Es , B o Vg (100V/div). LI Vs (100V/div) ik
V., (2V/div) LA i D |
o e B i (S —— . ; . R ol ol . T _ oo Y
| I, (5A/div | I, (5A/div) 4 (SA/div) 1 ]Il | |, (5A/div) 1y (5A/div) i
. . 500A & ERT 00V & ShA WL . /-_.‘ . . : : : . L
o value Mean  Min Max Std Dev s s ) & S.00A & J00V W & 25.0V & 5.00A %l . . Y < .
e ) T YY) e g T & & & ¢ e
| — G i oma o rm w1
I (5A/div;' Tek Prevu _ M 100us / — Tek Prevu _ M 1.00 -
B | . 7 S E— y
@ 5004 % @ 200 00V % @ 5.00A W) :-" N ~ % :-) / \\
e Yalue . Mean Mino Maxo StdDev o o000 f'oso??g;isms @7 noa Zoom Factor: 25 X Zoom Position: —4.48ps / A £00m Factor: 50X £00m Position: 41.0us 7
Bin  aov e e
@ Max 19.9 4 888m -500m 22.5 4.65

Controllable soak time is ST N N I e e I W%
achieved by controlling the half- N_,,..._J B |

i,.

24 B . adld
° | : :
bridge S;/S, o " -
L ¢ PP st EY - 2 L :
@ 500A & @) 200V o @€ 100V & @ 5.00A W) @ 5.00A % @) 200V o P 250V % P 5.00A )
value Mean Min Max Std Dev {Z 4.00us ] [100""'5/5_ ] £ 150 A] value Mean Min Max 5td Dev [Z 20.0us ] [IO-OMS/_S J [ 1 3w 15.0 A}
@ vax 6.56 V 6.56 6.56 6.56 0.00 W= 302.000ps 1100k points @ Vax 6.48 V 6.48 6.48 6.48 0.00 f—3.04400ms ]| 100k points
& vin 240mv 240m 240m 240m 0.00 & Vin 720my 720m 720m 720m 0.00
& vax 60.0 V 60.0 60.0 60.0 0.00 & Vax 58.0V 58.0 58.0 58.0 0.00
& Max 19.7A  19.7 19.7 19.7 0.00 05:10:02 & Max 20.3A 203 20.3 20.3 0.00 23:25:55
.
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Dynamic Ry, results with soak time control

Summary on soak time vs. V A Typical example of academic technical
1.8 papers (without soak time control):

—e—~10 secs

1.7 | —e—~2 secs — Soak time duration

) —e—600us 1.8 _

B 1.6 1 00us 17 [ A 2018 IEEE journal paper on the

H z testing results of dynamic Rpg

@15 |~*T1us 21.6} /

o o .

© 1.5F Hard switching A A

= 1.4 E [ \

7 S 14f

€ 13 -

0 % 1.3} /

= - — s

X 49 € 1.2} Soft switching

2 S

2 1.1 L, , and > 7

2 are aligned here Q 10 . . : . : . : .
0 50 100150 200 250 300 350 400 450

—_—

100 200 300 400 500
Vds (V)

o

Voltage Stress (V)

* Soak time impacts dynamic Ry, results. Improper soak time give erroneous results

 Foraccurate power loss evaluation, evaluate dynamic Ry, at the soak time of your power system, 1 to 100 ps
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Agenda

e Measuring dynamic RDS(On)

* Junction temperature variation and conduction loss equation
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Rps(on) Neating effect, k;factor

Heating effect on the GS66508T DUT (device is characterized before all tests):

Rpson)@25°C = 43.28 mohm GS66508T GaN HEMT

Rosion)@75°C = 64.5 mohm
Roson)@75°C/Rps(on @25°C=1.49
The normalized increased Ry, due to 75°C heating is 0.49

(k;,=0.49)

Rdson(Tj)/Rdson(25)

Rpson)@125°C = 91.7 mohm

Ros(on) @125°C/Rpg(on @25°C=2.12 05

The normalized increased Ry, due to 125°C heating is 1.12

(ky=1.12) 0 25 50 75 100 125 150 175
Tj (C)
* kg is the normalized increased Ry, from heating effect DUT Rpgony Vs- T, characterization
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Rps(on) decoupling

quantitative anal

ysis @ 400V wi

th

75°Cand 125°C

3
2.9 29
52 30A 2¢
27 30 26
26 24
o) 25
Measured R @ 75°C 24 25
DS(On) ’ 23 2.2
S 22 g 2 Increased Rdson due
4OOV, g 2.1 20 S 19 to trapping is 0.28
(=] [=}
S 1.9 8 1.7 _
ID ramp up from 10A to 30A, € 1 Y & e Increased Rdson due to trapping
8 1.7 =] E 1.4 3
T k=1|_1$ g 18 | 10 % i Increased Rdson due ; :
508 B 14 . 2 11 to heating is 0.49 ~Increased Rdson @ 75C portion
2 13 & oo
© 1.2 @
ij=O.49 £ 11 1 77 0 = o7
" 0.8
kdr=0'28 gg ——Rdson ratio 5 g :
07 S 03 _ _
0.8 " o Static Rdson@25C portion
5-.50E-06 6.00E-06 6.50E-06 7.00E-06 7.50E-06 8.00E-06 8.50E-06 GUUL'IL 06 6. 50E-06 7.00E-06 T.50E-06 B.00E-08 B.50E-06
Time (S) Time (S)
o 3 35 3
Measured Ry, @ 125°C, 2 25
2:7 230 2.7
400V, 26 23 | dRd
2.5 24 ncreased Rdson
>4 25 33 JRdson due to .
ID ramp up from 10A to 3OA, 5 23 o 22 trappingis 0.28 due to trapping
n 22 20 o 2 A
Tooa=1HS . ? 12
soa 2 49 5 & 17 Increased Rdson due to
s e < §is heating is 1.12
ij=1.12 é 1i8 10 = % i-g
1.5 5 12
B 14 2 11 Increased Rdson @125C portion
ky=0.28 0 2 .3 ; S
T 12 0.8
E 11 0.7
. . . 0
Good T; monitoring is oo o8
. 0.8 Rd i _ 0.4
important to separate 07  naldie ° 03 Static Rison @250
. . 0.6 — 01 tatic Rdson portion
heating and trapping effects 0.5 10 0
5.50E-06 6.00E-06 6.50E-06 7.00E-06 T.50E-06 8.00E-06 8.50E-06 6.00E-06 6.50E-D6 7 D0E-DE 7.50E-06 8.00E-06 8.50E-D6
Time (s) Time (s)
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Conduction loss calculation with k factors

Different types of conduction loss calculation considering dynamic Ry,
Definition of k factors: _ I’Rosion)2sc)* (1+k7) *(1+k,,)

* ki, is the normalized increased Ry, Previous misunderstanding on loss calculation ~ Proposed loss calculation

portion from heating effect. Accuracy? @

Normalized to static Rygn)250)- —e—Rdson(Tj)/Rdson(25C)

*  k,, is the normalized increased Ry , —*—Measured Rdson/Rdson(25C)
portion from trapping effect. '
Normalized to static Rysi,n)250)-

Loss iteration with k factors:

Rdson ratio

* Good thing about using the factor k,
is it is temperature independent.

1. Ansimpler loss calculation (still only

one curve fittings with TjZ ij) AST. / R Cor ke j 0 25 50 75 100 125 150
2. Easy for loss iteration calculation. ’ potonm) == 7 Temperature (°C)
— ky, constant with T, Summary on Rpg ) ratios vs. junction temperature T,
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Conduction loss calculation made simple and accurate
Example: conduction loss calculation considering dynamic Ry,

If Rosion)250=43-27 mohm, lgs=10 A, and T;=125 °C

Different types of conduction loss calculation considering dynamic Ry,

3 .
- I°Rpsony@scy* (1+K)*(1+ky,) I°Rps(ony@scy (1 +Ky+Kg,) 28 —e—Rdson(Tj)/Rdson(25C)

—e—Measured Rdson/Rdson(25C)

2.6
4.327x(1+1.12)x(1+0.28)=11.74 W 4.327x(1+1.12+0.28)=10.38 W s
‘ A
: Kgr=0.28
) o 22 Y
Accuracy” @ E )
=
That’s 11.74-10.38=1.36 W difference, even without considering self-heating; S 13
T
® 16
For engineers who are more familiar with energy loss, this is like 14
13.6 W*100 kHz=1.36 W; 19 .
Kar=0.28
1 ) 4
If the thermal resistance is about 8 °C/W, that’s 10 °C difference. 0 25 50 75 100 125 150
_ . ) Temperature (°C)
* kg is the simple easy way to calculate dynamic Ry
* Use power loss = I°Rpgon)250)* (1+k7+k,,) for simple and accurate results Summary on Ry, ratios vs. junction temperature T,
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Agenda

* Dynamic Ry, effect on system loss
* Energy loss distribution in GaN device

 Comparison to Silicon and Silicon Carbide
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Energy loss distribution in GaN device

* By knowing V, I, conduction time, and T;, the energy loss is accumulated and the final overall loss can be obtained.

*  The energy loss trajectory also presents the overall loss breakdown.
GS66508E,, @ V=400V, Vg, 0n=6V, Ry o,=100hm

160
HV probe to Clamping circuit to measure —e—Tj=25C
measure Vys and Eqq Vgson @nd Eggng loss Esr Off-state | 140 —e—Tj=75C
: : > .
E‘V }54 PE 5 E B 120 | o Ti=125C
: ds : ] : : - 100
! =
: S 8o
(IN]
60
40 . e e
2 GS66508T E,, with T; variation
0
0 5 10 15 20 25 30 35
Id (A)
GSBB6508 Eyp @ V=400V, Ve o7=-3V, Ry ;=20hm
80
o | —eTm=25C
—e—Tj=75C
60 I _e—Tj=125¢C
amingg 50 . . .
E GS66508T E ;; with T, variation
w 30
20
P NE—— 0]
20 25 30 35
Please refer to GS technical papers below for more details on switching loss E,,/E;: Id (A)

1. R.Hou, J. Ly, and D. Chen, “Parasitic capacitance E. loss mechanism, calculation, and measurement in hard-switching for GaN HEMTs,” in Proc. 2018 IEEE APEC, San Antonio, TX, Mar. 2018.
2. R. Hou, J. Xu, and D. Chen, “Multivariable turn-on/turn-off switching loss scaling approach for high-voltage GaN HEMTSs in a hard-switching half-bridge configuration,” in Proc. 2017 IEEE WiPDA, Albuquerque, NM, Oct. 2017.
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Examples - conduction loss distribution @ 75°C and 125°C

* Two 400 V examples: T; of 75 °C & 125 °C. For both, device V¢ voltage is 400 V, current starts at 10 A then ramps up to 20 A with a 2.2 pS

conduction time.

25

Conduction loss breakdown @ 75C

3
20A r
28 :
i R 24 Loss energy
24 dson gg
23 . . . .
22 ~decoupling - ?1 integration  so
21 =
2 Y 3

s g2 1L eased Rdson @ 40
1'? 10 & i;g - ' to trapping is k4=0.28 due to trapping i "
1.6 g 13 [ 1 ased Rds d 2 °
5 g 12 [ [ bl Increased Rdson o .
14 . % 11 I to heating is k;=0.49 due to 75C heating_ ] R@(Tj'ZSC)
> 2 o9

@» 08
11 & 0% .

! £ 06 .
0.9 0 0.5
08 v 04
07 : Static Rdson
0o Measured Rdson/Rdson(ZSC) . o3 @25C portion o
6 50E-06 7 00F-06 7 50E-06 8 00F-06 8 50E-06 9 00E-08 9 50E-06 6%0506 7 A0E-06 7 90E-06 8 40E-06 8 90E.06 0.000007 0.0000075 0.000008 0.0000085 0.000009
Time (S) Time (S)

T.@

Id (A)

7.00E-06 7.50E-06
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Hvo

-5
9.50E-06

O=SNWANONDO_sNWANONDONSNWANDNDOW

o O00000000 =Aaaaadaadaa NNNNNNNNON

©
=]
m
=
®

8.00E-06 8.50E-06 9.00E-06

7.40E-06 7.90E-06

8.40E-06

o
&
15 . =
decoupling 2
Qé Increased Rdson due
10 § to heating is kp;=1.12
P [ ]
2 Increased Rdson
= rlueiod25CJreatiny
; :
=

Static Rdson
@25C portion

8.90E-06

Loss energy

. N

integration =
73
O
>
[=)]
5
c
L

Conduction loss breakdown @ 125C
70

60

does include some self-heating

50

40
26.4

30

20

241
10

0

0.000007 0.0000075 0.000008

Time (S)

0.0000085 0.000009




Examples — overall loss distribution based on pulse test

* Inconduction loss, with T; increasing, the Ry, loss from trapping effect becomes less significant than heating effect.

* By adding the switching loss E_ /E_ ¢ the overall loss for one switching cycle can be obtained.

130

140

130

120 _

10 Overallloss energy=93.7uJ

100

a0 Edq /
fg Erayasc) |

60
20
40
30
20

10 Eon 38.7

0
0.000007 0.0000075 0.000008 0.0000085 0.000009
Time (S)

Overall loss breakdown @ 75 °C

11.9
24.1

Energy loss (uJ)

Erazsc

e ComparedtoE
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130 Overall loss energy=118uJ
120 Eir (Does include
dR
110 | - /
some sel-heating)
e %4
% Exariasc .
80 /
0 | Erazsc 24 1
60
50
40
30
20 Eon 47.3
10
0
0.000007 0.0000075 0.000008 0.0000085 0.000009

Time (3)

Overall loss breakdown @ 125 °C

on» the dynamic Ry, loss has a very small effect on the system efficiency




Loss distribution for G?N HEMT based on continuous Boost test

* The test setup is
reconfigured to a Boost
converter for continuous
running.

P
A%
|
I
0
il_f
L
%

Clipper circuit -
The Tektronix probe

Rogowski coil

L
S, remove Sy —
Differential probe | ﬂ —
Imerental pro 32 :: _

! e, ot B

Power indu Cloy's \\\\ S \:\\\

e ‘ “\ﬁ ;\’H 4 A';\; i

-
j = == >
X = ==\
\ ‘o >
by, -
o

g (SA/

d:i.v) -

& 200V 5.004 | ;

Vialue Mean
€ Mean 7.92 7.93

Boost converter waveforms

= —— Va

.
Boost converter test setup di
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22.3m 100k points l

Boost converter test setup

 Temperature control board is removed and
replaced by a heatsink attached on the
GS66508T device on the PCB bottom side.

MH:

* T, is still monitored through thermal hole.
Heatsink installation

m °s-Hertogenbosch .=




Loss distribution for GaN HEMT based on continuous Boost test

* Converter continuous tests are performed with different load currents and switching frequencies

e V., =200V,V

out

=400 V, Ry, ;,=8.7 °C/W, T,,,,=25 °C

Hard-switching device loss breakdown in a GaN-based Boost converter under different loads and switching frequencies

20kHz, 400V o0kHz, 400V 100kHz, 400V 200kHz, 400V
10.00 10.00 10.00 10.00
=Pcond_25C (W) ®mPcond_25C (W) ®Pcond_25C (W) mPcond_25C (W) 103°C
9.00 | mPcond_Tj (W) 9.00 | mPcond_Tj (W) 9.00 |®Pcond_Tj (W) g.0p | ®Peond Tj(W)  Fio
—~ Pcond_dr (W) s Pcond_dr (W) s Pcond_dr (W) 3 Peond_dr (W)
8.00 - 8.00 Y 8.00 | mPoff (W
2 m Poff (W) P u Poff (W) = 800 | =poff (w) c off (W)
g = = 1 Pon (W) 2 uPon (W)
3 7.00 | =Pon (W) S 7.00 [®Pon (W) g 7.00 8 700 —T=
2 = © ®
3 3 o o
2 6.00 5 6.00 S 6.00 S 6.00
o 0 0
: 3 é :
8 500 S 500 o 500 T 66°C o 500
o) @ Qo Q
g 4.00 B 4.00 S 400 T=56°C B8 400
o o
[=)] =4 £ =
£ 300 £ 300 T =51°C £ 300 5 3.00
[} S 8 9
E E T=4 z :
% 200 200 3°C - 2.00 o 2.00
o = = 5
[} © T I
T 1.00 0.62 T 1.00 1.00 1.00
0.00 - 0.00 0.00 0.00
1200 1600 800 1200
Boost converter power (W) Boost converter power (W} 50051 convener power (W] Boost converter power (W)

* Power loss due to dynamic Ry, is a small portion of total system loss
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Comparison to Silicon and Silicon Carbide

. 4
GaN Fast
HEMT _I”s, recovery Sidk Da
L diodey
" Y Y YL ¥y
= R =—C R
GaN Cc g g
) _1 HEMT —-[ S, — S,
Vdc C
Si
MOSFET
A J L L . 4 L

GaN HEMT-based Boost converter SiC MOSFET-based Boost converter

Comparison between GaN and SiC MOSFET
@ 200kHz, 1.2kW Boost converter

Si MOSFET-based Boost converter

Comparison between GaN and Si MOSFET
@ 50kHz, 1.6kW Boost converter

Si IGBT-based Boost converter

Comparison between GaN and Si IGBT
@ 20kHz, 1.6kW Boost converter

—~ 20.00 . 20.00 s 20.00

s 18.00 ® Pcond S 1800 = Pcond T.=150°C = 18.00 = Pcond
w w

g2 1600 | gpsw g 1600 = Psw \ 1600 | mpgy
g 1400 g 14.00 = 14.00

3 1200 T,=108°C 3z 1200 g 1200

o 10.00 T 1000 2 1000

£ 800 £ 800 = 800

% 6.00 % 6.00 5 600

s 00 ® 400 = 400

& 200 2 200 5 200

T 000 . T 000 T 000

GaN GS66508T IGBT IGB15N6555 GaN GS66508T |Si MOSFET IPW65R048CFDA GaN GS66508T | SiC MOSFET C3M0065090J

Overall, GaN has much lower losses compared to Silicon and SiC, 1.4x to 3.7x lower

GaN has significant advantages over other technologies on switching loss E_/E
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Conclusions

* Dynamic Ry o)

* Measurement:

* Good T, monitoring is important to separate heating and trapping effects;
e Continuous mode test provides the most accurate results;

* Soak time control (typically 1 to 100 pus) is needed.

* Loss calculation: use I°Rpg,n 250 (1+k5+ky,) for simple and accurate results

* The trapping effect (dynamic Ry, is significantly less than the heating (temperature) effect

» System Power loss
* Power loss due to dynamic Ry, is @ small portion of total system power loss

* Total system power loss: GaN outperforms other technologies by a wide margin
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Thank you for your attention |

Have a good day.
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Phone: +31 20 347 31 80
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