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Background

Alessandro Borghese received his BSc and MSc degrees in electronic engineering from the
University of Naples Federico Il.

-Master thesis (Oct. 23, 2017)

“Efficiency Estimation and Comparison of Two Inverters for Electric Vehicles: Si vs. SiC Power
Devices”. Technical Centre of Toyota Motor Europe (Belgium).

Nov. 2017 - Oct. 2018
Worked at Electrothermal Characterization Laboratory (DIETI, University of Naples Federico ).

Oct. 2018,
Public admission procedure 34t cycle ITEE PhD. Awarded w/ a grant from Ateneo Federico Il
tutor: Prof. Andrea Irace.

My research activity is focused on power electronics, specifically on wide bandgap power
semiconductor devices.
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power semiconductor devices

Think of them as switches

1. Allow any current flow when closed
{ 2. Block any voltage when open
3. Instantaneous commutations

wide bandgap power semiconductor devices are semiconductors more
suited to this task

The most technologically ready are
Silicon Carbide SiC
Gallium Nitride GaN
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Effect of Parameters Spread on the
performance of SiC Power Modules



SiC MOSFET — current rating limitation

Die area A1 =[] Die area A2 = D
Yield*=97% Yield*=76%

* SiC MOSFETs

* enable more efficient and
compact converters thanks
to excellent static and
dynamic performances

* not available at high current
levels (>200A)

4 Defect type 1
e Defect type 2

(a) * Defect type 3 (b)
B Defect-free device

*Yield=100x[1-(defective dies)/(total dies)] [Tl Defective device ‘

die size = Nyield = Great interest in multichip (parallel) structures (Power
modules)
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Electrothermal imbalances in parallel
SiC MOSFETSs

700
. — - V_(MOST1)
Inductive LLOAD S 600 \ - - V_(MOS2) 4424
2 \ — 1,(MOS1
turn-off > 500 \}\\\\ |D§|\/|osz; {345
of 2 RG §4oo ,' \\ RECh I SIS PO
) i
para"el C—— VDC % 300 ,, \\ 18.7
SiC S 200 | \ 10.8
.% i
£ 100 i 29
MOSFETs J UL VPULSE N \_/\'DQ@aA .
15.0 15.2 ’
LLOAD=50|JH, |Dz4OA, Voc=420V time [us]
Device & circuit Unbalanced Uneven Short
. orter
parameters » devices » temperature » lifetime
mismatches behavior rise

Derating rules & design optimization needed to
reliably parallel SiC MOSFETs
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Sources of current imbalance

. o - V_(MOS1)
Inductive LLOAD gg 600 \\\\\ :Z[(,R/(Ilggf)z),. 424
tu rn'Off z 500 l\\\ I(MOS2) |434.5
of 2 RG % 400 :' \\ paCh i SIS PO
paraIIeI —— VDC g 300 ', \\ 187
SiC g 200 ': \ 10.8
MOSFETs < U Veuise ° 102 1 Qe _2:0
Low=50uH, l:=40A, Vo420V e e lus]
and unbalanced current shadng due to

Mismatched

-Device parameters:
Viw Ron, Cosr Capr Cas
-Circuit parameters
L, R, L

gint,

L +
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Model subcircuit
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Model subcircuit — derivation

The model is derived from the one used for Silicon VD MOSFET: the
most crucial part is demanded to the non-linear drain resistance.

Source (Al)

Oxide (SiO,)
Gate (poly-Si)

RD(VGS’Vdriﬁ’T):RAJ (VGS9Vdrift’T)+REPI (T)

rift

¢ T O e
Ry, (T) = Rppo| = TS

-r+aT/
Temperature dependence of the ‘bulk’ == |, (7)= (Lj v
electron mobility even for T>500 K*

Vrl' V -
AJ (VGS»Vdriﬁ’T): % :; '[RAJI (T)+RAJ2 (T)[l'l_ﬂ] ]
17V
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Model subcircuit - capacitances

DRAIN
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Model calibration

The complete model with all the temperature dependences is based on 38 parameters, some of
which have a physical meaning and can be directly extracted from measured data.

Calibration=tuning the model parameters so that it matches experimental electrical waveforms

Automatic calibration routine

Netlist
generation

Param.
extraction

Simulate Error (e)
15-Vps evaluation

Optimization
function

SSSSSSSSS

D Vasa g Ve
o o /’f— Vasi y
e V-_@Sl MOdEI .net : .
-1/A = |

Vs Vs



CREE =

Model Validation — 1.2 kV deV|ce

D | e

. 60 1
<

i -2 40| .

E 20 + 1

4 ol 1

30 T T T T T T T
Dynamic Liray 600 600
L 450 450
load =) s
-V > 300 300 7y
Rg TEST = x
l—@—«m—ll: DUT S
=1, 9mH, R=500, Vo =500V S Pl | ] © A ’
wo=1.9mH, R=50Q, Vres=5 06 08 10 12 14 16 18 20 - : : - : - - 4 16

Time (us) Time (us)

Switching transients accurately modelled both at turn-on and at turn-off
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CREE =

Model Validation — current imbalance

C2M0080120D

Inductive L
turn-off HOAD

of 2 R; -mm
paraIIeI MOS1 153.1 141.5 uJ

SiC MOS2 131.8 115.05 W
MOSFETs - ) Viuise

I
"
<

drain-source voltage [V]

T T T T 16 7 T 1 T v T T
600
14 6
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— 10 4
400 < —
z 8 < 3
e & X,
4 =
200 g g
©
0
100 0
2 -1
0 . 4l § 2 .
1 1 1 1 6 1 1 1 —-— 3 1 1 1 1 ]
100.035 100.074 100.113 100.152 100.035 100.074 100.113 100.152 100.035 100.074 100.113 100.152
time [us] time [us]

time [us]
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CREE =

Case study: Unbalanced DCDC converter @

C2M0080120D

Can the parameters mismatch represent a significant problem during realistic operation?
10 | | [ | | - Histograms of statistical

distribution measured on
20 DUT samples at
T=300K, and

0]

[e2)

I

N

Num of occurrences

Num of occurrences
(@)]

o
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CREE =

C2M0080120D

Case study: Unbalanced DCDC converter

Can the parameters mismatch represent a significant problem during realistic operation?

2" | | agl | — Histograms of statistical
5 5ol distribution measured on
g 5 §4 20 DUT samples at
- = T=300K, and
P P
070 0
| ¥ | T oY
DGS b ¢l [We 800—350V, 200 kHz synchronous buck conv.
v,EDhi oh J,?;Tm*:fg ﬂ:g'lﬁpf”:gi ::Rmfj 4 parallel MOSFETs per switch
side 4 jrcfg side

H
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CREE=
Case study: Unbalanced DCDC converter C%;D
Can the parameters mismatch represent a significant problem during realistic operation?
10 - ‘ — | — Histograms of statistical

O $ 8
o Sgl distribution measured on
S S4l 20 DUT samples at
c - T=300K, and
Pz Pz
0
| V| T T oy
bGs | _D-”# . Cour Yo 800—350V, 200 kHz synchronous buck conv.
® T Tenis THG1RPois = -
Vod highl__Pa S 1 Jiow RLOA? 4 parallel MOSFETs per switch
side he T side

-

¥
2

=
e

S ok
V#YQ‘\;—

\WAVAVAVAVAVAYA
#V‘A VAVAVAN

T >
nih
¥

Po TFB Ten

0id
*h
¥
AN

D I
"

SR,
%

Thermal Feedback Block

L. Codecasa et al., “FAst Novel Thermal Analysis Simulation Tool for Integrated Circuits (FANTASTIC),” in Proc. IEEE THERMINIC, 2014.
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CREE =

Case study: Unbalanced DCDC converter =

Can the parameters mismatch represent a significant problem during realistic operation?

YN
L, R Vv
c (o]
1-4 ouTt
“i's T
IOW RLOAD 14 1-4
G . H5] s
14 side Po TFB Ten
= # i3

balanced MOSFETs

. = a | =23.406A '
Balanced config. ] N s N
= 10 Fv=—Z351.00v > 120
I T T liso ATyax(balanced)
MOS1 O oeof 80 ~
S6751
MQOS2 477 | 0.55 T e6f zg 20°C
MOS3 5§ 5 ‘%‘“‘}"'gf"-"‘-“ i balanced MOSFETs Trec)
399.985 399.990 399.995 400.000
MOS4 time [ms]

Alessandro Borghese 17



CREE =

Case study: Unbalanced DCDC converter =

Can the parameters mismatch represent a significant problem durmg reallstlc operatlon’-’

LT WYy, o g | )
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. low Rioao| /1y o124 g 1,':, / 20 - i
Fi4 side WP TFBTal & &8 7 e— 0 7 e—y
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0.3% difference between Vout
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= ORI TN 1 0 =i
3 10 FVoTE352.45V- 11 120
< 0,AVG ) ) )
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time [ms]
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MONTE CARLO (MC) ANALYSIS

Objective: systematically relate dissipation non-uniformities of mismatched parallel devices
to fabrication process rejection boundaries.

Lo Dew
Lpp1 Lop2 Lpps
Rep1 M, Rep2 M, Reps M, Repa

M) Vee

:

threshold voltage: V., V]

current factor: K [ANz]

c 3 4 5 6 0.4 045 05 055 06 065 07
Sos 10
2
LDP4 % 0.6
z
L 0.4 5
M: == Vsuppwy ey
S92
LSP4 _c-g
L 0 0 "
= ) “Pun+0.50 ) “Fpnt0.50
) Mt 3.50 ) Mt 3.50

(DPT): VDC=800 V, LLOAD=142 pH, RG=2.5 Q.

4 parallel MOSFETs under Double Pulse Test = MC simulation with increasing parameters tolerances

number of

Monte Carlo
simulations (N) I

5T MC batch #1

=3 vk

o N

2

m

e

2|\ I
X

«1 MC batch #2 of TSR

o

3 SIMetrix

® —Jp»| random

; sampler
X

\ 4

mpled . . IV pOSt-
aaaaaaaa DPT CIrCUIt waveforms H
netlist e prosc;:;tlng

MC batch #N
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output of
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. output of
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X

Oulpl:ll of
MC batch #N
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probability distribution

probability distribution
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MONTE CARLO RESULTS: TURN-OFF (example)

threshold voltage: VTH V]

N
nt0.50

threshold voltage: VTH V]
3 4 5 6

i
4
T

+2.50

num. of occurrences

num. of occurrences

100

&)
o

o

400

100

50

MOS1
7

‘ Expected E_, =576) ‘

num. of occurrence

o
o |
o

600
E oty (1)

MOS1

Expected Eoﬂ" ’ =579ud

num. of occurrences

500
E

1000

off (1)

MOS2 " MOS3w
100 ‘ Expected E__, =574 g 100 Expected E__.=575.J g
o o
S 5
[&] Q
Q Q
50 S 50 S
G o
£ £
3 =
0 S 0 =
400 600 800 400 600 800
E o (1) E o3 (1)
Eorrave=580W  Eoppsrp=63.11
MOS2 " MOS3w
100 | EXpected E =590, § 100 | EXpected E <5804 | g
o o
S =
Q [&]
Q Q
50 S 50 o
ks ©
£ £
3 =
0 S 0 <
0 500 1000 0 500 1000
Eorro (1) Eois (1d)

Eorrave=5801  Eoppstp=1601

While the mean value is constant at 580 J for both cases, the standard deviation increases
from 65.1 pJ to 160 pJ.

Alessandro Borghese

100

50

0

400

MOS4
Expected Eoff 4=578 ud

600
E oftg (1)

80C

MOS4

100

50

0

‘ Expected E_, =582

500
Eotra (1)

1000

20



Statistical dissipation unbalance

 The maximum, most likely energy unbalance, for each MC simulation run, is
evaluated as:

AV

AE, =max(E, E,,E, . E

onl,~on2,~on3, ~ond

=max(E E E_ .E

off 1, off 2, off 3, oﬁ’4)_mln(E E E E

off 1, ~off 2, off 3, 0ff4)

)—min(E E E .E

onl,~on2,~on3, 0n4)

100 w a
;=20 A
Ut 2.50

Expected
AEoﬁ=399 pd

(o]
o

)]
o
T

Num of occurrences
i
o

N
o
T

o

0 200 0 600 800 1000

AEOff (pd)

AE. ...~399) vs E =580 (AE,/E.; =69%)

off,avg
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design guidelines

How to draw guidelines for the design of multi-chip power modules from these data?

450

.p.
(=]
o

0.5

‘ b
AT = |AE,,, X fo + APs X D| X Ryp,.

threshold voltage: VTH V]
3 4 5 6

switching energy unbalance [p:J]

0.6K/W

) g 1 2 3 4
K and VTH distributions cut [#] l
0 — 4

probability distribution
o o

-

o

(=]

w350
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How to draw guidelines for the design of multi-chip power modules from these data?

threshold voltage Vru v

design guidelines

N
(%))
(=]

300

4 5 6
! 150
100 . : . . ‘
g 1 2 3 4
K and VTH distributions cut [#] l
=+ 110.50 /
pt 3.50

If AT,,,x=60°C gives a desired useful lifetime

Always achievable at 50kHz and 100kHz
only achievable at 200kHz if tolerance<1c

Alessandro Borghese

‘ b
AT = |AE,,, X fo + APs X D| X Ryp,.

temperature imbalance: Tmax-Tmin [°C]

0.5

0.6K/W
CA-f =s0KkHZ|
100 -m-f,=100 kHz 90 °C
- @ f_=200 kHz e
80 | = L o- -9 -© i
N
60 |- f U S
40 X1E/'/ : :(2 - -0- -m-- -0
o 40°C
| /': _i_A-—A- —A- -A |
20 .» A A
AT I

0 | - 1 : 1 1 1 1
05 10 15 20 25 3.0 35

Gaussian distribution single-side cut (c)
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Summary

A new SPICE model suited for electro-thermal simulations of
SiC MOSFETs.

Statistical dispersions of V;,; and R, for a commercial SiC
power MOSFET were evaluated.

Monte Carlo analysis of parallel SiC power MOSFET were
performed to evaluate the energy/temperature imbalance.

Example of design guidelines for thermal-aware design of
multi-chip power module.
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Gate leakage current sensing for in
situ temperature monitoring of p-GaN
gate HEMTs



Motivation
Gallium Nitride high electron mobility transistors (GaN HEMTSs)

provide remarkable
» on-state (R_,,) vs. off-state (BV) trade-off = © topology simplification

» switching speed = © more efficient and compact converters
|-> Higher power density

short-time duration events (us scale)
AT gan= Z1H,,,(@2ps) - 400V - 20A(@2pus) ~ 440K
| ATgi= Zpy g (@2ps) - 400V - 20A(@2ps) ~ 104K

Z,, (KW)

I-b GaN faster electrothermal response

Higher power density +
Faster thermal response =
Harsh electrothermal conditions

10°® 10°C 10 1072 10°

Online monitoring of the device self-heating is of uttermost importance
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GaN faster thermal response

IPA65R190C7

TO-220 FP

&

1 2'3«
RDS(on)=190mQ
1,=8A
V=700V

GS66504B

e

RDS(O,,)=100mQ
I,=15A
V=650V

GaN channel
buffer

Si or SiC substrate

Source
and Body

3D heat
source
(volume)

2D heat
source
(surface)

Very fast

» temperature
increase

Heat generation confined in a narrow region

Alessandro Borghese
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Gate Leakage Current: Physical Origin

ﬂ-) S GS66504B: normally-off p-GaN HEMTSs| Gate-to-Source Current les 80 WA | Ves=6V,Vps=0V

N,=10"%cm?

'Schottky contact

GaN

N,=10%cm?®

AlGaN

N,=10%%cm™

GaN

i

Passivation Layer

metal/p-GaN contact [Xul8]

80 nm
“19nm

* 2-D variable range hopping

* Thermionic field emission

AlGaN

2DEG

Buffer

* Poole-Frenkle emission

GaN

Si Substrate

[Xul8] N. Xu et al., “Gate leakage mechanisms in normally off p-GaN/AlGaN/GaN high
electron mobility transistors,” Appl. Phys. Lett., vol. 113, no. 15, p. 152104, Oct. 2018.
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Gate Leakage Current: Modelling

Experimental verification of the impact of Vg and Tj;; on

S B i B o o

28 _ | ®m  experimental data

24

20|

16 |

12

08 -

04

Gate leakage current: IG.LEAK [mA]

00| |

o2 o [ |

-1 0 1 2 3 4 5

<

Gate to source voltage:|V
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Gate Leakage Current: Modelling

Experimental verification of the impact of V and T ;; on

32 1T T T T T

28 _ = experimental data
fitted model

24} -

20 .

R.=820 DUT ]

" W@
B VGG,DC _®

16 F

12 .

g |

08 .

04 B 50°C

Gate leakage current: IG‘LEAK [mA]

00 - = & ]
I IR B B B N . L N ]
1 0 1 2 3 4 5 6 7 8

Gate to source voltage:|V . |[V]

Regardless of the physical origin, |g oo Mmodelled as: I ;pag = 160(9@— 1) - e?Tour-To) (1)
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Proposed Sensing Methodology

Instead of monitoring | .. (small and fast), we monitor the voltage drop (VAK) on the diode D,

Advantages:

© No complication of the standard gate driver

© Linear

V,-Tpur relation

300 1N40007 pn

z o Igeax = lgo(e®es — 1) - eP(Tour=To) (D
¥ 250 rectifier ’
£ 200}
E »
g 150 | _-' i
2 00l ! ] Vak = Ve —Vr — Vgs (2)
[s]
[ =
£l N
0 I J \’ —VAK
[ ] I =l =lceVr 3
300 350 400 450 500 550 GLEAK AK S ( )

Anode to cathode voltage: V,, [mV]

aVGG + b(TDUT - To) - ln (I_S)

1
Vag =V GO

(4)

aVT+1
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V,-Tput Relation

The linearity of V,=f(Tp,;) was experimentally verified

0.6
E I
><>cc 0.5 -
aVs + b(Tpyr —To) — In (é_so) S 04 _
= ©
o)
o I
o 02
Values of the parameters used in the V,, — Ty relation. Z i
e,
Parameter a [V b [KY]  Inldly) g 017
Value 1.841 0.04033  -5.952 0.0

) - -m- - experimental datal.
— fitted data

20 40 60 80 100 120 140
DUT temperature [°C]

The linearity holds true for a wide range of temperature and gate bias

Alessandro Borghese
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Sensing Methodology: Experimental Validation

L, DSEPQ-OGA
YT
< 4
100uH D Lo

reprohoser "

VDC F It _! gatedriver 1 DUT . >
10 /i.senéin%irsuisi-ll: GSEES04B. C,, RLOA?
1 2.2uF| 2770

200 kHz prototype boost converter

* No heatsink on the DUT to exacerbate the
thermal stress

* Tested at differentinput voltages (V)
ranging from 25V to 100 V-, i.e., different
powers.

Boost converter output voltage: V', [V]

Drain current: 1 [A]
Diode voltage drop: V,, [V]

Average diode voltage drop [V]

v, =375V
vV, =100V

0.65 —

0.60 |
0.55
0.50

045
.
.

0.40

20 40 60 80 100 120 140 160
Average converter output power [W]

time [us]

The average diode voltage drop increases as the converter output power increases

Alessandro Borghese
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Out-of-SOA Experimental Validation

Cu t
RewA Dy, K ey o |
: (A) Methodology validation during harsh
GILEAK operating conditions
kV/ K'/ I: DUT — CSC VSLPPLY P &
R V | GS66504B T 470pF 70150 V
Vee ——w— t
Dolr Rgolr Vc;s =
50 . : I : . :
_ ——v_=rov ] ]

2 SUDDW_ Z 15

:‘;40 - — VSUDDIV_1 ooV >§ 2 4 '

‘ié I Vsupply:1 30 V 1 Q- 1 O | i

© 30 | —V,, S50V 9 |

5 I ] T 05} i
© I V. ]

e 20} 1 oo Voo ]

o | s [ |V, =70V

o > SUDDY_

— 101 g O5F [V, =100V g

8 L ,rvsupply i) \" I =130V
D _1 D - supply .

0 —V,_ =150V
) . ) . ) . 15 1 1 N
0 5 10 0 5 10
time [us]

time [us]

V,« experienced a noticeable increase as the power dissipated by the DUT surged
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V-

V, Sensing Circuit

;kﬁzss b

8nF —

Vv

maonitor

— < 12kQ

Sensing circuit consisting in
differential amplifier
A,=(9kQ/2.5kQ)=3.6
followed by an
envelope detector

L, DSEP15-06A
YYY\
LA
100pH D lout
Ve (i J.L_,'g’é't??ﬂ?‘er.,_ll: DUT 1 Vi
100V EEEQEiD%ﬂ‘EHiIE GSE6504B ¢,y [™ Riow] 290V
|_/ = 2.2pF -

functionality tested through SPICE
electrothermal simulations
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V,« Sensing Circuit: Validation

L DSEPI1\I5-06A
IYYm
L1
220uH D lout

Feproposed 1

A n P

Reon 10Q] =
Reort 5 Q

1 . . o b
|S€‘I'ISII'IiCII‘C uit 1

F

DUT

GS66504B ¢ T R 3

8uF

LOAD

416Q

1 MHz, 200 V-to-400 V step-up converter
DUT was described by

out

400V

Compact device
model +

Equivalent
thermal
network

4

Behavioral
current source
for

IGLEAK (VGSI TDU'[)

2 electrothermal simulations at two ambient T
- regular operating condition T, = 27 °C
- stressful operating condition T, =75 °C

Vv

monitor

V]

out

Boost converter output voltage: V

400

350 |

300+

250

200 " 1 1 1 1 1 1 1
0.992 0.994 0.996 0.998 1.000

44

g

i

i

il

g

o

time [ms]
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S & S
DUT drain current: | [A]

[&)]

o

!

monitor

Sensing circuit output: V

2.84 [0
2.82W§\N\W ]
2.80 T,=27°C

278] T75°C

L

272 L L L L 80
0.992 0.994 0.996 0.998 1.000

time [ms]

4

has the same trend of T ; for both ambient temperatures

36
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160
150 ©

{140 2
| an 2
{1130 ®
Q
1120 &
1110 &
1100 5
1100 2
190



Summary
lc,Leak @S temperature indicator of GaN HEMTs investigated by

experiments and simulations

- Experimentally verified on a commercial GaN HEMT that the
gate leakage current shows a remarkable dependence on the
temperature and on the gate bias. Tested both in and out-of-

SOA.
- Voltage drop across a diode on the turn-on branch of the gate
driver is a good temperature equivalent parameter.

Simple yet effective circuit to sense and amplify the diode voltage
drop was designed.

- Applicability tested in a1 MHz boost converter (SPICE ET
simulation).

 The sensing circuit does not bring an additional design
burden.
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