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

-Master thesis (Oct. 23rd, 2017)

“Efficiency Estimation and Comparison of Two Inverters for Electric Vehicles: Si vs. SiC Power 
Devices”.  Technical Centre of Toyota Motor Europe (Belgium).
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My research activity is focused on power electronics, specifically on wide bandgap power 
semiconductor devices.



power semiconductor devices
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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



Effect of Parameters Spread on the 
performance of SiC Power Modules
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SiC MOSFET – current rating limitation

• SiC MOSFETs

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

• not available at high current 
levels (>200A)
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↗die size = ↘yield➔ Great interest in multichip (parallel) structures (Power 

modules)



Electrothermal imbalances in parallel
SiC MOSFETs
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Derating rules & design optimization needed to 
reliably parallel SiC MOSFETs

Unbalanced 
devices 

behavior

Uneven 
temperature 

rise

Shorter 
lifetime

Device & circuit
parameters
mismatches
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-

Inductive 
turn-off 

of 2 
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SiC
MOSFETs

LLOAD=50µH, ID≈40A, VDC≈420V 



Sources of current imbalance
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Static and transient unbalanced current sharing due to
Mismatched
-Device parameters:
VTH, RON, CDS, CGD, CGS
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LS, Rgint, LG
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Model subcircuit
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Model subcircuit – derivation
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The model is derived from the one used for Silicon VD MOSFET: the 
most crucial part is demanded to the non-linear drain resistance.

( ) ( ) ( ), , , ,D GS drift AJ GS drift EPIR V V T R V V T R T= +

( ) ( ) ( )1 2

1 2

, , 1
drift GS

AJ GS drift AJ AJ

drift

V V
R V V T R T R T

V V V

−  
 =  + + 

+    

( )
0

0

0

r

EPI EPI

T
R T R

T

 
=  

 

Temperature dependence of the ‘bulk’ 
electron mobility even for T>500 K*

( )
300

0
300

r T

L L

T
T



 

− +

 
=  

 



Model subcircuit - capacitances
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Model calibration
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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

Param. 
extraction

Netlist 
generation

Simulate 
ID-VDS

Error (e) 
evaluation

Optimization 
function

Model.net

simulated experimental

Automatic calibration routine



Model Validation – 1.2 kV device
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C2M0080120D

Good prediction for a wide range of VGS, including the soft transition between linear and saturation regs.

VDS
ID

VGS

L
stray

L
load

RG

DUT
VDS

ID

VGS

DynamicDynamic

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

LLOAD=1.9mH, RG≈50Ω, VTEST≈500V 

DCDC

Turn-on
Turn-off

25°C 125°C



Model Validation – current imbalance
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C2M0080120D
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Case study: Unbalanced DCDC converter
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C2M0080120D

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

VTHRon

Histograms of statistical 
distribution measured on 
20 DUT samples at 
T=300K, and fitting 
Gaussian functions



Case study: Unbalanced DCDC converter
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C2M0080120D

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

VTHRon

Histograms of statistical 
distribution measured on 
20 DUT samples at 
T=300K, and fitting 
Gaussian functions
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Case study: Unbalanced DCDC converter
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C2M0080120D

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

VTHRon

Histograms of statistical 
distribution measured on 
20 DUT samples at 
T=300K, and fitting 
Gaussian functions
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Case study: Unbalanced DCDC converter
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C2M0080120D

Can the parameters mismatch represent a significant problem during realistic operation?
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Can the parameters mismatch represent a significant problem during realistic operation?
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MONTE CARLO (MC) ANALYSIS
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Objective: systematically relate dissipation non-uniformities of mismatched parallel devices 
to fabrication process rejection boundaries.

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

(DPT): VDC=800 V, LLOAD=142 µH, RG=2.5 Ω.



MONTE CARLO RESULTS: TURN-OFF (example)
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EOFF,AVG=580µJ

EOFF,AVG=580µJ

EOFF,STD=65.1µJ

EOFF,STD=160µJ

µ ± 0.5σ

µ ± 2.5σ

MOS1 MOS2 MOS3 MOS4

MOS1 MOS2 MOS3 MOS4

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



Statistical dissipation unbalance
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∆Eoff,avg≈399µJ vs Eoff≈580µJ (∆Eoff/Eoff ≈69%)

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

ID=20 A
µ ± 2.5σ

( ) ( )1, 2, 3, 4 1, 2, 3, 4max minon on on on on on on on onE E E E E E E E E = −

( ) ( )1, 2, 3, 4 1, 2, 3, 4max minoff off off off off off off off offE E E E E E E E E = −



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

𝛥𝑇 = 𝛥𝐸𝑠𝑤 × 𝑓𝑠𝑤 + 𝛥𝑃𝑆 × 𝐷 × 𝑅𝑡ℎ.

0.6K/W

0.5



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

𝛥𝑇 = 𝛥𝐸𝑠𝑤 × 𝑓𝑠𝑤 + 𝛥𝑃𝑆 × 𝐷 × 𝑅𝑡ℎ.
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Summary
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• A new SPICE model suited for electro-thermal simulations of 

SiC MOSFETs.

• Statistical dispersions of VTH and RON 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.



Gate leakage current sensing for in 
situ temperature monitoring of p-GaN

gate HEMTs
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Motivation
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Gallium Nitride high electron mobility transistors (GaN HEMTs) 

provide remarkable

➢ on-state (Ron) vs. off-state (BV) trade-off ➔☺ topology simplification

➢ switching speed ➔☺ more efficient and compact converters

Higher power density



GaN faster thermal response
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Gate Leakage Current: Physical Origin

Alessandro Borghese 28



Gate Leakage Current: Modelling
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Gate Leakage Current: Modelling
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Proposed Sensing Methodology
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VAK-TDUT Relation 
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Sensing Methodology: Experimental Validation
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Out-of-SOA Experimental Validation
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VAK Sensing Circuit
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VAK Sensing Circuit: Validation
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Summary
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IG,LEAK as 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 a 1 MHz boost converter (SPICE ET 

simulation). 

• The sensing circuit does not bring an additional design 

burden.
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Modules 20 0.4 5 11 5 22 10 5 4 9 0 2.5 2.5 33 30-70

Seminars 5 1.1 4.8 5.9 6 0.4 0.4 1.5 3.7 6 0 0 12 10-30

Research 35 9.6 5 8.9 0 5 10 39 45 9.6 10 4.6 4.5 10 6.3 45 60 10 10 10 10 7.5 10 58 141 80-140

60 10 10 10 16 10 10 66 61 10 10 10 10 10 10 60 60 10 10 10 10 10 10 60 186 180
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