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« Power densification and growing module heat losses are rendering
traditional “external-to-case” cooling solutions increasingly insufficient

1600A, 1700V Hélf bridge module under
development by Dr. Mantooth’s group
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- Objective:
- Enable high density power modules through a direct cooling approach that bypasses the thermally
inefficient layers in high voltage packages

Nozzles

Limited to
low voltage
applications

Direct immersion
cooling of Parylene C
coated devices using

Direct air jet
impingement cooling
of GaN devices [3]

de-ionized water [4] (©) iits
Device integrated

microchannels [5]

Leverage dielectric fluids and/or dielectric surface coatings to provide concurrent cooling

and voltage isolation. This requires:
a. Understanding of the voltage blocking characteristics of dielectric fluids under forced

convective conditions
b. Development and electro-thermal characterization of high thermal conductivity dielectric

coatings

POET'S
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Fluid
reservoir

Test chamber High-V power supply Flow loop
Additively manufactured using * Matsasuda RB60 model: e Pump for flowrate
Hi-Temp Resin 30kV/ 2mA rating control
Pair of needle electrodes * Operated using a Ni Daq (Re: 0 to 20,000+)
Micrometer for precise control of system and LabView * Inline heater
electrode spacing, thus E-field * Measurement parameters (Teoo1ant Up to 105°C)
strength  Ramp rate: 100V/s * Flow, temperature

® * Trip current: 1mA and pressure sensors
Thermistor read through Arduino
)
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RB60 High-V supply @
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0 <Re, < 5: Unseparated flow regime

5 <Regy < 40: A fixed pair of vortices form
40 < Re,y < 150: Vortex shedding onset at Re; = 90
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Breakdown (BD) strength as a function of enforced
flow velocity for HFE7500 and FC3283, showing
that turbulent conditions overlap for flow over a
cylinder and for cross-field flow
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Reyannea: Flow regime
dictated by internal
channel geometry
(cross-field flow)
pVD,

Rechannel =

where D), = *4/p,

Rey:

dictated by passage
over the electrodes

N VD
‘P Reo, = 2—
u

A

The flow regimes governing flow
through the test section along
with equations for calculating the
corresponding Reynolds numbers.

Using flow velocities of
Rechannel > 10,000 can take
advantage of the
sweeping action of flow
to restore BD strength
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» The observed changes in breakdown (BD) strength of the
fluids due to enforced flow can be attributed to the following
factors:

Deterioration of BD Augmentation of BD
strength strength

Triboelectric charging: Sweeping Action:

Turbulence:
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» Turbulence gives rise to low pressure regions that act as nucleation
sites for bubble formation

» Partial discharges can occur inside these bubbles eventually leading to fluid BD
= The setup below was used to investigate partial discharges due to enforced flow

POET'S

HV Z
Lck HV high voltage supply CD coupling device
G| C, testobject MI PD measuring device
T N C, coupling capacitor Z filter
o Z,, measuring impedance
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Omicron MPD 800 mathematically integrates
current supplied by capacitor to calculate PD charge
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» Partial discharge measurements to establish a relationship between
flow regimes and discharge between electrodes.

= Measurements are made by ramping voltage to a desired value (100V/s ramp rate)
and recording for 2 minutes
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> Steps were taken to minimize and
track particulate participation:

* Installation of a filter upstream of the
test section

« Tracking of test sequence and
statistical analysis of the data

 Fluid chemical characterization

» Ultra-violet/visible (UV/Vis)
spectroscopy

« Light Scattering Techniques
®
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Charged and uncharged particles result in local field
enhancement that can induce micro-discharges that
increase probability of total BD. B depends on
particle shape, location and charge [6 — 8]. 10/21



» A grounding element was added upstream of the test section
to crystallize the effects of triboelectric charging:
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Breakdown strength as a function of enforced flow for
FC3283 showing that grounding the fluid reduces the
effects of triboelectric charging in the laminar flow regime
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Objective b:Development and electro-thermal
characterization of high thermal conductivity
dielectric coatings to enable direct immersion

cooling using fluids of improved thermal
properties such as DI water
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 Initial efforts have explored different insulation techniques using methods
such as ALD, CVD, and Dip coating

o Materials and insulation techniques ranging from Parylene C, SiO, and
AIN/Parylene window have been explored

/ l \ 30 T T T T T
PVD particles T
Cu i EE,IES, _ jé Ra b 8
635 um ¥ AIN 25 AIN M R +-Res
1- Cr/Cu thermal evaporation el (S, Parviene C —_—
20 - ER-4 i 6
Solder ST Metallic pad g
FR-4 o~
2- AIN insulation soldering X 15¢ £
Parylene C - 4 ¥
m R
e —— 10 &
3- Parylene C deposition {2
Parylene C window 5 3
E 0 0

4- Parylene C window creation 1X1cm? 3X3cm? 2pm 11pm  Novec
AIN AIN ParC ParC 7300

» Parylene C used was 13 um thick.
» Thermal conductivity of AIN: 180 W/m-K @ 20° C.

» Thermal conductivity of solder: 20 to 70 W/m-K @ 25° C.
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« Two different flat AIN sheets were tested: 1x1 and 3x3 cm? surface area. They
were cut using water jet.

« The heat sink is made by milling a machinable AIN sheet. It has Boron Nitride
added to AIN to make it easy to machine.
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The leakage current in deionized water (DI) drops significantly from the
100s of microampere range for uncoated PCBs, to the nanoampere

range for coated PC

POET'S
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» Short term experiments were done at voltages from 50 to 600 V while the PCBs are
submerged in DI water @ room temperature for 60 seconds.

» AIN / Parylene C packages kept the leakage current in the nanoampere range, like
thick Parylene C and the dielectric fluid.

» An electrical / interfacial analysis is still needed to understand the value of the leakage
current for a specific coating / coolant / voltage scenario.
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» Long term durability experiments were done @ 100 V while the PCBs are submerged in

DI water @ 50°C for 7 days.

« The leakage current starts in the nanoampere range but then increases to ~ 1 pA after
1-4 hours after a leakage current spike event.

» Several spikes keep happening but the leakage current stays below the leakage current

for uncoated devices (~ 400 pA).
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TRL of the technology
« Currently at TRL 3

* Achieved proof of concept and electrical characterization of
dielectric surface coatings

 Performed electrical characterization of dielectric fluids

Next steps for increasing TRL

« Demonstration of a direct cooled package that leverages the
learnings from dielectric fluid characterization and dielectric
surface coating development efforts

!
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TRLS

TRL 8

TRL 7

TRL 6

TRL5

TRL4

TRL 3

TRL 2

TRL1
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Progress Summary:

Leverage dielectric fluids and/or dielectric surface coatings to provide concurrent cooling and voltage isolation.

a. Measured breakdown strength a hydrofluoroether and fluorocarbon type dielectric fluids to understand the effects
of flow ( 0 < Re < 25000), temperature (22 — 75 °C) and E-field strength. Use the learnings to propose means by
which to maintain voltage blocking capacity under convective conditions

b. Developed dielectric coatings that provide good electrical insulation as well as improved thermal conductivity
including a AIN/Parylene C window approach. Electrical testing showed an ability to block up to 600V for a AIN /13

pm Parylene C + window

Upcoming Activities:

Obj a: Dielectric fluid characterization

* Flow-dependent measurements for FC3283 at higher Crossfield flow Re > 10,000
* Expand on partial discharge measurements

+ Additional testing with plate-plate electrode geometries for better understanding of the factors driving flow-
dependent breakdown

Obj b: Dielectric surface coatings
+ Temperature-dependent leakage current measurements
» Continue long-term leakage current tests to understand the effects of moisture diffusion

P O E T'S 19/21



[1]1A. Deshpande, F. Luo, A. Iradukunda, D. Huitink, and L. Boteler, “Stacked DBC Cavitied Substrate for a 15-kV Half-bridge
Power Module,” in 2019 IEEE International Workshop on Integrated Power Packaging (IWIPP), Apr. 2019, pp. 12-17. doi:
10.1109/IWIPP.2019.8799077.

[2] C. M. DiMarino, B. Mouawad, C. M. Johnson, D. Boroyevich, and R. Burgos, “10-kV SiC MOSFET Power Module With
Reduced Common-Mode Noise and Electric Field,” IEEE Trans. Power Electron., vol. 35, no. 6, pp. 6050—-6060, Jun. 2020,
doi:10.1109/TPEL.2019.2952633

[3] B. Kwon, T. Foulkes, T. Yang, N. Miljkovic, and W. P. King, “Air Jet Impingement Cooling of Electronic Devices Using
Additively Manufactured Nozzles,” IEEE Trans. Compon. Packag. Manuf. Technol., vol. 10, no. 2, pp. 220-229, Feb. 2020, doi:
10.1109/TCPMT.2019.2936852.

[4] P. Birbarah et al., “Water immersion cooling of high power density electronics,” Int. J. Heat Mass Transf., vol. 147, p. 118918,
Feb. 2020, doi: 10.1016/j.ijjheatmasstransfer.2019.118918.

[5] K. W. Jung et al., “Microchannel cooling strategies for high heat flux (1 kW/cm2) power electronic applications,” in 2017 16th
IEEE Intersociety Conference on Thermal and Thermomechanical Phenomena in Electronic Systems (ITherm), May 2017, pp.
98-104. doi: 10.1109/ITHERM.2017.7992457.

[6] Pan, Cheng & Tang, Ju & Chen, George & Zhang, Yongze & Luo, Xinyu. (2020). Review about PD and Breakdown Induced
by Conductive Particles in Insulating Liquid. High Voltage. High Voltage. 10.1049/hve.2019.0166.

[7] R. Tobazéon, Breakdown of liquids: area effect, volume effect or ... particle effect?, Journal of Electrostatics,Volumes 40—
41,1997, Pages 389-394,ISSN 0304-3886, https://doi.org/10.1016/S0304-3886(97)00076-4.

[8] Tobazéon, R., “Electrohydrodynamic behaviour of single spherical or cylindrical conducting particles in an insulating
liquidsubjected to a uniform DC field,” J. Phys. D: Appl. Phys., 29 (1996), pp. 2595-608.

P OE'T'S 20/21


https://doi.org/10.1016/S0304-3886(97)00076-4

Dielectric Fluids & direct
cooling Implementation

Dielectric surface coatings

Power module
incorporation electrical
considerations
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