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Power Semiconductors are the fundamental component in electrified transport,
energy generation, distribution and industrial machines.

LIME Semiconductor

We use liqguid metals to manufacture ultra-reliable, lightweight, high-power semiconductors

X Problem: Power semiconductor failures v Solution: Liquid metal is inherently
are caused by thermo-mechanical stress. resistant to thermo-mechanical stress.

Systems are oversized to compensate for this
v 40x - 80x increased lifetime
v 80% reduced system weight
v 80% reduced system cost

v Non-toxic gallium alloy

v Patent Pending

o e Y e

Failure due to thermo- Power semiconductor System failure
mechanical stress failure
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How semiconductors fail

Competing technologies use
solid metals manufactured with high-

Cleaning Wire-Bonding  Soldering Cleaning Package
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How LIME works

LIME is a simple, low temperature

process without hazardous chemicals
LIME uses liquid metal pastes >
with enhanced viscosity.
All interfaces are manufactured
at alow temperature with
a single dispensing process.

Chips Cleaning Liquid Metal  Liquid Metal Liquid Metal Liquid Metal Package System

| Allfragile solidinterconnects
\/‘ are replaced by liquid metal
interfaces.

40x - 80x

3.4x lifetime

2024
SiC MOSFET

Industry 2020
Standard process LIME initial concept
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2019-2020: 200 V Silicon Schottky Diode

LIME First Versions (2019 - 2022) 2022: 600 V Silicon IGBT

* Recess/Cavity/Guard Ring/Floating based
* Use of pure Ga on Aluminium - barrier layer of Titanium

Bolt Cu busbar  Liquid gallium
Nut
solder s

Fig.3. {a) Ga on Ti barrier layer of Al metallized IGET
(b} Barrier layerrupture on Sidiode after power
cycling

Fig.2. Images of Lh- 1 on 200 VSlIlcnn dlnde
{a) =chematic of LM-1 L) e S
{b) Photo of LM-1 showing Ga on topside Fig.6. LM-2on a S 1G8T
{c) Galeak causing short-circuit {a) LM-2 prior to power cycling

: : {b} Corrosion of topside after power cycling
{{I} (5 tDpSIdE after power El—'"lclmg (¢} Corrosion of topsidggdtry power cycling
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1.0

LIME First Versions (2019 - 2022) s <
High electrical instability - wetting issues Fou || . l
0.2 * e
« Barrier layer didn't work - Corrosion of Al and Ga 00 * oo
» Guard-ring/recess did not work - Ga leakage L ey

e Power CyCIIng VS. SAC305 and Al Wirebonds % 1st Calib. ®2nd Calib. ®3rd Calib. ®4th Cal

ib. @After Failure

Fig. 4. Calibration of Vce(T) of LM-1 after successive

« 2samples from each failed almost instantly calibration routines.
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. 500
. . %400 I 469.7
LIME First Versions (2019 - 2022) Sl
L 101.7
. . . .l . . 2 200 }
« High electrical instability - wetting issues g 57 o
o 100 | 61 ' 66 ol O
o Barrier layer didn't work - Corrosion of Al and Ga R | il - B/
. . Wire-Bonds LM-1
« (Guard-ring/recess did not work - Ga leakage Fig. 5. Cycles to failure for LM-1 and Al wirebonded
. . diodes during power cycling.
* Power Cycling vs. SAC305 and Al wirebonds s
. . ~ 236.1
« 2samplesfrom each failed almost instantly 3 20T
. . . 2 200 T 150
 1sample from each achieved 6x - 8x lifetime Swor
» 100 | 379 %% 7.
S 50| o Io.z ° ]
. “ﬁ .
Wire-Bonds LM-2
Fig. 7. Cycles to failure for LM-2 and Al wirebonded

Si IGBTs during power cycling.

Before
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LIME Takeaway

Control Adhesive/Cohesive Forces for containment

https://www.youtube.com/watch?v=puYo9w4cuOc
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Liquid Metal Pastes

LIME can also use Indium or Bismuth
based alloys. However, Gallium based
alloys are more corrosion resistant.

Gallium
Oxide

Continuous mixing of
Gallium in air can form
a paste like material -

part Gallium and part Gallium based alloy Indium based alloy
Gallium Oxide (bottom-side of chip) (topside of chip)

LIME uses Gallium based
alloys. Gallium forms
Gallium Oxide, a solid, on
its surface. This oxide is
very thin and brittle and Gallium/Gallium Oxide paste

can be broken easily.
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Manufacturing Process

» Just mix with in air

 How to manufacture the paste? Mixing time, vacuum step, Ga only, Galn, or GalnSn? Adding particles?
 How to dispense the paste? Mix with alcohol? https://voutu.be/RuWJTXT/ZDsU7t=548
 Humidity/moisture is the main failure mechanism - how to prevent expansion?

* Intermetallic reaction with Gold, Silver, Palladium, Copper?

» Longervideo: hitps://voutu.be/gs-wnloxXFP8

Manufacturing Process and Moisture Impact T A —— T L

https://www.youtube.com/watch?v=2fAU56Sy-Mw

1 day later...

; l 1 hour later
- —_—
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Pressure

Field's Metal / In LM

LIME Version 1-600 V Si Diode (2023)

 Avoid all contact between Ga and Al

* Field’'s Metal used for topside connection

* Only capillary forces and viscosity of paste used
to constrain LM

 Pressure to minimize bondline thickness
* Pre-aging process applied

Field's Metal
at contact
interface |

Silicone Rubber pressing
chip into substrate
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LIME Version1-600V Si Diode

* Pre-aging process
* Apply LM to pad and place on hotplate at operating temperature for 2 hours
 Thenre-apply LM materials

Itermetallic
formation on Cu pads
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Sample Size: 1

LIME Version1-600V Si Diode

* Pre-aging process
* Impact at start of power cycling test

269125 A }

No pre-aging ANMW/M
2.66 “P ¥

262875 M !
25975 \/’\NMWW VM Ww

2.56825

V(on) @ Cycling Current [V]

2535

0 3125 6250 9375 12500

Cycle Number

— CH 4.1: WB.S.DIODE.1.2 CH 4.2: WB.S.DIODE.1.2 00634
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a) DAB specimen at RT I G BT

LIME Version1-600V Si Diode

* 10% improved Rypyyoa)

« 25% improved Z;, @ 7-milliseconds

* Incomparison to SAC305 solder and Al wirebonds
 Bsampleseach Die-Attach Solder Layer is most influential at 7-milliseconds

N. Carlson, IWIPP 2025

2.4 S 0.4
2.0 : S
= 16 1.994 % 09 :
2 12 £ 02
o U8 ® g 0.236
0.4 x
0.0 N 0.0

LIME-1 ® Al Wire + SAC305 LIME-1 m Al Wire + SAC305
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5.E+06

oxsamplesof each | A AlWire+SAC305 TJ Min=20°C
H M M with increased Liquid Metal TJ Min=20°C

LIME Version1-600V SiDiode | 055 | -l vewmomin-aoc

Al Wire + SAC305 TJ Min=80°C

temperature

« J.3xincreased power cycling lifetime =
 No liquid left at Cu pad on die-attach e
1~—~--"“A—~A-I

* Field's Metal corrosion (and pump-out) - .03 s

85 95 105 115 125 135 145

AT, (°C)
18
Pre-Cycling Exothermic

—_
(@)

—Post-Cycling phase change of
4 Field’s Metal pre-

cycling

—_
N

ATNGRAT T

hfw -.-gpx"«-:qi-?"\.-;).,pd"‘:.l_"..ﬂ 5
A 5L o

Temp. Derivative (°C/-)
(de]

1.E-0b 1.E-03 1.E-01 1.E+01

Fig. 7. Cooling rate over time from an RE(”J_WA? ﬁ%surement pre and post power
cycling of an LM packaged diode.
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5.E+06
oxsamplesof each | & Al Wire + SAC305 TJ Min=20°C

H M M with increased Liquid Metal TJ Min=20°C

LIME Version1-600V SiDiode | 055 | -l vewmomin-aoc
' temperature Al Wire + SAC305 TJ Min = 80°C

Nf

« J.3xincreased power cycling lifetime
 No liquid left at Cu pad on die-attach e T
* Field's Metal corrosion (and pump-out)

5.E+03

85 95 105 115 125 135 145 155
AT,(°C)

Migration of Field's metal to
topside of Cu clip

Fig. 8.(a) X-ray image of LM packaged diode before power cycling
(b) X-ray image of LM packaged diode after power cycling
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LIME Version1-600V Si Diode

3.3x increased power cycling lifetime
No liquid left at Cu pad on die-attach
Field's Metal corrosion (and pump-out)

° °
Nf

1.

5.E+06

5.E+05

5.E+04

5.E+03

2x samples of each

with increased

A Al Wire + SAC305 TJ Min=20°C
Liquid Metal TJ Min=20°C

coolant fluid = Liquid Metal TJ Min = 80°C
temperature Al Wire + SAC305 TJ Min = 80°C
TR g~
o ]
T
95 105 115 125 135 145 155
AT, (°C)

https://www.youtube.com/shorts/wauVAXqgpS7E



https://www.youtube.com/shorts/wauVAXqpS7E
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LIME Version2-1200V SiC MOSFET (2024)

» Al pads are coated with TiNiAg

* Field’'s Metal, InSn and InAg tested
« (Ga-paste still for die-attach

* NiAu coatingon Cu DBC
 Copper baseplate

* No solid interconnects remaining - all
interconnects are liquid based
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LIME Version2 -1200V SiC MOSFET

 Rth 1% lower than SAC305 + Al Wirebond SiC MOSFET
 13% improvementin Zth @ 7-milliseconds

1.02 : y 0.25 .
1.00 A SAC305 + Al Wire el A SAC30b + Al Wire
— LIME-2 ek . 023 LIME-2 LA
g 0.98 * % 0.21 bbbt P &
=< 0.96 = N e
|:_E *.*' |:_|: 19 |- A=
& 0.94 - = 0.9 A
0.92 | A 0.17
0.90 0.15
20 30 40 50 60 70 80 90 100 10 120 130 20 30 40 50 60 70 80 90 100 110 120 130
Power (W) Power (W)
Fig. 18. Ryy(.a) vs. power dissipation for LIME-2 and Fig. 19. Z; at 7-milliseconds vs. power dissipation o

SAC305 and Al wirebonded SiC MOSFET. n a SiC MOSFET.
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LIME Version2 -1200V SiC MOSFET

* 40x-60xincreased power cycling lifetime

1.E+06

A SiAlWire + SAC305 LIME 40x - 60x
® SiLIME V1 lifetime increase
A SIC Al Wire + SAC305| —

SiC LIME V2 290000

e |l

* Indium-based corrosion is agalnfallure mode

L

1.E+05

Nf
T

7
/

1.E+04

== Experlmental data

VR
SIC MOSFET lifetime curve for Al
Wirebond chips approximated from

1.E+03
g0 100 MO0 120 130 140 150
AT, (°C)
Fig. 14. Power cycling test results for LIME vs.
Aluminium wirebonds and SAC305 solder.

10kCycles  BOkCycles 147k Cycles EQL
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LIME Version2 -1200V SiC MOSFET

» (Ga-paste die-attach not yet EOL
* NiAu - easy to separate chip

1.E+06

A SiAlWire + SAC305 LIME 40x - 60x
® SiLIME V1 lifetime increase
A SIC Al Wire + SAC305| —

SiC LIME V2 290000

e |l

L

1.E+05

T

Pre-
assembly

Post-Power =
Cycling

T
»!
/
/

1.E+04

Experimental data

H"F‘-.

SIC MOSFET lifetime curve for Al
Wirebond chips approximated from

/

1.E+03
Scratch to 90 100 MO 120 130 140 150
reveal LM AT, (°C)

underneath i 14 power cycling test results for LIME vs.
Aluminium wirebonds and SAC305 solder.
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The Cost of a Failure

Before and after failure. Failures are explosive and

X Power semiconductor failures are explosive and destroy the component and surrounding system.
lead to economic costs far exceeding the !
entire system.

X

Semiconductor related system failures can be
up to 25% within the first 5 years of operation?

Power applications often have stringent safety
requirements (e.g. transportation)

Revenue is lost from downtime
Logistical costs of repairs
Total System replacement loss per average hour of unplanned downtime (Rockwell Automation 2022)

XX XXX

Costly failure analysis Public cases of losses due to recalls from semiconductor failures:
« Toyota recalls 400k+ cars in 2014 due to overheating of
Product recalls and cancelled orders semiconductors (2™ recall again in Oct 2018)

+ Dynex Semiconductor loses $1m+ orders due to unresolved
explosions in power semiconductors in 2015

+ Tesla recalls 127,785 Model 3 Sedans in China over Semiconductor
Faults (2022)

1T. J. Formica, H. A. Khan and M. G. Pecht, "The Effect of Inverter Failures on the Return on Investment of Solar Photovoltaic Systems," in —

IEEE Access, vol. 5, pp. 21336-21343, 2017.
00643
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LIME Potential Miniaturization

 Forthe same lifetime, a power converter could be made 60% - 80% lighter by
increasing the switching frequency

s PO OO OOOOVE

Wirebond

"V YOOIV

i, VOO OO OOV
%

Inductors required for a 20 kW Boost
Converter, designed for 125,000 charge cycles

00644

LIME
SiC MOSFET
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LIME Potential Miniaturization

Like for like - same chip, DBC, heatsink, etc

oenix, AZ

Other possible advantages: low temp manufacturing process could lead to thinner or
higher performance materials

2500

2000

Semiconductor, 359

N Supplementary, 135g
\
1500

Weight(qg)

Approx. 65% reduction in weight for a SiC
Converter designed for the same lifetime
1.95 kg -> 0.68 kg

1000

500

SiC Traditional
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Thanks to

* Dr Francesco lannuzzo, University of Turin, IT

* Dr Szymon Beczkowski, Aalborg University, DK
 Tom Whitehouse, LEIF Capital

 Dr. Andy Mackie, Indium Corp., US

* Dr. Peter Friedrichs, Infineon, DE

Contact:
Dr Nick Baker,

* Dr. Kraig Olejniczak, Wolfspeed, US

 Dr. Stefan Mollov, Silicon Labs Austria, AT

 Dr. Marcello Turnaturi, Vishay Semiconductor, IT
* Dr. Kjeld Pedersen, Aalborg University, DK

* Dr. Eckart Hoene, Fraunhofer, DE
* Dr Andreja Rojko, Infineon, AT
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