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Wire Bond Types:

> Material selection (Wire & Pads) =
e Aluminum — E : 3
« Copper ; ? ;
* Gold f =y
e Silver = ; : ]1
¢ Platinum el ~—— Iy L
> Geometry selection ‘ Wi THRE Wt i o o
* Cylindrical
* Ribbon
> Bond type

* Ball Bonding
* Wedge Bonding
> Bond Mechanism
* Thermocompression
* Ultrasonic
* Thermosonic
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> Aluminum (Al)
*  Usually alloyed w/ 1% Si or Mg

- Key note: Wire Bond Material Properties
Can be bonded @ room temp. w/out inert environment. property Units Aluminum Copper Gold
(ultrasonic or thermocompression)

> Copper (Cu)

Cost [$/0zZ] 0.07 0.22 1768.45
*  Usually alloyed w/0.01-1% Pd
r Reynoter | | Melting Point [°C] 658 1083 1063
Requires inert environment to be bonded (ultrasonic or
thermocompression) — oxidation is an issue
> Gold (Au) Density [g/cm?] 2.7 8.9 19.3
. Key note:
Requires increased ambient temperature to be bonded Constant Pressure Specific Heat [J/g-K] 0.9 0.386 0.126
(thermosonic or thermocompression)
Thermal Conductivity [W/mK] 237 401 317

https://www.heraeus.com/media/media/het/doc_het/products_and_solutions_het documents/bonding

wires_documents/Brochure_Bonding_Wire.pdf CTE [10_6/OC] 231 165 142

R. K. Ulrich and W. D. Brown, Advanced Electronic Packaging, 2nd ed. IEEE, 2006. doi:
10.1109/9780471754503.

Electrical Resistivity [108-Qm] 2.65 1.7 2.2

J. W. Dally, Packaging of Electronic Systems: A Mechanical Engineering Approach.
McGraw-Hill, 1990. [Online]. Available: https://books.google.com/books?id=ovtQgAACAAJ

“Physical property algorithms. J. F. Stelzer, Karl Thiemig AG, Publ. 1984. ISBN 3-521-06144-2. (pbk.) Youngs MOdU I us [Gpa] 70 130 78

No. of pages: 501. Price: 68 D.M.,” International Journal for Numerical Methods in Engineering, vol.
20, no. 5, p. 980, May 1984, doi:

https://doi.ora/10.1002/nme.1620200514. Tensile Strength [MPa] 150 290 170

Y. Cengel and A. Ghajar, Heat and Mass Transfer: Fundamentals & Applications, 5th ed. McGraw Hill
Education, 2015.
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Increasing Power Density Demands

UA Empire Lab

> Systems & devices are increasing in EOWVERSPIIION i st

Higher Voltage : x10

ower densit
p y ey Cooling : x3
e |ncreasin g energy demands Bandgap (6V) <2 g Thermal “Demystifying SIC MOSFETs challenges” Power
Conductivity Electronics News Editorial Staff, July 2020
* Desired size and weight reductions ool s QDS powere Soton csnews.com/demys(ly
* Increased or maintained power requirements _ SiC

Higher Frequency

> Enabled by materials & packaging e '

Higher Temp
Melting Endurance : x3

strategy & technology improvements
Vi 7 /
g y g y p sy 2025 WBG Advanced Integrated Power Module Goals for R&D
Peak Power [kW] 200
Continuous Power [kW] 110
ekl 10 Voltage Rating [V] 1200
160,000 TWh e et ! Modern biofuels Max. Device Current [A] 200
’ HEV gt ?g el \5/&'% Max. Junc. Temp. [°C] 250
X ~Integration
140,000 TWh g e e g g Hydropower Amb. Temp. Range ['C] -40 - +125
' z q Home Appliants ’G;,;mu,,,‘[:,gwfogfes Nuclear Useful Life [years]/[miles] 15/300,000
= Ll lew CSTBTTH, Rc«;ET New IPM & others ) Natural gas .
T, | o HEV 7 8 Power Density [KW/L] 100
) 5 M, hi IPM ) 1gét]s_\l; ish 250
g Ganﬂ(h;?:‘mymmmlmy T-.GB“; @ ¢ {
100,000 TWh 3 © -
k o 01 [ pry nteligent Power Module -
S Gl s o S 200 ~
80,000 TWh Rg‘gwﬁwfm:;ﬁ:’*ﬁim oil = 2025 goal
' 0.01 : : 2150 from 2017
1980 1990 2000 2010 2020 D
60,000 TWh . e 3 2017 On-Road
G. Majumdar, "Recent technologies and trends of 0O 100
power devices," 2007 International Workshop on @ _
40,000 TWh Physics of Semiconductor Devices, 2007, pp. 787- % 50 2015 On-Road
792, doi: 10.1109/IWPSD.2007.4472635. Coal o
20,000 TWh 0 Huitink Lab Dielectric Jet Module
Traditional 2014 2017 2020 2023 2026 (Q4 2023): 190-245 [kWI/L]
biomass
0TWh ' ; '
1800 1850 1900 1950 2000 2022 Year
. . . . 2017 Electrical & Electronics Technical Roadmap from Driving Research and Innovation for Vehicle Efficiency and Energy Sustainability (US DRIVE)
Hannah Ritchie, Max Roser and Pablo Rosado (2024) - "Energy". Published online at Partnership between U.S. DOE, FCA, Ford, GM, BP, Chevron, Phillips 66, ExxonMobil, Southern California Edison and DTE Energy, and Electric Power Research Institute
OurWorIdInData.org. Retrieved from: 'https://0urwor|dindata.org/energy' [OnIine Resource] 000077 https://www.energy.gov/eere/vehicles/articles/us-drive-electrical-and-electronics-technical-team-roadmap
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> A slew of downstream effects will occur as a
result of increased power density, all related to

package reliability

* Particularly worrisome at the interconnect level of

packages
Heat Flux Pathway
Current Density Bottleneck

> Continued use Interconnects: Wire Bonds

3x 12 [mil] aluminum wire bonds
1.2 [kV] SiC MOSFET

HFE-347 dielectric fluid immersion
[ = 21[A]
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Increasing Power Density Demands
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Failure
Mechanisms

Overstress

\_ Liquid Exposure
& Shorting —

Electrical

Mechanical

Gate Oxide

ol Brittle Fracture B Breakdown

Plastic
Deformation

Interconnect
Breakdown

Interfacial
Delamination

- ESD

_
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Contextualization Example:

Increasing operating temperatures
(or the capability to do so)

> Decreased device & package
footprints

>

* Reduced redundancy or reduced
form factor of interconnects
* Increasing current density

Assumptions:
Discrete device

for both die materials

operation

UA Power Group

Same WB size and spacing
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Inherent Effects of Increasing Power Density
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M. Bhatnagar and B. J. Baliga, "Comparison of 6H-SiC, 3C-SiC, and Si for
power devices," in IEEE Transactions on Electron Devices, vol. 40, no. 3, pp.
645-655, March 1993, doi: 10.1109/16.199372.

Wolfspeed, “A Designer’s Guide to Silicon Carbide: Quality, Qualification, and
Long-Term Reliability,” MOSFETs Knowledge Center,
https://www.wolfspeed.com/knowledge-center/article/a-designers-guide-to-
silicon-carbide-quality-qualification-and-long-term-reliability/

20x current density improvement
w/ SiC for same size device
2-3x reduced attach area today

3000 V 6H-SiC Rectifier

lOO'j 3000 V BH-SiC FET ____— o
i ‘_/,,r"’f -
7 500 V Si FET ="
1 // ,_,_»—-:‘—?Uf"’: o
104/ " _~="="7 TA00 V Si Rectifier
— ] ’,-" T
< ] 7
-
c / oLl
[ 4 ;
s 1*[ o i
n ‘ 1
o J 2
= ; ! Temperature = 500 K
-7 i
— '
o 0.1 3 !
= 3 i
1
!
..... .
001 frrrrrT T T T T T T T T T T T T T T e
0 00 0.50 1.00 1.50 2.00 2.50 3.00
Ve (Volts)

DC continuous drain current

Si DMOSFET 6H-SiC MOSFET
Device Current Rating [A] No. WBs (9 [mil]) Jwe [A/cm?]
Si 40 (calc. val.) 9 10,829
SiC 115 7 40,027
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RIIGR Modeling Wire Bond Operation @
: UA Empire Lab »
400
. . 37.9 [K]
> Examine SOA device e Y hb Voo
operation conditions to 5 300 715 [K]I
: = I U U, AUUUUURURRRRR
understand wire bond 5250 |17
o ; :
= I SiC MOSFET
temperature response & 200 ||¥ 1.2 [kV] blocking voltage
§= i’ 112 [A] current rating
= 150 Seven 9 [mil] wire bonds (6 [mm] long)
g | Plot I, [A] T,[°C] Tc[°C]
= 100 |
< 115 175 100
= 50 - 115 175 25
......... 85 175 100
0
0 1 2 3
Time [s]
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_ _ n=1032; B=1.1 n=119; p=11.9
Electromi g ration (E I\/I) 569{a) Cu Wirel  webut Poceties : w9 {BYAUWire [T Vot Pacaris Imposed High Current Density
. 90 TM 90 4 ——95% Confidence Band ‘
E M M eCh anism. P B2 / Ak e S 4 Temperature 1
> Elevated current density S S -
10- 10+ Resistivity 1
. 54 54
> Elevated ambient temperature 8
14 14 Resistance 1
1 10 100 1000 10000 60 80 100 120 140
EM Mode: s - Migration & Voids Begin Forming
" Du, Y., Gao, LY., Yu, D. et al. Comparison and mechanism of electromigration reliability between Cu wire and Au
. . — wire bonding in molding state. J Mater Sci: Mater Electron 31, 2967-2975 (2020). ‘
> M etal m Ig ratl O n & VO I d I n g https://doi.org/10.1007/s10854-019-02840-6 Cross-Sectional Area l

L 4

> Intermetallic growth

Resistance 1, Current Density 1

L Ag0.5Pd

60,000 [A/cm?]
100 [°C]
73.8 [days]

10000
] Temperature 1

Resistivity 1
$

Resistance 1

Mean-Time-to-Failure (min)

T T T
1.1 1.2 1.3 1.4 1.5 1.6

Current Density (105A.’cm2)
Chuang, TH., Lin, HJ., Wang, HC. et al. Mechanism of Electromigration in

Ag-Alloy Bonding Wires with Different Pd and Au Content. J. Electron.
Mater. 44, 623-629 (2015). https://doi.org/10.1007/5s11664-014-3558-7
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wennee Note on Temperature Exposure vs Operation

> Increasing ambient temperature with maintained
current density will reduce lifetimes

> Temperature exposure & compromising bond
quality

B No Treatment
T H=045;1[hrs] AT H=0.45;24 [hrs]
T H=0.55;1[hrs] T H=0.55;24 [hrs]
80 r

EM Conditions:
€0 Increased Resistivity T H=0.5 [K/K]

Z . A j=57,000 [A/cm?]
.
m, 40 1 o,
= gy ® °
= | .
20 e
(A)
0 +
0.04 0.05 0.06 0.07

Post-Heat Treatment Resistivity [mQ*mm]
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StDev(TTEF) [hrs]
—_ N o}
O oo | )

<

(U]
™

(g
-]

StDev(TTEF) [hrs]
© o™

<

(B) _."""--.._
- —_
- — 9
P [P— 1 [hrs] Treatment
" — — =24 [hrs
0.3 0.4 0.5 0.6
Heat Treatment Temperature [K/K]

------- T H=0.45 [K/K]
——T H=0.55[K/K]

-
-..._.__"
-
-
———
-
-

(©)

0 6 12 18 24
Heat Treatment Duration [hrs]
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- Thermal-Electric Stress - Electromigration Failure
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“Bambooing”

Lens Z2100:X100 i ; |
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Pitting

Lens Z100:X100 W, 8 Lens Z100:X600
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weowe: Thermal-Electric Stress - Electromigration Failure

ARKANSAS
UA Empire Lab

Total Failure:
EM voiding - CS, 4 & local Joule heating

Lens Z100:X100
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UM TS}g Further Increasing Current Density - Fuse Failure
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Fuse Failure 135,000
Mechanism: — -
_ £ 120,000
» Elevated current density <
2 |
= 105,000
3
Mode: = .
_ _ o 90,000 n
> Joule heating causing s =
abrupt conductor % 75000 "
A~

meltdown

35 45 55 65
Wire Length [mm)]
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.« More Relevant Use Case — Multi-Stress Operation
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Alcm?
Cyclic or Constant Stresses
Tension, Compression, & Shear

L

v

75,000 [A/cm?]
22 [°C]
47 +
t=0[s]
[ |
5000

g 44 +
) 3 W
o -
2 s n Vin S
° R
2 5 on
= ~ 41 ¢
% Drop
g 71% Drop Drop
e 73% 46%

g Orop Drop
) I
20 24
Stress Amplitude (MPa)

R. A. Athamneh et al., "Effect of Aging on the Fatigue Life and Shear Strength of SAC305 Solder
Joints in Actual Setting Conditions," 2019 18th IEEE Intersociety Conference on Thermal and 35 4 + b } + + t 1 1 i
Thermomechanical Phenomena in Electronic Systems (ITherm), Las Vegas, NV, USA, 2019, pp. 0 12 24 36 48 60 72 84 96 108 120 132

1146-1154, doi: 10.1109/ITHERM.2019.87572609. Time [hrs]
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Electromigration and Mechanical Stressing

KANSAS
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400 Black’s Equation:

> Increased power density
=> Opportunity for overlapping A
faillure mechanisms sl A % é
0§ g

j‘l

&é TT10%IR = il ey

A n E, [eV]
9.63+93% 183+3.6% 0.85+7.8%

Two to consider in combination:
 Electromigration 71

. (8,
= 1.08
& ” ‘ ‘ !
£ 250 ¢
» CTE-related stresses - Beg .. N o
LI e oo
[ ]
Em 102 §2, = ? Q0  °°
200 I | B d °;8.§ 2;;2%&28 B
l ol w19 1@3.—.3-.3" G Bl Qo |
m H m 5l ¢ 5 6% 0 T30 o°
l b 'E % of oop %90 o
§| 098 1 %% ¥ By © S
£| & L o Corrected
o a o =
A23,684 [A/em?]; 126.6 [°C] o | E': ..!,\ £ " forStress
150 + £23,684 [A/em?]; 151.6 [°C] S[s 096 LI I
¢31,578 [A/em?]; 152.4 [°C] c= ] I:.I. *E :’_ =
©31,578 [Alen?]; 177.4 [°C] =& 094 4 e rr g, H
m39,473 [A/em?]; 193.1 [°C] 0.92 . . J_ ~ "
W39,473 [A/em?]; 218.1 [°C 21 " I '
100 ; : $ } 09 + i I |
0 -50 -100  -150  -200  -250 =
o Stress-Modified Model |3
Normal Stress [MPa] 0.88 + e
W. Vinson and D. Huitink, “Mechanical stress state = Bl E—K—:l_ﬁ _E_qqa_t.l_o_q
consideration for enhanced electromigration life prediction in 0.86 b ¥ ¥ ¥
aluminum wire bonds,” in Microelectronics Reliability, vol. 149, 0 -50 -100  -150 -200 -250
Oct. 2023, https://doi.org/10.1016/j.microrel.2023.115185 Normal Stress [MPa]
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Mitigation Strategies — Combatting Degradation

UA Empire Lab

Expansion at loop due to joule heating & degradation
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Mitigation Strategies — Combatting Degradation
ARKANSAS

UA Empire Lab

> Coatings

« “Bare” (i.e. Standard)

_VS_

Lens Z100:X100

 5[um] Electroless Nickel
Plating

» Effective diffusion barrier

* Shown to attenuate
electromigration as dopant in
solder

10 [nm] Atomic Layer
Deposited Al,O4
(Meng Nano & Energy Lab)
* Shown to improve thermal

cycling lifetime as a coating on
fine Au wire bonds

] N 000090
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12 110,000
—&— "Bare" Al —=&— "Bare" Al
—e— ALD Al,0, —e— ALD Al,0,
11 ENP Al 100,000 ENP Al
. ---E3--- HOT "Bare" Al -« HOT "Bare" Al
> Fuse current testing ~-5--HOT ALD ALO 90,000 ~-a--HOT ALD ALO,
10 HOT ENP Al HOT ENP Al
= E 80,000
<ﬂ s
* ENP “o e, S
) - RN £ 70,000 | Bg
* Marginally reduced current " e .
carrying capacity despite 9‘\ 60,000
increased conductive cross- 7 B..®
sectional area — current S 20,000
density thereforeis 6 40.000
significantly reduced 375 4.3 323 6 3.75 4.5 5.25 6
Wire Length [mm] Wire Length [mm]
 Al,O,

« Similar current carrying
capacity to “Bare” bonds
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wenne - Mitigation Strategies — Combatting Degradation @

RK
UA Empire Lab
1000 \
m \.\ m "Bare" Al
: : : 100 ENP Al
> Electromigration Testing e ALD ALO,
* ENP 10
» Significant drop off in lifetime compared to other 1
two groups .

£ 0.1
o9

« Similar if not slightly improved EM lifetime E 0.01

(limited dataset)
_ _ 0.001 D ErT
e Other Future Ceramic Options? y = 8E+13e"
. AIN? 0.0001 | EM Conditions:
' Ty = 0.5 [K/K] (194 [°C])
* AION? 0.00001 | jepue= inrp = 57,000 [A/em?] (7.223 [A])
Jenp = 49,000 [A/cm?] (7.223 [A])
0.000001
4 4.4 4.8 5.2 5.6

Wire Length [mm]
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wenne: - Mitigation Strategies — Combatting Degradation
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 Rapid AINi IMC et U] gy =R
g rOWth d ue to Compound | AH;[kJ/mol] e)ég(re]rcilmgzéal (this test)
elevated current for this test)
density AlNi 51 --41 0.0387 24.97

Lens Z100:X100

UA Power Group

Al-rich
(AL,Ni)

©
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Percentage of Total

Percentage of “Bare’
Current Density [%

Resistance [Q] <

]

Current Density [%]
A

R _Ni
Ni
R_Al
(+)
----- Total Resistance
I L R Aluminum Resistance
Nickel Resistance
0.5
0.05
(A)
100% ______:T:_;.. uuuu Bt Bt B Bt ud B et B B A B A AF B2
L, T T e - - -
= - "__. R
-~ —
95% T~
(B) —~
0
90% r=Z Voltage Level Maintained (CV)
_ — — Current Level Maintained (CC)
100%
| —— Aluminum |
95%
(©)
10%
(D)
5%
Nickel
0%
0 2 4 6

Nickel Plate Layer Thickness [pum]

20
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Conclusions & Outlook

ARKANSAS
UA Empire Lab

> Expect that Al Wire Bond use will continue in
upcoming generations of PE systems due to ease of
integration

> Heightened power and thermal demands put them
at risk of thermal-electric failure modes

* Electromigration Failure
* Fuse Failure
* Multi-Stress Scenarios Reducing expected lifetimes

> Investigation of individual failure drivers has
improved understanding of their contribution to
failure and provided the opportunity to suggest
possible performance enhancing fabrication
techniques

* Sustained temperatures reduce bond quality and increase
sensitivity to interconnect length

* Electrically conductive coatings could show promise if
generation of high-resistance IMCs can be avoided

* Ceramic coatings show promise from thermo-mechanical
perspective and (when thin enough) do not appear to
negatively impact performance

) N 000094
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