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The Endless Frontier of Moore’s Law!

alam@purdue.edu 2

Intel LabDay Presentation, 2020

Computing Energy Healthcare Zero-trust reliabilityAgricultureTransport
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• Self-heated FEOL transistors: An enduring challenge

• BEOL-integrated transistors: The next-frontier?

• Rethinking the reliability of power-transistors

• Reliability of 3D Heterogeneously Integrated 
Package

• Looking ahead: A zero-trust world, active packaging



Why SISC will always remain relevant!
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A short history of reliability physics …

1970 1980 1990 2000 2010
10

2

10
4

10
6

10
8

10
10

Year

T
ra

n
si

st
o
r 

C
o
u
n
t

4004

8080

286
386

486
Pentium

PII

PIII

P4

Itanium 2

Dual core 

Itanium 2
Quad core 

Itanium 2

PMOS NBTI

dominates

NBTI reduces with NMOS 

transistors. HCI dominates 

due to high VDD

HCD reduces due to 

VDD scaling, LDD

8088

TDDB increases 

due to TOX scaling

HCD remerges despite 

reduced VDD 

NBTI re-emerges at 

high fields, nitridation

2020
HCD in BJTs

• Self-heating
• BEOL TFT degradation
• FeFET Hot atom damage
• Reliability-aware SOA
• Multi-hotspot HCD
• Zero-trust reliability 

M. Alam, Nanohub Lecture Series
Principles of Reliability Physics
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Self-heated transistors: an enduring challenge

𝑇𝐿 = 𝑇𝐴 + 𝑃 𝑅𝑡ℎ
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S. H. Shin, et. al., IEDM Tech. Dig., Dec. 2016, pp. 15.7.1 15.7.4.
M. A. Alam, et. al., IEEE TED, 66, 11, 2019.
M. Cho, et. al., in HCD in Semiconductor Devices, 2015, pp. 287 307

Johnson-Keyes limit (1972)

𝑇𝐿 = 𝑇𝐴 + 𝑃0 × 𝐴 × (𝛽/𝜅)



Self-Heating redefines FinFET HCD

𝑅𝐵 ∼ 𝑒
−

𝐸𝐵
𝑘𝐵𝑇𝐿

𝑇𝐿 = 𝑇𝐴 + 𝑃 𝑅𝑡ℎ

𝑅𝑡ℎ ~ 1/𝑊𝑓𝑖𝑛
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HCD is a complex phenomenon …

𝑑𝑁𝑖𝑡
𝑑𝑡

= 𝑘𝑓 𝐸𝐵, 𝑇𝑒 , 𝑇𝐿 𝑁0 – 𝑁𝑖𝑡

𝑅𝐵 ∼ 𝑒
−
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Packaging increases HCD further … 
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𝑅𝐵 ∼ 𝑒
−

𝐸𝐵
𝑘𝐵𝑇𝐿

𝑇𝐿 = 𝑇𝐴 + 𝑃 𝑅𝑡ℎ

𝑅𝑡ℎ ~𝑅𝐹𝐸𝑂𝐿||𝑅𝐵𝐸𝑂𝐿

Heat spreader
TIM
Substrate
FEOL
BEOL
Micro bump

Micro bump
Interposer

PCB

0 40 80 120 160

10-3

10-2

10-1

100

 

 

 

 N
o
rm

. 
L
if
et

im
e 

(a
.u

.)

Temperature(oC)

NBTI
HCD
TDDB
EM

Wafer Level
Package Level

Wafer Level
Package Level

Stress Time (a.u.) Stress Time (a.u.)

I d
li
n
(%

) ~30%
~13%

Vg=2.5V Vg=5.5V

Δ
I d

li
n
(%

)

▪W. Ahn, et. al., Microelectron. Rel., 81, 2018.
▪H. J. Huang et. al., Symp. VLSI Digest, 2011.
▪M. A. Alam, et. al., IEEE TED, 66, 11, 2019

High Voltage 
MOS(TSMC)



10-2 101 104 107 1010
10-4

10-2

100  

 

 

 

 

 

 

 

 

 

 

 

 

 

Lg=60nm

Lg=90nm

Lg=130nm

Vgs=1.8V/Vds=2V

Vgs=0V/Vds=2.8V

nFET, 125oC

pFET, 125oC

nFET, 30oC

pFET, 30oC

Stress Time (sec)

100 101 102 103 104 105

101

102

 

 

 

100 101 102 103 104

101

102

 

 

 

DC
1 kHz
100 kHz
10 MHz

DC
1 kHz
100 kHz
10 MHz

Stress Time (sec)

Stress Time (sec)

I D
,S

A
T

 D
eg

ra
d
a
ti
o
n
 

Δ
V

th
 (
m

V
)

Scaling

Δ
V

th
 (
m

V
)

𝑁𝑖𝑡
𝑁0

~ 𝑓
𝑡

𝜏 𝑉𝐺 , 𝑉𝐷, 𝑇𝐿

▪ M. A. Alam, et. al., IEEE TED, 66, 11, 2019
▪ S. Mahapatra, et. al., IEEE TED, 65, 8, 2018

Global 
Foundries

S
T

M
icro

electro
n
ics

Vg=Vd=1.2, 125oC

Vg=Vd=1.4, 125oC

Vg=Vd=1.6, 125oC

Vg=1, Vd=1.8, 27oC

Vg=1, Vd=2, 27oC

T
exa

s In
stru

m
en

ts

Regardless, HCD of logic FET is universal … 



Outline

• -

• Self-heating in logic transistors: An enduring challenge

• BEOL-integrated transistors: The next-frontier?  

• The brave-new world of FeFET and NCFET

• Rethinking the reliability of power-transistors

• Reliability of 3D Heterogeneously integrated Systems

• Summary

12alam@purdue.edu



BEOL-integrated 3D transistor: The next frontier? 
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• Datta, S et al. (2019). BEOL compatible transistors for 
monolithic 3-D integration. IEEE Micro, 39(6), 8-15.

• Jiang, Junkai et al. (2019). Ultimate 3D Integration With 
2D Materials: IEEE JED 10.1109/JEDS.2019.2925150.

• Wu, J. et al.  (2020). A Monolithic 3-D Integration of 
RRAM Array and Oxide Semiconductor FET for In-Memory 
Computing in 3-D Neural Network. TED 67(12), 5322-5328.

• Lin, Zehao, et al. "High-Performance In₂O₃-Based 1T1R 
FET for BEOL Memory Application." IEEE TED (2021).



BEOL increases temperature further…
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PBTI vs. HCD: Extreme Temperature Sensitivity
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Underlying degradation is actually universal!
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Power Solution:  Landau switches 
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Alam, A Tutorial on Landau Transistors, 2015 19

Positive and Negative Capacitors
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Reliability of FeFET and NCFET: Landau model

20

K. Karda et al., TED, 2019. N. Zagni, APL, 2020. 

Reliability Physics of Ferroelectric/Negative Capacitance Transistors for 
Memory/Logic Applications: An Integrated Perspective, JMR, 2021. 
A tutorial Introduction to NCFET: https://nanohub.org/resources/23157

MOSFET



Endurance of FETFET .. Si/SiO2 defects
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117.15 (2020): 152901.



Hot atom damage in FeFET
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WBG electronics: Discovery of Ga2O3 …
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A new SHE/reliability aware Power FOM ..

alam@purdue.edu 27

10-1 100 101 102 103 104
10-3

10-2

10-1

100

101

102

N
o
rm

. 
I D

 (
A

)

Norm. VD (V)

 Native b-Ga2O3

 Sapphire

 SiC

 Diamond

Channel: b-Ga2O3 

Substrates:

T-dep Ron

Solid: AC 

(D=0.5, ton=10ms)

Dashed: DC 

10-1 100 101 102 103 104
10-3

10-2

10-1

100

101

102

N
o

rm
. 

I D
 (

A
)

Norm. VD (V)

 Silicon

 SiC

 GaN

 Diamond

 b-Ga2O3

Solid: AC 

(D=0.5, ton=10ms)

Short Dash: DC 

Dash Dot: Temp. 

dependent Ron

𝑅𝑜𝑛(𝑇𝑜𝑛) =
4𝑉𝑏𝑑

2

𝜀𝜇0𝐸𝐶
3 1 +

𝑁𝐷𝜉(𝑇𝑜𝑛)

𝑁𝑟𝑒𝑓

𝛽
𝑇𝑜𝑛
300

𝛾 𝜉(𝑇𝑜𝑓𝑓)

𝜉(𝑇𝑜𝑛)4𝑉𝐵𝐷
2

𝑅𝑜𝑛
= 𝐸𝑐

3 𝜅𝜖0𝜇

10-1 100 101 102

10-2

10-1

100

101

N
o

rm
. 

I D
(A

)

Norm. VD(V)

  Stress Time: 0 sec

  Stress Time: 10 sec

  Stress Time: 1000 sec

Mahajan, Chen et al., Self-Heating and Reliability-

𝑍𝑡ℎ = 𝐷 ⋅ 𝑅𝑡ℎ + 1 − 𝐷 ⋅ 𝑍0 (1/𝑓)



Outline

• -

• Self-heating in logic transistors: An enduring challenge

• BEOL-integrated transistors: The next-frontier?  

• The brave-new world of FeFET and NCFET

• Rethinking reliability of power-transistors

• Reliability of 3D Heterogeneously integrated Systems

• Summary

28alam@purdue.edu



29

Heat 
Spreader

Substrate
FEOL

BEOL

Micro Bump
PCB

z

x

&

RBEOL

& 

CBEOL

RSi

CSiR
C

o
n

v

RHS

CHS

RMP

CMP

Ambient temperature

Section3

&

RFEOL

& 

CFEOL

&

RPCB

& 

CPCB

R
C

o
ve

r

Section2 Section3

1 2 3 4
10

0

10
1

10
2

10
3

10
4

10
5

10
6

Electric Field (A.U.)

B
re

a
k
d
o
w

n
 T

im
e
 (

A
.U

.)

100%

0%
30%
75%

1 2 3 4
10

0

10
1

10
2

10
3

10
4

10
5

10
6

Electric Field (A.U.)

B
re

a
k
d
o
w

n
 T

im
e
 (

A
.U

.)

100%
75%
30%
0%

1. RDL PI dielectric failure (Palit, JAP, 2018)

2. Bond corrosion failure (Asad, IRPS, 2021)

3. Transistor failure due to  EM, HCI, NBTI

2 1

3

Multi-scale, multi-physics electro-thermal-mechanical environment Electrothermal reliability of 3D-HI

W. Ahn and Alam, TED, 2017; MR 2018.



Packaging reliability requires new techniques

Small Large
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Packing in epoxy-glass mold compound

31

Filler ~5-50 micron ~80%~60%



Moisture ingress in polymers & mold-compounds
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Dielectric Breakdown: BEOL/RDL/TSV Oxides

Poly-Benzo-Oxazole (PBO)
monomer



5m, 100V

Dielectric heating &  breakdown rates

exp
EBTkdN G a

N
dt h Tk

 − 
= −  − 

 

1
log exp

1
F

h G a
T

kT T

E

k

   − 
=    

−    

( )'' 2

0 0P r

T
T

d
C V A T

dt
EV =   − b −

( )
' 22

0

0

'

1 e
2

P d

t

C Tdr E T
tT T

h

b
−


 

 + − 




 







Humidity reduces lifetime
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Dielectric breakdown in Mold-Compounds



CPI stress aware Front-End design

THERMO-MECHANICAL PROPERTIES OF COMPOSITE 
LAYERS

A. Kteyan et al., IRPS 2019
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Thermal Crosstalk: Need of a Keep-out-Zone
Sruthi M.P. et al, 2022.  



Outline

• -

• Self-heating in logic transistors: An enduring challenge

• BEOL-integrated transistors: The next-frontier?  

• The brave-new world of FeFET and NCFET

• Rethinking reliability of power-transistors

• Reliability of 3D Heterogeneously integrated Systems

• Packaging in extreme-environment: Biosensors 

• Summary
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Extreme packaging: Pharmaceutical vs. Electroceutical



Extreme Packaging: Oxide dissolution in DI water
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Salt destabilizes Sensors
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Extreme Packaging: Ion diffusion in encapsulants 



Extreme Packaging and stacked encapsulant
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Conclusions: Take-home points

• -
•

• Self-heating in logic transistors: An enduring challenge
• Serious challenge in application-specific design in a broad range of applications

• BEOL-integrated transistors: The next-frontier?
• Performance is significant, but reliability could be a concern.   

• The brave-new world of FeFET and NCFET
• Most important reliability issues are classical. New degradation pathways exist.

• Rethinking reliability of power-transistors
• Self-heating and reliability are first order concerns. 

• Reliability of 3D Heterogeneously integrated Systems
• Many new modes of degradation, especially in harsh environments. Front-end 

reliability physics can be selectively used for reliability issues involving chip-package 
interaction. 

• New characterization techniques and modeling tools are essential. 
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