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10nm Transistor @/ NOTRE DAME
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Classical Scaling Ends 5/ NOTRE DAME
Gate High
Leakage Scattering

Substrate

Need fundamental innovations to a) improve channel
transport, b) reduce gate leakage and c) improve electrostatics



Equivalent Scaling Begins @Jnorwi pame

3 Key Transistor innovations post

End of classical scaling era
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3 key transistor innovations that shaped this era of effective scaling
Lessons in serendipity embedded in each



Elevated Source Drain (@) NOTRE DaME
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Embedded Source Drain @/ NOTRE DAME

Hole mobility responds in a remarkable fashion
Local stressor in PMOS and does not affect NMOS
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Local Stressor

Gate Pitch Shrinks

90nm

65nm 45nm 32nm _ 22nm

U-shape Deeper Recess Faceted Shape Raised S/D Fin S/D
Ge%: 18% 22% 30% 40% 55%

Increased Ge Mole Fraction

S/D-Gate 55nm 32nm 25nm 20nm 18nm

spacing:
Increased SiGe S/D Proximi

SiGe S/D was intended for lowering external resistance
eSiGe S/D becomes a local stressor for the channel



High-k metal-gate
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8Silicon substrate

* 1.2nm physical SiO2 in production (90nm logic node)
* 0.8nm physical SiO2 in research transistors

Gate leakage increases with SiO, scaling -> running out of atoms
scaling with low gate leakage

High-k (HfO,) Gate Stack enables T,

lec



Gate Stack Challenges (&) NOTRE DAME
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5. Saito, et al., IEEE IEDM, Washington, DC. Dec., 2003.

Bulk & interface traps: Poor reliability
Remote phonon scattering:  Poor mobility
Technology Integration: Complexity and cost



Strained Si + High-k / MG stack @I NOTRE DAME
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Combined channel strain + high-k + metal gate to recover mobility

S. Datta, J. Kavalieros, R. Chau, M. Doczy /£0M Z005



Metal Gate Screening (@) NOTRE DAME
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poly-Si gate plasmon frequency in resonance with HfO,
dipoles degrading channel mobility

R. Chau, 3. Datta, J. Kavalieros et al WIS 2005 R. Kotlyar, M. Giles et al, [EDM 2004
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Gate-Last Enhances Channel Strain @/ NOTRE DAME

Dummy poly-Si gate S. Mayuzumi, IEDM (2007) ~— "
Metal gate

0.1 -0.1+
u.i-' Sﬂ

0.1

L) T
1] a1
¥ 0.1

_N__’}J LL -ﬂ-'t__J;P'ULk__

SH 14 Szz 0.1 - ng
0.1 E B .1 g 0 0.1 E o1 6P E 01
1. Deposition of 2. CMP 3. Dummy Gate 4. Metal Gate
CESL Removal Refill

Gate last was intended for gate metal WF engineering
Longitudinal compressive strain ¢, is enhanced
Replacement metal gate acts as effective stress enhancers



Multi-Gate Transistor

— L

UNIVERSITY OF
NOTRE DAME

Insulator

Source)_ =

\ Faﬂ; of

Leakage

FkDmm

“Even thin insulators cannot control leakage
paths that are away from the gate”



From Single-Gate to Tri-Gate @/norre pamE
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Ultra thin body, double-gate or Tri-Gate
architecture allows gate length scaling



High Performance Tri-gate transistors @/ NOTRE DAME

Combine the benefits of fully depleted Tri-gate architecture with
high-k /metal gate stack, strain and crystallographic plane
engineering

J. Kavalieros, 8. Datta, B. Doyle, R. Chau V257 Symp on Tech 2006



Electrical Width B

FinFET 3D Factor
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Part of Tri-gate appeal is improved electrostatics
Other part is folded width



Improved Variation
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| |

95% of design engineer’s time

Greg Yeric (ARM), IEDM 2015

Tri-gate was intended primarily for electrostatics
FinFET 3D factor enabled effective width scaling with improved variation



FinFET evolution @norae pavie

Hen:34nm Hen:42nm Hen:53nm,
FP: 60nm FP: 42nm FP: 34nm

Fin Height (H), Fin Pitch (FP)

22nm 14nm 10nm
AR =2.5 AR =5 AR = 6.5

Fin height and fin pitch evolution over last 3 generations



Academic Career Begins .... @/ NoTRE DAME

stare NEWS

HOME = RESEARCH  ACADEMICS = IMPACT  CAMPUSLIFE  ATHLETICS = ADMINISTRATION  ARTS AND ENTERTAINMENT

From left, Suman Datta, professor of electrical engineering at Penn State, and doctoral student Dheeraj Mohata, in the University's Nanoscale Devices at
Circuits Lab. On the screen behind them is a model of their heterojunction tunneling field effect transistor (TFET).

IMAGE: Penn Siate
Licensing and Use
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Steep Slope FETs: Dark to Dim Silicon o pav
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Steep slope (<kT/q) transistors to operate with higher
performance than MOSFETs at lower supply voltages



Steep slope FETs
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Inter-band tunneling, Ferroelectric negative capacitance, Insulator-

metal phase transitions to enable transistors with steep slope and
low voltage operation



Heterojunction Tunnel FETs ENOHRE DAME

R. Pandev. VLS| Svmp 2015
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Ferroelectric NCFETs @) NOTRE DAME
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NCFETs can beat super-threshold CMOS
Risk: Stabilization of negative capacitance in multi-domain Ferroelectric

J. Gomez. A. Khan, S. Datta /EOM 2019 24



Phase Transition in Correlated Oxides (&) ~OTRE DAME
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Phase Transition FETs
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Phase Transition FETs show on-off ratio gain over traditional FETs
Risk: phase transition is triggered at high current level in nanosec time scale
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Tunnel FET to MIS Tunnel Contact (@) NorRE DAME
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MIS Tunnel Contact (@/NoTRE DAME
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Thinner EOT, higher g . MOSFET
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- é_scaling

L EOT

22% EOT scaling without mobility degradation was demonstrated in Tri-gate FETs with

mixed FE-AFE phase higher-k dielectric (70% Zr-doped HfO,) gate-stack

W. Chakraborty, M. San Jose, S. Datta et al VLS| Symposia 2021
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Phase FET to Phase Transition Nano OscillatorNO”“RE DAME
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Harness continuous-time dynamics of a network of coupled phase transition oscillators
to construct an electronic Ising Hamiltonian solver operating at room temperature
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Phase FET to Phase Transition Nano OscillatorNO’“RE DAME

MAX-CUT Problem:

Partition graph to maximize

weights of edges crossing the cut

Map MAX-CUT to Ising Model
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Use coupled oscillator network to efficiently solve Max-Cut Problem

S.Dutta, A. Khanna, 8. Datta et al Nature Electronics 2021



Number of transistors / mm?

Transistor Scaling slowing down ?
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Compute Performance Gain

[ Compilers
] Power Management [ 12% \

| Microarchitecture
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[ ]Process Technology

« Higher performance,
denser logic transistors

+ Back-end-of-line RC
reduction

L ucti

« Software Advancement
+ Integration of system

components

< Architectural Efficiency

~

[ ]Additional Die Size
] Additional TDP

« Bigger Die
¢ Increased thermal
design point

60% of compute performance gain over last decade came from advances in

process technology, die size increase and thermal design point

Source: Lisa Su (AMD), ERI DARPA Summit, 2019
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ASCENT: Applications & System Driven Center on Energy — ﬁ%{ﬁ%sﬁgﬁﬁ
Efficient Integrated Nanotechnologies <
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Heterogeneous Merged Logic-

Vertical CMOS

Addresses challenges
of monolithic 3D
integrated circuits

Beyond CMOS

Tackles challenges of
ultimate energy
efficiency and ultra-fast
switching in spintronics

Integration Fabric Memory Fabric
Enables fine-pitch micro- Bridges gap between today’s

aligned integration of digital solutions and future
functionally diverse dieletsin a cognitive system needs
high-performance microsystem

Go vertical Augment charge Embrace Compute with
with spin heterogeneity memory
%  BEOLFETs % SOT MRAM % Millimeter-wave packaging % Analog weight cells

>

/7
*

Barrier less Vias

M < VCMA MRAM < Chip to chip signaling % Stochastic compute

@ Selectoz.’ s for 3D % Magneto-electric % Power delivery %  Collective compute
memories % Probabilistic spin % Reconfigurable RF % Secure compute

% Fine-grained thermal devices % Package-level Thermal

DS

s FEOL FETs (NC)

Design, build and benchmark semiconductor materials, devices, packages and compute fabrics to
establish semiconductor technology roadmap for our commercial & defense partners

One of 6 centers in JUMP program (sponsored by SRC and DARPA)



Monolithic 3D Research Vectors
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Heterogeneous Integration Research Vectors

UNIVERSITY OF
NOTRE DAME

( :
Power Delivery NN

48V

Ii PGaN
= L

Control —E—l NGaN

Si Control NGaN Si Control

=

Ci, MOSFETs Gate Driver C,,, C;, MOSFETs Gate Driver C,,, C;, MOSFETs Gate Driver C,,,

dielectric
NGaN  Si Control source gate ¥ drain
anmuid AkLGaM

GaM:Mg 18 nm Al,Gaq,MN:Mg Gal: Mg
Snm u.id. AlGa N

Frgrre L A

SI.GaN Regown '
2D - hole gas p-Gal:Mg or
p-InGal: Mg

GaN n/p FET

S Package integrated 48-to-1V voltage converter & regulator for data centers
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Beyond CMOQOS Research Vector
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Lessons Learnt during High-Risk ENOTRE DAME
Semiconductor Research '

Serendipity happens but it is not luck. It’s being in the right place at the right time
with the right training and mindset

Scaling is not a Law of Physics. It’s hard work by scientists and engineers, our
ingenuity and audacity to compete and thrive, driven by free market economics

Materials scientists, device physicists, circuit designers, system architects &
algorithm experts will collaborate to drive semiconductor innovations that provide
application and system level benefit. A tsunami of investment in semiconductors in
the United States, Europe and Asia is coming !

“Such an exponential will continue for a very long time”
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