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Evolution of transistor architectures
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Evolution of transistor architectures
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Exploding design cost for new architectures
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Exploding design cost for new architectures
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Technology Computer-Aided Design (TCAD)

m ZUuri Ch Integrated Systems Laboratory



A virtual lab for designing semiconductor devices

Device Concept
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A virtual lab for designing semiconductor devices
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A virtual lab for designing semiconductor devices
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Inside Nano-TCAD: Physics-based or empirically parameterized
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Inside Nano-TCAD: Physics-based or empirically parameterized

f Empirical Descriptive
Measurement Transferability to

nano-geometries?
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' Description j o
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Inside Nano-TCAD: Physics-based or empirically parameterized

f Empirical Descriptive
Measurement Transferability to

nano-geometries?

! e
! i _
. Material | . j ik

 Description
e e e e I \ Y .
~—
Device Simulation
Predictive
First Principles Physics-Based
Density functional theory
(DFT)
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Ab-initio

First principles,
predictive

DFT
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Ab-initio quantum transport

First principles,

predictive

DFT + NEGF
quantum
many-body
accuracy
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Ab-initio quantum transport with the GW approximation

electron-electron

First principles, interactions in the
predictive GW picture
DFT + NEGF + GW
quantum
many-body
accuracy
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From vacuum to medium: The screened Coulomb interaction

vacuum
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From vacuum to medium: The screened Coulomb interaction

vacuum
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From vacuum to medium: The screened Coulomb interaction

vacuum

O - - ©

\"

bare interaction

material

polarization polarization

W=[1-PV]'V
screened interaction

m zZuric h Integrated Systems Laboratory
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From vacuum to medium: The screened Coulomb interaction

vacuum
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bare interaction

material

polarization polarization
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screened interaction
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From vacuum to medium: The screened Coulomb interaction cate

vacuum
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bare interaction
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polarization polarization

W=[1-PV]'V
screened interaction

ETH:zirich

Integrated Systems Laboratory

100 -

-_—
<
|

-

o
N
I

Drain Current (uA)

1073 4

Channels

GAA Nanowire FET

| —o—

—_——

NEGF
NEGF+GW

\ §3.7

0.2

0.3

0.4 0.5 0.6

Gate Voltage (V)

L. Deuschle et al., Phys. Rev. B, 2025

22.07.2026 23



Ab-initio quantum transport with the GW approximation

electron-electron

First principles, interactions in the
predictive GW picture
DFT + NEGF + GW
quantum
many-body
accuracy
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Ab-initio quantum transport with the GW approximation

electron-electron

First principles, interactions in the
predictive GW picture
DFT + NEGF + GW
quantum
many-body
accuracy
quatrex

0 github.com/quatrex/quatrex
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DFT+NEGF+GW Simulation Approach
& Computational Challenges
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Simulation approach

Contact Device Contact
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Simulation approach

Contact Device
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Simulation approach

Contact Device
| °
_om— o
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Simulation approach

Contact Device
| °
_om— o
YoBC >
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Simulation approach

Contact Device Contact

Y oBC > Y oBC

T
=, "n
- Y

# orbitals LN -.

Hamiltonian HDFT
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Simulation approach

Contact Device Contact
'''' I ° R
o
_____ L ° .
YoBC > Y oBC

block size | [N # blocks

Hamiltonian H DFT L L

m zZuric h Integrated Systems Laboratory
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Simulation approach

A/#venergies
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Simulation approach

\/\

Green'’s function G(E) = A_l(E)E(E)A_T(E)

A/#venergies
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Simulation approach

\/\

Green'’s function G(E) = A_l(E)E(E)A_T(E)

A/#venergies
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Simulation approach: Self-consistent loop

G
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Simulation approach: Self-consistent loop
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Simulation approach: Self-consistent loop

G
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Simulation approach: Self-consistent loop

G
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Simulation approach: Self-consistent loop

G

\Y

100s of cycles
to reach convergence
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Computational challenges

G
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Computational challenges: Particle descriptors

e Open Boundary Conditions

A(F) ~XYopc(FE)

e Selected Linear Solve

X(E)=AYE)B(E)A T (E)

G
W

m zZuric h Integrated Systems Laboratory
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Computational challenges: Particle descriptors

e Open Boundary Conditions

A(F) ~XYopc(FE)

e Selected Linear Solve

X(E)=AYE)B(E)A T (E)

G
W
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Open boundary conditions

G . .
Recursion relation

~1
‘ xR = (m — ann’>
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Open boundary conditions

G . .
Recursion relation

-1
‘ xR = (m — ann’)
‘ Ilterative Direct
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Open boundary conditions

G Recursion relation

_1
‘ xR = (m — ann’>

‘ Iterative Direct
Fixed-point iteration

—1
R R_
Xit1 = (m—nxin)

+ Efficient GPU usage
(gemm / getrx)

— Convergence Issues

m zZuric h Integrated Systems Laboratory 22.07.2026 47



Open boundary conditions

G . .
Recursion relation

~1
‘ xR = (m — ann’>

‘ Iterative Direct
Fixed-point iteration E’olynomial EVFz

W R R_/ -1 ;
= (mowd) | S m g
| @ |
+ Efficient GPU usage + More reliable
(gemm / getrx) + Deterministic runtimes
— Convergence Issues — Performance Issues
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Computational challenges: Particle descriptors

e Open Boundary Conditions

A(F) ~XYopc(FE)

e Selected Linear Solve

X(E)=AYE)B(E)A T (E)

G
W
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Computational challenges: Particle descriptors

e Open Boundary Conditions

A(F) ~XYopc(FE)

e Selected Linear Solve

X(E)=AYE)B(E)A T(E)

G
W
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Selected linear solve

Quadratic Matrix equation

‘ X =A"'BAT

Naive inversion

# energies

Ng

# orbitals

O (Ng(NpNgs)?)
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Selected linear solve

Quadratic Matrix equation

‘ X =A"'BAT

Naive inversion

# orbitals

O (Ng(NpNgs)?)

m zZuric h Integrated Systems Laboratory

# orbitals

A

RGF algorithm
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Selected linear solve

Quadratic Matrix equation

‘ X =A"'BAT

Naive inversion RGF algorithm

A

# energies

Ng

# orbitals
# orbitals

O (Ng(NgNps)?) ==4-=-» O(NgNpNjg)
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Selected linear solve

Quadratic Matrix equation

‘ X =A"'BAT

Naive inversion RGF algorithm

A

# energies

Ng

# orbitals
# orbitals

v

O (Ng(NgNps)?) ==4-=-» O(NgNpNjg)

+ Only selected solution
elements

— Strong sequential data
dependencies
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Selected linear solve

Quadratic Matrix equation

‘ X =A"'BAT

Naive inversion RGF algorithm

A

# energies

Ng

# orbitals
# orbitals

v

O (Ng(NgNps)?) ==4-=-» O(NgNpNjg)

+ Only selected solution
elements

— Strong sequential data
dependencies

— “Soft cap“ on solvable
system size
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Computational challenges: Particle descriptors

e Open Boundary Conditions

A(F) ~XYopc(FE)

e Selected Linear Solve

X(E)=AYE)B(E)A T (E)

G
W

m zZuric h Integrated Systems Laboratory
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Computational challenges: Interaction terms

e Element-wise Product + Correlate / Convolve

5 ( )P B(E) ~/dE’X(EiE’)®Y(E’)
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Interaction terms

Element-Wise Product + Correlate / Convolve

B(E) ~de' X(E+E) 0 Y(E)

P3

P1

G

A/#;nergies
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Interaction terms

Element-Wise Product + Correlate / Convolve

B(E) ~de' X(E+E) 0 Y(E)

P3

P1

G

A/#;nergies
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Interaction terms

Element-Wise Product + Correlate / Convolve

B(E) ~de' X(E+E) 0 Y(E)

P3

P1

# orbitals
'1Nl l'-
i -‘.‘-‘

Alltoall
—

G

A/#;nergies
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Interaction terms

Element-Wise Product + Correlate / Convolve

B(E) ~de' X(E+E) 0 Y(E)

P3

P1

# orbitals
'1Nl l'-
i -‘.‘-‘

Alltoall
—

G

A/#;nergies

—Large amount of inter-process traffic
+Bandwidth bound and can be handled by collectives
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Computational challenges

G
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Computational challenges

G

e Large memory requirements

OBC

Alltoall (UG Al1toall e Repeated solution of large systems of equations

FFT Convolve

> P e Significant communication volumes

Alltoall OBC Alltoall
Linear Solve

Characteristic Simulation Properties

# orbitals ~ 10,000-100,000
# energies ~ 10,000-100,000
# cycles ~ 100

m zZuric h Integrated Systems Laboratory 22.07.2026
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quatrex: Key Innovations

Symmetry o
by Construction OBC Memoization

52
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quatrex: Key Innovations

Symmetry
by Construction
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Exploiting underlying symmetries

skew-hermitian symmetry
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Exploiting underlying symmetries

skew-hermitian symmetry
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Exploiting underlying symmetries

No symmetry
enforced
—————————————————————————————

skew-hermitian symmetry

m zZuric h Integrated Systems Laboratory

)p

A%

error accumulates
over iterations

potentially
not converging

22.07.2026

68



Exploiting underlying symmetries

skew-hermitian symmetry

Explicit symmetrization G

Xi; = Xy — X5) /2 O
. ( )P\/ converging

store both
upper & lower parts
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Exploiting underlying symmetries

skew-hermitian symmetry
Absorb symmetry

into data structure /
main kernels

G
— ()
‘ \/ converging
W

Xij = (X — XJ;) /2

store only
upper part

m zZuric h Integrated Systems Laboratory 22.07.2026 70



Exploiting underlying symmetries

skew-hermitian symmetry
Absorb symmetry

into data structure /
main kernels

G
_— 2( )P
‘ \/ converging
W

Xy = (X - X5) )2

J

store only
upper part

e Memory cost significantly lowered

e Communication volume
and FFT workload essentially halved (!)
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quatrex: Key Innovations

OBC Memoization

52
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Memoization of open boundary terms

Recursion relation

x — (-
Iterative
Fixed-point iteration
-1
R R_ ./

+ Efficient GPU usage
(gemm / getrx)

— Convergence Issues

ETH:zirich

Integrated Systems Laboratory

~1
nx*n’ )

Direct

Polynomial EVFi
i ~
E A'm;
| i |

+ More reliable
+ Deterministic runtimes

0

-
|l

— Performance Issues
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Memoization of open boundary terms

Recursion relation

x — (-
Iterative
Fixed-point iteration
-1
R R_ ./

+ Efficient GPU usage
(gemm / getrx)

— Convergence Issues

ETH:zirich

Integrated Systems Laboratory

~1
nx*n’ )

Direct

Polynomial EVFi
i ~
E A'm;
| 1 ]

+ More reliable
+ Deterministic runtimes

0

-
|l

— Performance Issues

Observation:

OBC terms stabilize
after few iterations
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Memoization of open boundary terms

Recursion relation

x — (-
Iterative
Fixed-point iteration
-1
R R_ ./

+ Efficient GPU usage
(gemm / getrx)

— Convergence Issues

ETH:zirich

Integrated Systems Laboratory

~1
nx*n’ )

Direct

Polynomial EVFi

> A | ¢

|

0

+ More reliable
+ Deterministic runtimes

— Performance Issues

Observation:
OBC terms stabilize
after few iterations

iteration n

iteration n+1
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Memoization of open boundary terms

Recursion relation

x — (-
Iterative
Fixed-point iteration
-1
R R_ ./

+ Efficient GPU usage
(gemm / getr*)

—Convergeneeissues

~1
nx*n’ )

Direct

Polynomial EVFi

> A | ¢

|

0

+ More reliable
+ Deterministic runtimes

— Performance Issues

"

switch dynamically

ETH:zirich

Integrated Systems Laboratory

Observation:
OBC terms stabilize
after few iterations

iteration n

iteration n+1
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Memoization of open boundary terms ‘ Observation |
Recursion relation > ( P OBC terms stabilize -O
_1 . after few iterations =
xR = (m — nXRn’) W
Iterative Direct
Fixed-point iteration Polynomial EVP
-1
R _ R_ P~
N R I __
|1 ] iteration n iteration n+1
+ Efficient GPU usage + More reliable
(gemm / getr*) + Deterministic runtimes Memoizers succeed in >90% of cycles
—Convergeneeissues — Performance Issues

"

switch dynamically
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Memoization of open boundary terms ‘ Observation:
> ( P OBC terms stabilize .O-

Recursion relation

_1 after few iterations =
xR = (m — nXRn’) ’
Iterative Direct
Fixed-point iteration Polynomial EVP
-1
R _ R_ P~
= (o) | S0 __
|1 ] iteration n iteration n+1

+ Efficient GPU usage + More reliable

(gemm / getr*) + Deterministic runtimes Memoizers succeed in >90% of cycles
—Convergeneeissues — Performance Issues
e Increase simulation throughput
\/ e Significantly reduce time to solution

switch dynamically
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quatrex: Key Innovations

Domain Decomposition

= (& (&
P1 |

P3
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Spatial Domain Decomposition

Quadratic Matrix equation

X =A"'BAT

RGF algorithm

A

# orbitals

P

O (NgNpNig)

+ Only selected solution
elements

— Strong sequential data
dependencies

— “Soft cap“ on solvable
system size
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Spatial Domain Decomposition

Quadratic Matrix equation o
K-way partitioning scheme Break sequential

X — A._lBA._T dep'end\encies ]

RGF algorithm .

:- N
® 5 5 :[EL
S i i
'_5 i N | e ! !
- Permutation System Matrix Permutation i‘éﬂiﬁiil
P A PT system

O (NgNpNig)

+ Only selected solution
elements

— Strong sequential data
dependencies

— “Soft cap“ on solvable
system size
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Spatial Domain Decomposition

Quadratic Matrix equation

X =A"'BAT

RGF algorithm

4

# orbitals

P

O (NeNpNgs)

+ Only selected solution
elements

— Strong-sequential data

dependencies

—Soft-cap“on-solvable
system-size

m zZuric h Integrated Systems Laboratory

K-way partitioning scheme Break sequential

dependencies
L AN

/
"
X

’
IIE

alY - L L= -
: 1 : | : {rl Y
: ! : : ; : .
L ! : : : : i ﬂ’, Fill-in
Permutation System Matrix Permutation Reduced
T sequential
P A_ P system

e Novel distributed-memory algorithm for
“selected quadratic solve”

¢ Remove “soft cap” on solvable system size
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quatrex: Key Innovations

Symmetry o
by Construction OBC Memoization

52

m zZuric h Integrated Systems Laboratory
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Hardware Setup

4

%OA K RIDGE

Nati¢ nal Labor: tory

@ eNErey I“I“W_ JAMRRI-LA

Accelerator NVIDIA GH200 AMD Instinct MI250X
Memory per GPU device 96 GB 64 GB
FP64 Tensor Performance
ver GPU device 67 Tflop/s 47.85 Tflop/s
Total # GPU devices 10,400 76,832
Rmax (Pflop/s) 435 1,353

m zZuric h Integrated Systems Laboratory
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Measurable improvements

39.1 nm NW-1

2,952 Atoms

1 nm

Gate

Channels

34. 7 GAA Nanowire FET
/ NW-2

10,560 Atoms

2.2 nm
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Measurable improvements

39.1 nm NW-1

2,952 Atoms

1 nm
Gate

Channels

34 7 nm GAA Nanowire FET

/ NW-2

10,560 Atoms

v

a

2.2 nm

ETH:zirich

Integrated Systems Laboratory

Qo

Towards Exascale Simulations of Nanoelectronic
Devices in the GW Approximation

Leonard Deuschle Alexander Macder Vincent Maillou Nicolas Vetsch
Integrarted Systeme Laobovatory Integraved Svstews Laboratory Intepraien’ Sysrems Labo y Intey d Systems Lol
ETH Zunick ETH Zunich ETH Lurich ETH Zavich
Zwnich, Switrechad Zurich, Switserland Zunch, Switzerand Zurnich, Sewrerlimd
dlocmand & ns e ethz.ch almaeder @ iis oo ethr ch vimaillou@iix oo othe.oh vetschn @ jis. oo cthr ch

Anders Winka Mathieu Luasier
Integrated Svrtense Laboratory [nteproy red
ETH Zu

SC24: quatrex Prototype

L. Deuschle et al. “Towards Exascale
Simulations of Nanoelectronic Devices in the

GW Approximation.” SC24

22.07.2026 86



Measurable improvements oY)

Towards Exascale Simulations of Nanoelectronic

) A 2 @ .
391 nm = Devices in the GW Approximation
NW-1 Leonard Deuschle Alexander Macder Vincent Maillou Nicolas Vetsch
Integrarted Systeme Labovatory Integraved Svatews Laboratory Intepraten Sysrems Laboratory fntegrated Systems Laborotory
ETH Zunick ETH Zunich ETH Lurich ETH Zavich
Zwnich, Switrerland Zurich, Switserland Zunch, Switzerand Zurnich, Sewrerlimd
Q dlocmand & ns e ethz.ch almaeder&i ethrch vimaillou@iix oo othe.oh vetschn @ jis. oo cthr ch

2 y 9 52 to I I l S J Alexandros Mathieu Lussier

Integrat veve oy Inteproted porgiory fndograted red ne Lok

(; 411
AIry T

1 nm
Gate i . T

Channels

34 7 nm GAA Nanowire FET SC24: quatrex Prototype

L. Deuschle et al. “Towards Exascale
NW-2 Simulations of Nanoelectronic Devices in the

GW Approximation.” SC24
10,560 Atoms

i
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Fitting more energies per GCD

39.1n/

1 nm

Energies per GCD
w
o

SC24 This Work
(LUMI) (Frontier)
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Fitting more energies per GCD
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Fitting more energies per GCD
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Increased simulation throughput

39.1n/

1 nm

© o o o o
= NN W A~ O,

Iteration Time per Energy (s)

o

SC24 This Work
(LUMI) (Frontier)

m zZuric h Integrated Systems Laboratory

22.07.2026

91



Increased simulation throughput
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Increased simulation throughput
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Increased simulation throughput
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Increased simulation throughput
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Increased simulation throughput
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Increased simulation throughput
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Testing QuaTrEx’s limits: Realistic nanoribbon transistor

Drain

A. Agrawal et al. “Silicon RibbonFET CMOS Gate
at 6nm Gate Length.” 2024 IEEE International
Electron Devices Meeting (IEDM)

oy

Source

A
}“‘

Simulated
Silicon
Nanoribbon
Channel

Gate-all-around
Nanoribbon Transistor
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Overcoming device size limits
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Overcoming device size limits
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Overcoming device size limits T
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Large-scale runs on Alps and Frontier
Weak scaling parameter: # energies
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Large-scale runs on Alps and Frontier
Weak scaling parameter: # energies
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Large-scale runs on Alps and Frontier
Weak scaling parameter: # energies
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Large-scale runs on Alps and Frontier
Weak scaling parameter: # energies
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Large-scale runs on Alps and Frontier
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Large-scale runs on Alps and Frontier

Caomm wnicaior
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Summa
Y quatrex

quatrex: New DFT+NEGF+GW solver O github.com/quatrex/quatrex

Drain

Gate

Significant improvements in simulation
throughput / time to solution Source | il ot ;

""

Overcome “soft cap” on solvable device size to
simulate realistic devices

Strong foundation for exploring other
dissipative quantum transport mechanisms
(phonons, photons, ...)
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