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Beyond the transistor: why and when?

9000 terawatt hours (TWh) in < 10 years

75/

ANNIVERSARY

TRANSISTOR

2010 2020 2030
N. Jones, The information factories, Nature 561, 163 (2018)

https://eds.ieee.org/about-eds/75th-anniversary-of-the-transistor

christian.rinaldi@polimi.it
http://rinaldi.faculty.polimi.it

POLITECNICO MILANO 1863 TWEET, Milano, 05/06/2023




A new physical substrate is needed

Energy
consumption ,

CMOS

1980 2000 > 2020

_ Computing

power
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Pathways to quantum materials storage and computing devices

STATE STATE
RETENTION SENSING
|
INTER-
CONNECTS

S. Manipatruni et al., Nat. Phys. 14, 338—-343 (2018)
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State retention and state switching with collective order parameters

Eswitch

Ferromagnetism Ferroelectricity r\
Order parameter:
Magnetic moment Dipole moment

/

E. .
E = IgrrVatsrr = 10 f] E=2PVe=1qaf A= Wik _ 5 (FE); > 1000 (STT)

E(0)

The ratio of the switching energy to the barrier height is optimal for ferro-electrics

S. Manipatruni et al., Beyond CMOS computing with spin and polarization, Nature Physics 14, 338 (2018)
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Magneto-electric spin-orbit device (MESO)

WRITING

—_——— e

Ferroelectric (write) Heavy material (readout)

Ferromagnet (memory)

READING

~ Non-volatile
l b v Atto-joule regime

v The smaller the better

S. Manipatruni et al., Nature, 565, 35-42 (2019)
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Read-out efficiency

673 M LD1
1 | 1 1

L 1 L
-450 -300 =150 0 150 300 450

o
oéo B(mm
ammeter V.T. Pham et al.
Nature Electronics 3.6, 309-315 (2020)

Alternative materials
2DEG, 2D materials, topological materials, etc.

_ Lout ZQZL Aefr > 10 — 15 nm
T=7
n Wrm

Scaling of the device dimensions
Wgy = tens of nm
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Relevant numbers for MESO logic (T > 420 K) L

Spin polarization
Nanomagnet width

Switching voltage P> 80%

w~ 10 nm Heusler alloys?

100-300 mV
7 nm

<100 mV (BaTiO,, 2022)

Current pulse

10ps—1f"s

Switching energy

1-10 aJ Spin-to-charge conversion
10 aJ (BaTiO,, 2022),
20 aJ (optical) B Target Ic/lg > 90-100%

B State-of-the-art 0.1% in CoFeB/Pt (SHE)
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Exploring other solutions

4

STATE STATE

RETENTION SENSING
=

STATE INTER-

SWITCHING CONNECTS

Z ' S. Manipatruni et al., Nat. Phys. 14, 338—-343 (2018)

christian.rinaldi@polimi.it
http://rinaldi.faculty.polimi.it

POLITECNICO MILANO 1863 TWEET, Milano, 05/06/2023



15

State-of-art
Magneto-electric spin-orbit logic Ferro-electric spin-orbit logic
Ferromagnet
(spininjector) |nterconnect

Interconnect
{input)

Spin-textured
ferroelectric
(memory and sensing)

S. Varotto, C. Rinaldi et al.,
Nature Electronics 4, 740-747
(2021)

D. C. Vaz, F. Casanova et al.,
arXiv:2302.12162 (2023)

christian.rinaldi@polimi.it
http://rinaldi.faculty.polimi.it

} POLITECNICO MILANO 1863 TWEET, Milano, 05/06/2023



16
Roberto Carlos, French — Brazil 1997
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FErroelectric Rashba SemiConductors (FERSC) e

D. Di Sante et al., Adv. Mater. 25, 509 (2013)
S. Picozzi, Front. Phys., 2:10 (2014)

NON-VOLATILE
STATE VARIABLE
(MEMORY)

ELECTRIC CONTROL OF
SPIN TRANSPORT
PROPERTIES
(COMPUTING)

COMPUTING
AND MEMORY
IN ONE DEVICE
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Rashba physics in ferroelectrics

Rashba splitting and spin-momentum locking

\\[/ /. .
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L. L. Tao and E. Y. Tsymbal, J. Phys. D 54, 113001 (2021)
A. Manchon et al., Nature Materials 14, 871 (2015)
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Non-volatile Rashba SOC in FERSC

VGI I
Gate
P FErsC

4

D. Di Sante et al., Adv. Mater. 25, 509 (2013)

Ferroelectric control of the spin transport in ferroelectric Rashba semiconductors
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Germanium Telluride as FERSC

GIANT RASHBA SPIN TEXTURE

Te Polarization dependent
"“’“"ﬁ;" A 7 U spin texture
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Kobolov et al., APL Materials 2, D. Di Sante, et al., Adv. Mat. 25, S. Varotto et al., Nano Letters
066101 (2014). 509-513 (2013). 18, 2751 (2018).
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How to look at the band structure for two opposite
ferroelectric polarizations?

Spin and Angular Resolved Photoemission Spectroscopy
(SARPES)
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Interplay between ferroelectricty and Rashba spin texture

ke 1 E M. Liebmann, C. Rinaldi, et al., Adv. Mater. 28, 560 (2016)
C. Rinaldi et al., Nano Letters 18, 2751 (2018)
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Opposite ferroelectric polarizations corresponds to opposite spin circulation
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Gating of ferroelectric semiconductors

[ V(t) [ I(t)4
IS S g ) oD{t) _ OE /0P
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Polarization current
>
Scott, J. F. et al., J. Appl. Phys. 64, 787-792 (1988)
/ Ferroelectric control of charge transport \
metal GeTe metal GeTe
+- P.. el b P-dependent
r <~ R —> 2 conductivity through
"""""" —— o ----------  metal/semiconductor
/: b O 2 €0 ) interface
o> "o~ “0 <O

Lower conductance Higher conductance /

\ (Pou) (P,y)

P. W. M. Blom et al., Phys. Rev. Lett. 73, 2107 (1994)
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Polarization-dependent resistance of metal/GeTe junctions ’

Current (pA) |
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S. Varotto, CR et al., Nature Electronics 4, 740-747 (2021)
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Electrical gating: endurance and switching time
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ENDURANCE
up to 10° cycles

FAST SWITCHING
definitively < 250 ns
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Correlation of resistivity and ferroelectric state Y

PIEZORESPONSE FORCE
MICROSCOPY (PFM)

Resistance (Q)

PFM phase (arb. Units)
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Ferroelectric control of spin-to-charge

Spin Hall effect (bulk effect)

S. Murakami et al., Science 301, 1348 (2003)
A. Manchon et al., Nature Mater. 14, 871 (2015)
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P acts on the bulk band structure

Rashba-Edelstein effect (usually interfacial)

P. Noél et al., Nature 580, 483 (2020)
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Ferroelectric control of spin-charge conversion
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S. Varotto, CR et al., Nature Electronics 4, 740-747 (2021)

The polarization reversal switches the sign of the spin-to-charge conversion

\T‘z . christian.rinaldi@polimi.it
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Charge-to-spin conversion in bulk GeTe

o, (' em™)

Bulk results are the same for
Pout and Pin

Using a slab is more realistic
but we cannot have currents
flowing through the vacuum.

In experiments 0 Yzx is measured.

Calculated for bulk GeTe

100
0 .\/V_
Pout / Pin
-100
0.5 -04 -0.3 -0.2 -0.1 0.0
Energy (eV)

} POLITECNICO MILANO 1863

31

Fe

Si

Calculated for GeTe slab

Pin measured 4

range

100

o’ (" em™)
o
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Energy (eV)
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Ferroelectric switching of spin-to-charge currents in GeTe .

charge accumulation charge depletion |
Fe Fe
Zz Z
ANER I P AN l P
X X
Si Si

We extract matrix elements from
PAO Hamiltonians of the slabs
and create an artificial bulk

Calculated for GeTe slab

P

measured
range

100

T o
}ﬁ
=]
-100 |
Pout Pin 05 04 03 02 01 0.0
S. Varotto, JS, CR et al., Nature Electronics 4, 740-747 (2021) Energy (eV)
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Summary about GeTe .

4 K v ~\
“I o F | A
Ferroelectric switching of the Control gate & 5
semiconductor GeTe with gate W GoTe 545 e
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\ Writing Voltage (V) j
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Ferroelectric control of room-
temperature spin-charge
conversion in GeTe
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Ferroelectric spin-orbit logic with :
Ferroelectric Rashba semiconductors erconmect {I
.
/
S. Varotto, JS, CR et al., Nature Electronics 4, 740-747 (2021) \ FERSC _EILQ } on CMOS /
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What is the gap to fill in terms of materials?

Calculated for GeTe slab

' ' _ ﬂ’suwlv
e i M
T I. (output)
é 0 * =
LA
° |nterconn|ect
-100 [ il
FERSC _'EL@ } on tMO3
5 Energy (eV)
e
e Static nanomagnet, all electric * Relatively low spin-to-charge
* Switching energy: <10 f] @ 50 nm conversion efficiency (a few %) in GeTe
e Switching time: < 250 ns * Conversion from bulk state only, surface
e Potential for monolithic states are hindered
integrability of GeTe on Si * Relatively large switching voltages

S. Varotto, CR et al., Nature Electronics 4, 740-747 (2021)
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Band dispersion in Ge, ;Sn, ;Te

@ T=77K
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Bi Binding energy (eV)

Band dispersion versus composition
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GeT
exp.data e }

x=54%

x=43% il
x=30% } -8

Ge concentration x (%)

Tailoring Rashba features with concentrations, in
good agreement with DFT calculation
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Conclusions and perspectives

" Synthesis of epitaxial Ge,Sn(;,Te V" Detection of giant Rashba effect in Ge,Sn(;,Te
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