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What will future technology look like?
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Verma, P., & Tan, S. (2024, September 18). How much energy can Al use? breaking down the toll of each CHATGPT query - The Washington Post.
Chen, S. How much energy will ai really consume? the good, the bad and the unknown. Nature News (2025)
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What will future technology look like?

Adaptable

Efficient

New devices and materials

Carbon
nanotubes
and

graphene

Research Proposal Future studies

3rd Generation
30 / quantum”

2nd Generation
*Spin dynamics”

Superconducting

3D stacking,

adv. packaging ' Reconfigurable
computing

Dark
silicon

New architectures and packaging

Rai, A., Gupta, D., et al. Springer Tracts in Electrical and Electronics Engineering 3-25 (2024).

Hirohata, et al. Springer Series in Materials Science, vol 222. (2016)

"Spin transport™

Spin sources
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Quantum
spintronics

Spin interference

3D structures

Spin injection / detection

Spintronics
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What will future technology look like?
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Tokura, Y et al. Nature Physics, 13(11), 1056-1068. (2017)
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How can we
combine these
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Spintronics

Tokura, Y et al. Nature Physics, 13(11), 1056—-1068. (2017)
Hirohata, et al. Springer Series in Materials Science, vol 222. (2016) 13
Nano Lett. 23 (9) 3818-3825 (2023)
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Quantum hall effect

Nobel Prize in Physics (1985) 4
Klaus von Klitzing, G. Dorda, M. Pepper

in H. Weng, X. Dai, Z. Fang, Adv. Phys. 64, 227 (2015)
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® 19805
work ON Topological

PHASES OF MATTER

Nobel in Physics (2016) 4 David
Thouless, Duncan Haldane, J.
Michael Kosterlitz
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in H. Weng, X. Dai, Z. Fang, Adv. Phys. 64, 227 (2015)
in «Nobel Prize in Physics 2016», APS News (2016)
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2005
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First Description of a Tl
Charles Kane and Eugene Mele

in H. Weng, X. Dai, Z. Fang, Adv. Phys. 64, 227 (2015)
in «Nobel Prize in Physics 2016», APS News (2016)
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Proof of concept
HgTe Quantum Well Structure with evidence
of Quantum Spin Hall States (Konig et.al.)
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® 2007 /

First 2d ti

HgTe Quantum Well Structure with evidence
of Quantum Spin Hall States (Konig et.al.)

Eg(eV)

Surface

O band

2008-now +-S
Evolution of 3d tis \
- 1st Gen.: Bi,Sb,,
2nd Gen.: Bi,Se; / Bi,Te; / Sb,Te, Band structure of Bi-Se, measured by Angle-
- 3rd Gen.: Topological Crystalline Resolved Photo-Emission Spectroscopy -

Insulators (TCls) in H. Zhang et. al., Nature Physics 5, pp. 438—442 (2009)
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INSULATING BULK
Bandgaps of 0.2 — 0.3 eV

+
SURFACE STATES

Described by a Dirac Hamiltonian

H(k) = hvpk - (G % 2)

a b =
Ty / /
<& - G
N ¥
N
in Ning Xu, Young Xu and Jia Zhu, , Vol. 2,

Article number: 51 (2017)

Eg(eV)

Surface
band

Band structure of Bi-Se, measured by Angle-

Resolved Photo-Emission Spectroscopy
in H. Zhang et. al., Nature Physics 5, pp. 438—442 (2009)
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State-of-the-art

Theoretical model

+ Massless Dirac fermions protected by time-reversal symmetry and supported by high
spin-orbit coupling

Unique Transport Properties

+ Spin-polarized “metallic” surface channels supporting high spin-to-charge conversion
coefficients and spin-coherence lenghts.

Application in Spintronics

+ Platform for spin-to-charge conversion and the development of novel spintronic
devices for magnetic memory applications.

4
P
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Application in Spintronics

+ Platform for spin-to-charge conversion and the development of novel spintronic
devices for magnetic memory applications.

Tao, X. et al. Science Advances 4, 1670 (2018).
Ferreira-Teixeira, S. (PhD Thesis). Universidade do Porto (2022).
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1.) Properties and Fabrication of TI Materials
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:. Properties and Fabrication of TI Materials

Quintuple Layer

van der Waals Gap

Bi,Te, BiTes Octahedron

in Witting, I. T., Chasapis, et. al., Advanced Electronic Materials, 5(6), (2019)

Future studies
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' Properties and Fabrication of TI Materials

Fabrication methods
of topological materials
|
. ' ‘
Crystal growth Nanostructure

Quintuple Layer Exfoliation growth
van der Waals Gap ;

Ly P

Thin films 'Se

Nanostructures

i

X |
Bi,Tes BiTe, Octahedron oy

in Witting, I. T., Chasapis, et. al., Advanced Electronic Materials, 5(6), (2019)
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1.) Properties and Fabrication of TI Materials

Fabrication methods
of topological materials
I

Critical challenges: 0 } )
: Crystal growth ”
¥ Developing scalable and cost- 'éif?,,,g{,‘;n BCPOSIION
efficient methods to fabricate the
materials
Thin films
< Control the surface states (TSS),
. . Top-down A A
In the face of competing structuring \
conduction channels and Mt
substantial bulk contributions /
Nanostructures

Metamaterials
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1.) Properties and Fabrication of TI Materials

Bi,Te,

Critical challenges:

¥ Developing scalable and cost-
efficient methods to fabricate the
materials

< Control the surface states (TSS),
in the face of competing
conduction channels and
substantial bulk contributions

szTea

The Fermi Level position is highly affected by intrinsic defets, entangling bulk
and surface contributions to transport.

Zhang, 1. et al. Nature Communications 2, 574 (2011).
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2' Transport Signatures of Topological Surface States

Bi,Tes Sb,Tes

Topological
Insulator

The Fermi Level position is highly affected by intrinsic defets, entangling bulk
and surface contributions to transport.

Nano Lett 16, 4, 2213-2220 (2016)
Zhang, 1. et al. Nature Communications 2, 574 (2011).
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. Transport Signatures of Topological Surface States
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2' Transport Signatures of Topological Surface States
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Nano Lett. 14, 7, 3755-3760 (2014)

At low temperatures (~ 20 K) transport
properties of TSS to become more
prominent
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2. Transport Signatures of Topological Surface States

A stronger signature of TSS conduction is observed in the magnetoresistance as a Weak Anti-
localization (WAL) Effect, modeled by a Hikami-Larkin-Nagaoka description:
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Hot Topics

Fabrication Method DC Magnetron-Sputtering
Deposition of 13, 25, 51, 97 and 191 nm thin
films onto flexible Kapton® substrates,
optimized by ex-situ thermal annealing

Experimental results
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Hot Topics

Fabrication Method DC Magnetron-Sputtering
Deposition of 13, 25, 51, 97 and 191 nm thin
films onto flexible Kapton® substrates,
optimized by ex-situ thermal annealing

T(°C)

Experimental results

Above T, = 275°C, samples exhibit:

20mA/Pw=1.5Pa 7 Polycrystalline organization

2 Crystallite size

100— 325 N Local defects (self-doping)
' = L Mode Ej
a — E2 Overlap

Intensity (normalized)
o
[}

Annealin
N\
N .
Cooling 00. - As Cast === Annealing at 325°C
(Free fall) ; - - - - - - - .
100 125 150 175 100 125 150 175
t (h) Wavenumber (cm™)

As-grown

t=3h
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==

ay
"

N .. High-frequenc Theoretical
Thin film fabrication Standc.:rd . Advqn.ced. 9 q y dell
characterization characterization measurements moaeiliing
DC Magnetron VIR
Sputtering on Polyimide * XRD/XRR * ARPES _
* SEM/EDX * TEM * Spin-Hall Angle
(Kapton®), Glass and
* Raman Spectroscpy
PET substrates + Resistivity...
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1' Fabrication of Thin Film Samples

Substrate (anode) (+)

=

Amorphous substrate
(Glass / Kapton / PET)

Magnetron-Sputtering
Fabrication

Optimize deposition parameters
e Applied current / Power
* Gas flow

Denton Vacuum | Discovery Magnetron Sputtering Deposition Systems (2025, February 24).
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1’ Fabrication of Thin Film Samples

3D Tl Materials:
* Bi,Te;

<> . Sb,Te,
Q Phase Change Materials:

e Ge,Sb,Te
2 2'%5

o In38bTe2 Amorphous substrate
(Glass / Kapton / PET)

Magnetron-Sputtering
Fabrication
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1' Fabrication of Thin Film Samples

3D Tl Materials:
* Bi,Te;

<> . Sb,Te,
Q Phase Change Materials:

¢ Ge,Sb,Teg
o In38bTe2 Amorphous substrate
(Glass / Kapton / PET)

Magnetron-Sputtering

Fabrication Ferromagnetic Materials:

* NiFe
* CoFe
*Buffer Layers: Ta/ Te
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1' Fabrication of Thin Film Samples

=

Magnetron-Sputtering
Fabrication

3D Tl Materials:
* Bi,Te;
* Sb,Te,

Phase Change Materials:

¢ Ge,Sb,Te;
* Ins;Sble,

Ferromagnetic Materials:

* NiFe
e CoFe

*Buffer Layers: Ta/ Te

N
—

Goal:

Bilayer/trilayer 3D-SOT
structures
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Structural and
morphological properties

Research Proposal
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X-ray Diffraction (XRD)

Structural and
morphological properties

Research Proposal
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Research Proposal

X-ray Diffraction (XRD) X-ray reflectivity (XRR)

Structural and
morphological properties
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2. Standard Characterization

X-ray Diffraction (XRD) X-ray reflectivity (XRR) Raman Spectroscopy
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Transport Properties
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3,' Advanced Characterization

ARPES
Angle-resolved Photoemission Spectroscopy
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3,' Advanced Characterization

TEM
Transmission Electron Microscopy
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4) High-frequency measurements
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4) High-frequency measurements

v Test SCI efficiency through the Inverse Spin-Hall Effect using

Tl-based heterostructures

Ferreira-Teixeira, S., PhD Thesis (2023)
npj Quantum Materials, 8(1):28, 2023
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Timeline
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Conclusions

'conclusions

v There remains significant work in developing scalable, cost-effective fabrication
methods that preserve the unique properties of Tl materials.

v This proposal delivers a comprehensive investigation of Tl thin films on flexible
substrates — an area still largely unexplored — with clear relevance to emerging
spintronic and loT technologies.

v By addressing the role of structural disorder, this work lays essential groundwork
for future studies into more complex heterostructures and the interplay of

topological quantum effects.
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