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Why the interest in Complex Oxides?
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Interfaces or confined systems?
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Sample preparation
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Thin Solid Films 519 6330 (2011) ;
Appl Phys A 105, 697 (2011) .
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Control and identification of point defects are challenges.
Phys. Stat.
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Oxide electronic Memory devices Thermoelectricity

Seebeck effect Peltier effect

ReRAM devices: memristors
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Solid-state Piezoelectricity
Conductive

Batteries transparent
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And electrostriction
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Common conducting oxides
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u-SOFC 3D Printing Catalyst
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Pt anode

(b) cathode view

(c)

Anode view
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Oxide electronic
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Often, it may be said that the interface is

the device.

editorial

The interface is still the device

Oxide materials show an amazing variety of electronic and ionic phenomena. However, despite
considerable advances in understanding and utilizing these effects, experimental and theoretical
challenges still need to be addressed before the promised applications can be realized.
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The LaAlO4/SrTi05 heterostructure

ductivity

Science 317, 1196 (2007)
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High mobility
Fast electronics Quantum effects
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Confined systems and bulk STO
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Universality of electron mobility in LaAlO3/SrTiO3 and bulk SrTiO3, Appl. Phys. Lett. 111, 092106 (2017)
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STMO LAO

Different strategies to control the mobility

STO LMO LAO

STO LMO LAO

PRL 103, 166802 (2009) PHYSICAL REVIEW LETTERS
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Charge Confinement and Doping at LaAlO;/SrTiO; Interfaces

T. Fix, E. Schoofs, J. L. MacManus-Driscoll, and M. G. Blamire
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Nature Communications
4:1371 (2013)
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How to make interfaces
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How to make interfaces
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Highest electron mobility at oxide interfaces 2DEGs !

Electron mobility (cm?V'S™)

Bulk mobility

:2010: Optimized LAO/STO

52004-2007: 2DEG in LAO/STO

SrTiO3

1 10

Temperature (K)

100

For GAO/STO :

Ly =140,000 cm?/Vs
tspy =7200 cm?/Vs

For LAO/STO
Uy =7000 cm?/Vs |
Uspy <300 cm?/Vs

Nature Communications, 4:1371, (2013)



Understanding the conductivity
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Oxyge diffusion

Nano Letters 11, 3774 (2011)
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When ‘nothing’ is tuned
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Carrier density control by annealing
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When ‘nothing’ is tuned: Resistive switching
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Ionic Liquid Gatting
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Nano Letter (2017)

13 August 2019 DTU Energy



— pPOHE AHE

Emergence of magnetism
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Emergence of magnetism
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Scanning Superconducting Quantum Interference Device (Scanning-SQUID)
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Emergence of magnetism
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Emergence of magnetism

HE
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Memristors




Motivation: The computer challenges

=
—]
—

W

v' Computer wins the chess
world championship

v' Computer generate
new Jokes which
people find really
funny

v" Computer invented
new proof of
mathematical
theorems

v' Computer wins final of
US Quiz show Jeopardy
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The main difference is the energy
efficiency! R —

W

Human Brain:

Watson:

100 bill Neurons
2880 processors

~100.000 kg.
2.300.000 Watt ~25 Watt
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Top wire

Bottom wire

Switching a few nm (thickness) but still going to change

Its resistance by at least factor of 1000!

How can we make such a switching unit?
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So here is the idea!
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Pt

Oxygen deficient, Conductor

Stoichiometric, Insulating
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How does it work?
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How does it work?
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 homogeneously

- effect confined to filaments? distributed effect?
3 X c
M
//' ¢
7 ; Oxygeno\r/acancy
Filament Charge carrier

Waser & Aono, Nat.Mat. (2007) A. Sawa, Mat.Today (2008)
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Off state

Anode

MOX

dielectric

Cathode

(High Resistance)
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Program

On state

Erase

(Off to On State)
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This is the physical picture of the
memristors!
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Memoristor 1971
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resistor
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Memoristor

- @ =Mq

RS Inductor

@

IEEE TRANSACTIONS ON CIRCUIT THEORY, VOL. CT-18, NO. §, SEPTEMBER 1971
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Memristor: Information storage device.

ReRAM (Resistive Random Access Memory)
Non-volatile memory technology, based on the metal-oxide—metal structure
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A passive two-terminal circuit elements that maintains a
functional relationship between the time integrals of
current and voltage.

nature Vol 453(1 May 2008 doi:10.1038/nature06932

LETTERS 4 ek’ §

. . ‘ /,"7 s vy hit Switching Layer
The missing memristor found . ! MultiValent Oxide
Dmitri B. Strukov’, Gregory S. Snider', Duncan R. Stewart' & R. Stanley Williams' ‘ f" |

9 i - Bofom Electrode
g @ "

ey i, S — — — — G — G—— G— S— ) S S

S ARIRY AR AR AN AN A U JE— W—— . . —

Vmagi-_.._..._..._._.._.__..__.'" 40=50 nanometer platinum N
A AR AR AR ARy A W= [0 wire (23 nm thick) N . i "

! )/ N " £ 0y ot
ke ey o cmmr cmmm emm— —— — g e —— / B A i RN ®
B e P e e e | \,\_,_ V2 ‘ LI

/ \ A
Lt L 4 ¥ E Ny e y 31 nm Pt
N/ Swith — 10, \ B
— p= (3-30nm . T (withoxygen —_——
, | thick) vacarkies) \

-

26 nm TiOx

~ 'N # VA o
— y / \ A "e—
\Voltage N ;g;.f;g;‘r:::vnendxulav /’/ 1 5 nm Pt
& ot N (2-3nmthkk) > —
S - _— L e— —_—

13 August 2019 DTU Energy



=
—]
—

i

Advantages

oLow Energy consumption

o Great Resilience and Reliability
o Scalability

o Multiple states

oLogic
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Requirements Tunet [ -4

... to compete with Flash s - /

Endurance: >107 cylces (Flash 102 ... 107)
Resistance ratio: Roee/ Roy > 10
Scalability: F <22 nm and/or 3-D stacking

Write voltage: approx.1..5V (Flash>5YV)
Read voltage: 01.:.05V

Write speed.: <100 ns (Flash > 10 us)
Retention: >10yrs

R. Waser, ISIF 2011
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a DRAM/flash memory]

ReRam [nonvolatile resistance memory,

Elpida Memory Inc.
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3D XPoint
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Cross Point Structure
Perpendicular wires connect submicroscopic
columns. An individual memory cell can be
addressed by selecting its top and bottom wire

Non-Volatile

3D XPoint™ Technology is
on-volatile—which means your data

doesn’t go away when your power goes

away—making It a great choice for storage

High Endurance

Unlike other storage memory technologies, 3D XPoint™
Technology is not significantly impacted by the number
of write cycles it can endure, making it more durable

DTU Energy

Stackable

These thin layers of memory can be
stacked to further boost density

Selector

Whereas DRAM requires a transistor
at each memory cell—making it big
and expensive—the amount of
voltage sent to each 3D XPoint™
Technology selector enables its
memory cell to be written to or read
without requiring a transistor.

Memory Cell
Each memaory cell can store
bit of data.




Nano Ionic Conducting Engineered materials
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for information application (NICE)

Modelling DFT (PHD)

New dopant, Oxygen
WP 1 :l vacancy concentration,
| distribution
1
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Role °f. OXVEZ“ o Fabrication of two
WP 2 vacancies and their terminal memristor
position (PHD)

(Postdoc)
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ATTENTION!!

| hear
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