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A connected world: The Internet of Things #) JOLICH
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Electronic data storage systems
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Flash
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= switching time: us
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= Complex
mechanisms

Kent, Nat. Nanotech. 10 (2015)

Christoph Baumer

06.04.2017



Resistive Switching for non-volatile memory
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Szot et al., Nat. Mater. 5 (2006) Wong et al., Proceedings of the IEEE 100 (2012)
Waser et al., Nat. Mater 6 (2007) Cooper et al., Adv. Mater. (accepted, 2017)
Waser et al., Adv. Mater. 21 (2009) i

Oxygen evolution
underneath the anode:

2 Ti**+0, &
a2 T3V %o,
— 10"‘5 % : = Oxygen vacancy generation and redistribution
§— 107 7 3 under applied field - local redox reaction
£ 107 N 7‘ | = Spatial confinement: filamentary switching
§ 107 ARS RS 1 2 Quantitative details
107 1 7 Impact on electronic transport
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- Spectromicroscopic quantification mandatory
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2. Operando spectromicroscopy:
Comprehensive understanding of memristive

Processes. oxygen vacancy motion
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Model material of choice: SrTiO, #) JOLICH
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= Stoichiometric SrTiOg: = X-ray absorption spectroscopy, EELS
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Method of choice: Spectromicroscopy #) JOLICH

FORSCHUNGSZENTRUM

Photoelectron emission microscopy

= gpatially resolved XPS and XAS
= composition sensitive

= valence state sensitive

surface sensitive

1500
Ti L-edge
. no
S 1000 electrode
S
2 i
=
2 500
9
=
) 0 M
SrTlO3 Eicl s 1o (4 0 5 4 ¢ 1 ¢ 1

. ' 458 460 462 464 466 468 470
Nb.SrT|03 Photon energy hv (eV)

Christoph Baumer 06.04.2017 8



Evidence of localized valence changes #) JULICH
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PEEM image stack Ti L-edge spectra False color map
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In-operando PEEM: Graphene electrode #) jOLICH
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Photoelectron emission microscopy
= surface sensitivity:
need for ultra-thin electrode
= graphene is the ideal candidate
= excellent signal-to-noise ratio

Nb:SrTiO3
graphene growth:
S. Rogers, M. Shim, University of lllinois
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Baeumer et al., Nat. Commun. 7 (2016)
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Spectroscopic fingerprint of valence changes ’J JULICH
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2Ti4++0, <> 2 T3 +V 3+ 10,1

Ti L edge O K edge
ﬁ = Large changes: = Subtle changes:
a significant spectral O K-edge very
Z changes sensitive
£ = Subtle changes: spectral = Direct measure for
features hard to detect electrons in
conduction band
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2| Baeumer, Nat. Commun. 7 (2016), Abbate, PRB 46, 4511 (1992) Sefat, Solid State Chem. 178 (2005)
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Quantifying oxygen vacancy variations JULICH
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LRS | |HRSI
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g = Switching-induced
g modulation in oxygen
2010 .
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Quantification of carrier density modulations #) JULICH
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Spectroscopic change Comparison with calibration
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Quantitative treatment of VCM switching
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resistance + vacancy concentration

- 3.35x1020 cm=  7.5x1020 cm=3
- 1.5x1022 cm™3  6.7x1020 cm™3

experimental quantities

transport model from
A. Marchewka,
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= experimental quantities: :

= transport model based on 3

understanding the device

resistance: A Schottky barrier
E
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Ec

oxygen vacanciy variation causes
Schottky barrier modification
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Baeumer, Nat. Commun. 7 (2016). Simulation: A. Marchwka & S. Menzel, RWTH Aachen & FZJ
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TEM-based oxygen vacancy mapping !) JULICH
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Electrode

SITiO,

Nb:SITiO,

Nb:SITiO,

+ HRS
o O o o
- O v" In operando TEM clarifies
= dﬁmﬂ Pt o )
25 ol switching details
§ § v' Concentration variation only at
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- > ' 2 v Agreement with PEEM data
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Cooper, Baeumer et al., Adv. Mater. (accepted, 2017)
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Microscopic origin of resistive switching in SrTiO; # JULICH
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Oxygen evolution and reincorporation reaction: 2Ti**+0O, < 2 Ti**+Vj+ 20,1
Set: left to right
Reset: right to left
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3. Post mortem spectromicroscopy:

Design rules to prevent retention failure
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Nonvolatile memory: Data retention

60
i typical
0 B> — == —= =
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< 40 | S -
: | "‘"—':‘I:::::::_-:_-;‘
S 30 failure ™
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LRS Retention Failure: Re-oxidation #) JULICH
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LRS, retention
failure:

Intensity

Filament

v' Retention failure mechanism:
Re-oxidation of the switching
fllament

? Retention stabilization

LRS, S_table o 50% Ti3*
retention: -

Intensity

Filament

0% Ti3*

456 458 460 462 464 466 468
Photon Energy [eV]

Baeumer et al., Nat. Commun. 6 (2015)
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Filament chemistry #) JOLICH
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Ti valence state:

50% T v’ Stable retention: Microscopic
B =
phase separation into Sr-
deficient SrTiO; and SrO
surface layer
? Side effect or origin of
. retention stabilization
0% Tis*
Sr 3d XPS 50% SrO,

P Filament

Reference

Intensity

30% SrO,

136 134 132 136 134 132
Binding Energy [eV]

Baeumer et al., Nat. Commun. 6 (2015)
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Design Rule for Stable Retention #) jOLICH
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Stoichiometric SrTiO;: Retention failure
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Design Rule for Stable Retention #) jOLICH
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Enhanced oxygen migration: YSZ
(D(500 K)=1013 cm?s!): Retention failure
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Inbited oxygen migration: Al,O,
D(500 K)=10% cm?sl: Retention stabilization

S HRS —e
® E ‘\?‘—
[ 8]
c =
& F
= 2] g
- D10°F LRS __mem====" ¢
%] "
= @ ’,’
5 o Fe
2 & ok
5 o 10°
£ = F
2 < N T S S N T—"
5 0.0 3.0x10% 6.0x10° 9.0x10% 1.2x10°
3 Time (s)
2
g

Baeumer et al., Nat. Commun. 6 (2015)

Christoph Baumer 06.04.2017 Hongchu Du & Joachim Mayer, ERC



Conclusions
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Spectromicroscopy: Post
mortem & in-operando insights

Quantitative evidence of

local redox reaction

108 E

105

Resistance (Q0)
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Oxygen vacancy

concentration (%)
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LRSI

HRS |

LRSIl

HRS I

Mechanistic understanding
of the switching process

Design rule: Prevent
re-oxidation of filament

X-ray interaction: possible creation
of defects (and second phases)
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