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Introduction — ionic switching materials
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Summary of Anion based switching materials —
valence change switching

Most are oxides-

Very few
non-oxides {

Insulators Bottom Electrode Top electrode Switching mode refarence
rMz0 Pt Pt Unipolar 1
TilDx Au Pt Al Pt Non/Uni/gipolar 2.3
gt plsi, n'-5 PL €T uni/Bipolar 446
HiD. TiN Tik Bipolar 7
VO N/R i) Thrashold g0
b, P51 PL Unepoiar 10
Tal, Pt Ta Pt Ta Bipolar Il, 12
Crdy; TiN Pt Bipolar 13
Mo, Pt Pi-Ir uni/Bipotar 14
wo, W, FTo TiN, Ao Bipolar 15, 16
Mo, L Al TiN Bipolar 17, 18
Fel, Bt Pt HMon/Bipolar 19,20
Coly, Pt Pt Nonpolar i}
i, Pt Pt nonpolar/Threshold 3273
Cul, TiM, TaM, SRO; Pt Pt Bipolar 4
Znl, P, Au TiM, &E Bipolar 15-27
A0, Au, Pt P, Ti Unipolar/Sipalar 18,29
Fad, mo LTI Bipolar 30
S50, Poly-51, TiW Poly-5i, Tiw Unipolar 31

S0, W Cu Bipolar 32
G, ITO, TaM PE, Mi Bipolar 33,34
“En0, Pt Pt Unipolar 35
BiD, Ei W, B2, &g, Cu Bipolar 36
S, Pt shb Unipolar/Bipalar 37
Sm; TiN Pt Eipalar £l
Gdo, Bt Pt Unipolar 39
Y0, 2l Al Unipolar 40
ek, Bt Al Bipolar 41
Enlk, TaM Fu uni/Bipolar 42 43
B, TaM Ru Bipolar 42 43
ErfD, Tal Fu Unipolar 42 43
Dy, TaM Fu Unipolar 41, 43
HdO, TaM Fu Unipolar 42,43
By 51, 110, SrRuly PE, W Bipolar 44
SiTi0y SrRUDy, A Pt Au, Pt gipolar 45
SrZry SrRudy Au Bipolar 48
BiFel) Lali0s Pt Bipolar 47
BrrCan N0y ¥BCO, Pt, tanios ag B‘ipl:lli!r 48
Lag uSTp mFels Au Al Bipolar 48
PryLangpCas miinOy AF az Bipolar )
Hitrides [AIN Al, TiN, Pt al TiM, Pt Eipalar 51
Tellride (ZaTe) Si Al Bipolar 52
selenide (ZnSe) PGe in, in-Zn gipolar i3
Polymers Al ITO, Cu Al, MO, Cu Bipolar 5455

. Joshua Yang et al., Nature Nanotechnology 8, 13 (2013)

Even though non-
oxide materials: 1)
bigger pool

2) may even have
better
performance
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New materials

May provide
1)Better compatibility with industry electrode materials!'!

2) Better control of conduction filament formation.[?!

[1] B. J. Choi et al. Appl. Phys. A, 109, 1 (2012)
[2] B. J. Choi et al. Nano Lett. 13, 3213 (2013)
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MOTIVATIONS: A Full - Nitride Memristor
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TiN/AIN structure

1) TiN: fab preferred material
2) AIN and TiN: thermodynamic equilibrium between AIN and TiN
3) TiN: a large solubility of N - perfect electrode (serving as N reservoir)

4) AIN: only two stable solid phases - perfect switching material (a conducting phase + an
insulting phase, same as Ta-0) QD
/
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Device performance: repeatable

AIN memristor

100 consecutive cycles
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* Nitride memristors reported
« Stable and reproducible switching was observed after electro-forming

» Compliance current (l.,,,,) defines device resistance and |oge

Choi et al. Appl. Phys. A 109, 1 (2012) (/)



Device performance: ultra-fast real-time switching
Bipolar device (2um x 2um) — OFF & ON switching

(a) - read ~  Wiite (OFFyead . .
0 i Pulse sequence Quasi-DC device
T Hil \ 9 resistance [kQ]
-2} il |
£ 1K Initial 0.73
-4t t|+ Switched OFF
: | (decreased current) #3 (-2.0 V / 86 ps) 97.83 (OFF)
4L . i . - Initial 83 MQ
° Tim1eo[n31 19 20
(b) | | | #6 (+2.1 \V / 87 ps) 2.56 kQ (ON)
" | _ #7 (+2.1 V1 87 ps) 0.73 kQ (ON)
T 6 ! Switched ON
g4 i {1 (increased current) | _ _
3 5l ik g _ » Sub-100ps switching observed
E o d me Tns] l‘ I ;
B Wr.t;f(om L !« Strongly nonlinear switching
i .
% 5 10 15 20  dynamics
ime [ns]

oie Experimental setup: A. C. Torrezan et al. Nanotechnology 22, 485203 (2011) @



Device performance: scalability and low energy

50nm x 50nm nanodevice
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| P/TiO,. /Pt

DA

0 | 2
Voltage (V)

(b)

10

-10

[ Nitride memristor
—(~20pA)

Voltage (V)

Low-enerqgy device:

Lower current than TiOx and even TaOx

» OFF-switching current 10~20 pA
* High ON/OFF ratio (>100)
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Mechanism: Analogous to oxide

-V: off -V: off
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Inert interface favorable!
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Yang et al. Appl. Phys. Lett. 97, 232102 (2010) @
Miao et al. Adv. Mater. 23, 5633 (2012)



Mechanism: Localized channels

Various evidences

ION,comp = 1.0 mA fixed (vacuum)
10* OFF - 12.0
S | .osh 0 hsg Pt
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g R . NI S 05 —° Al
N < _
o ON_ % Pt
50 100 150 200
Device size, diameter (um)
Irrelevance to Localize_d : Chemical change
area (Electrical conducting region (TEM-EDS)
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Strachan et al. Adv. Mater. 22, 3573 (2010) g,
e Miao et al. Adv. Mater. 23, 5633 (2012)



Mechanism: AI(N) channels

-\V: off

l

—_— 400 i

« Strongly localized heating

« Formation of N-deficient AI(N) = Localized channel

B. J. Choi et al. “Sub-100ps ultra-fast and energy-
e conservative nitride memristors”, in preparation
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Device performance: Reliable
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 Excellent uniformity and high durability
* Much reliable than binary oxide switching
B. J. Choi et al. Adv. Mater. 23, 3847 (2011)
B. J.

Choi et al. Nano Lett. 13, 3213 (2013) @



Device performance: Scalable
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Mechanism: Pt templated memristive switching
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* Pt nanoparticle - rounder and bigger

 Joule heating and electric field

* lonic switching effects are highly probable

B. J. Choi et al. Nano Lett. 13, 3213 (2013) @




Summary

— New switching materials for memristive switching
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» Nitride memristors demonstrated

* Fast switching (~85ps), scalability (50nm) with low energy
consumption observed

« Switching at the more inert interface with localized conducting channel

» Switching interface is O-free after forming = Nitride Memristor!

« ASM (Artificial Switching Materials) are demonstrated
* Highly reproducible and uniform switching is observed
 Scaling with excellent device yield

* Possibly ANY metal into ANY insulator
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