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Figure S-1| Device fabrication and electron microscopic analysis. a, Schematic representation
of device fabrication involving three maskless lithography (ML) steps. In ML1, an I-bar pattern
for the bottom electrode (BE) is exposed to the photoresist. This is then followed by
development in MF-24 to remove the photoresist for the pattern, sputter-coating with a 60 nm
thick Pt layer, and finally lift-off to remove the remaining photoresist. This process is then
repeated in ML2, in which a 60 nm thick TiOy junction layer is deposited in a square-patterned
area, and in ML3, in which a 30 nm thick Pt top electrode (TE) is deposited in an I-bar pattern
oriented at right angle to the bottom electrode. Electrical characterization is performed by
connecting the microprobes to the top and bottom Pt electrodes to examine the switching process
in the TiOy layer. b, SEM image of the array of devices with different junction sizes (55 um?,

10x10 pm?, 20x20 pm® and 50x50 pm?) fabricated on the same chip, and ¢, SEM image of
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selected TiOx surface morphology at high magnification. d, Photograph of the actual device

array.
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Figure S-2| XPS analysis of the Pt/TiO,/Pt memristor. Depth-profiling XPS spectra of a, Ti
2p and b, Pt 4f regions for the memristor device with a Pt/TiO,/Pt structure. In contrast to Figure
1d that shows the XPS spectra of a TiOy/Pt structure (i.e., without the top Pt electrode), the
presence of the Ti"™" features is evident from the very beginning of sputtering the TiOy layer and

after the top Pt layer is removed.
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Figure S-3| SIMS depth profiles for the Pt/TiO,/Pt memristor with a junction size of 50x50
pm’. Secondary ion mass spectrometry (SIMS) is used to examine the changes in the elemental
composition in the multilayer device as a function of sputtering depth, with different layer
regions of the device marked by different colors. Evidently, there is a uniform distribution of
oxygen within the TiOx matrix and there is minimal oxygen diffusion into the Pt layer, which

accounts for the stability of the electrode.
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Figure S-4| Optical properties of as-deposited TiOy film and upon annealed at 600 °C. UV-
Vis transmission spectra for the TiOy film as-deposited and annealed (at 600 °C for 90 min in
air) on glass substrates. The difference in the transmittance is due to the change to a more
stoichiometric TiO, phase as a result of oxidation in the annealing step. The as-deposited film is
semi-transparent with the observed transmittance at ~8%, while annealing causes the sample to
become more transparent, with the transmittance increased to ~30%. This can be correlated with

the phase change from TiOx to TiO, phase due to oxidation during annealing.
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Figure S-5| Virgin and activation states of the memristor device with a 50x50 pm’ junction
size. a, In the virgin state, the I-V curve is obtained with a sweep voltage (1.0 V) applied on
either of the top or bottom electrodes while keeping the respective other electrode grounded.
Because of the single-phase TiOy film, this interface-type switching behavior is irrespective of
the directional bias, i.e. the I-V curve obtained with the bias applied on the top electrode (TE)
[and the bottom electrode (BE) grounded] is a mirror image of that obtained with the bias applied
on the bottom electrode (and the top electrode grounded). Inset compares the experimental IV
curve for the virgin state with theoretical data obtained from the Schottky barrier equation for the
thermionic emission model.”'” b, During the device activation step, resistive switching is
obtained at an activation voltage of +1.5 V and —1.5 V for the device operated with BE and TE
grounded, respectively. The corresponding I-V behavior also exhibits a negative differential
resistance region starting at —0.92 V and +0.92 V, respectively. The similar resistive switching
behavior of the device found when operated with both directions of the applied bias reveals the

similar nature of the top Pt/TiOy and the bottom TiO,/Pt interfaces.
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Figure S-6] Cumulative probability distribution plots. The cumulative probability
distributions of the resistance levels of the HRS and LRS at a small READ voltage of +0.25 V
and the WRITE operation performed at +1.0 V. The extremely narrow distributions suggest the

exceptional uniformity of the resistance states of the device.
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Table S1| Comparison of various memristor device architectures with single layer and multilayer

switching matrices and their respective electroforming and SET/RESET voltages.*

Device Structure Electroforming/ | SET/RESET Reference
Activation Voltage
voltage

Single-layer matrix
AFM Tip/SrTiO3/Pt-Au | -5V +4V Szot et al. (2006) '
Pt/Ti0,/Pt NA 2/3V Kwon et al. (2010) *
Pt/TiO,/Pt -6V +0.6 Strachan et al. (2011) °
Pt/Ta,Os/Pt -10V +0.6/-0.8 V| Strachan et al. (2011) *
Ti-Pt/Ti0,/Au-pt -14V +3/4+2.5V Strukov et al. (2012)°
ZnO Nanorods 4V 2V Park et al. (2013) °
Pt/TiO,/Pt -8V +4V Jiang et al. (2013) ’
Pt/Ti0,/Pt Forming-free +3.6/-4 V Salaoru et al. (2013) ®
Au NP/SrTiOj; interface | 10 V 4/-6 V Hou et al.(2014) °
TaO,, HfO,, TiO, -5V 2V Wedig et al. (2015) "
Pt/Ti0,/Pt +1.5V +0.59 V This work
Multilayer Matrix
Pt/Ta;05.5/Ta0,.,/Pt 3V -1/42V Leeetal. (2011) "'
Pt/T104/T10,/Ti0/Pt -10V +1.5V Bae et al. (2012) "
Pt/Ta,0s/HfO,./TiN -10V +3-4V Yoon et al. (2014)
Pd/Si:Ta;0s5,/Ta0,/Pd | 4-10V -1-1.5V Kim et al. 2014)
Pt/Nb-SrTiO3-Sm, 05 Forming-free 10V Lee et al. (2014) ©
interface
Pt/HfO,/Hf/Pt 25V +1.5V Breuer et al. (2015) '°
Ag/MoO,/MoS,/Ag Forming-free +02V Bessonov et al. (2015) "/
Ta/Ta0,/Ti0,/Ti Forming-free +6V Wang et al. (2015)
Au/BaTiO3/NiO/Pt +6V +1V Lietal. (2016) "

*Our device shows the best performance among the devices with single-layer switching matrix
and is also better than most of the devices with multilayer switching matrices. While the
multilayer devices by Bessonov et al. have shown better performance than the present single-
active-layer device, their devices have potentially shorter lifetime because of the oxidation prone
silver nanowire in ambient, in addition to an apparently more complex fabrication process. Like
most devices that require electroforming, their devices are also unidirectional.
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