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S1. Arrhenius type plot of the wait time versus 1/T extracted from Fig. 2e.
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Fig. S1. Arrhenius type plot of the wait time versus 1/T extracted form Fig. 2e.

The sudden transitions to the OFF state in Fig. 2e correspond to the rupture of the oxygen
vacancy-based filament owing to the diffusion of oxygen ion toward the HfO, layer. The activation
energy of the barriers can be extracted from temperature dependence of the characteristic dwell
time for the RESET transition. From the linear fitting of retention time in logarithm scale versus
reciprocal temperature, we estimated the activation energy E, for ion migration in the Ge—Sb-Te
layer to be 0.86 eV.

This measurement can probe the thermal activation of oxygen ion migration, as shown in Fig. 2e.
The elevated temperature was utilized to obtain the critical time (i.e., filament rupture time) for
oxygen migration within a reasonable time frame. This will cause the oxygen ions to migrate back
to HfO,, thus increasing the resistance of the RRAM. The kinetics of this process can be described
using the Arrhenius law as follows:
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kp is the Boltzmann

where Treset is the characteristic time for the RESET transition, 0 is a constant,
constant, £a is the activation energy barrier, and T is the absolute temperature. The linear fitting
result of the retention time in logarithmic scale versus reciprocal temperature provides a good

estimation of the activation energy (Fig. S1, Supplementary Information).
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S2. Pulse conditions for the endurance tests of both stand-alone RRAM and RRAM with

GeSbTe
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Fig. S2. Pulse measurement conditions (single pulse only for consecutive switching) of stand-alone RRAM

and RRAM with the buffer layer. Increased pulse strength and time is required for (b) due to added buffer
layer.
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S3. Characteristics of Ge-Sb-Te chalcogenide material.

(@) (b)

—_—
O
~—

Raw data Raw data Raw data

—Ge2p,, 1 Sb-Sb @ Sb 3d,, Te-Te @ Te 3d,),
'5 Ge me = —S8b,0,@Sb 3d,, = Te-O @ Te 3d,,
& 5 | —Sb-Sb@Sb3d,, s Te-Te @ Te 3d,,
o« =
= .3 ] Sb,0, @ Sb 3d,, o - Te-0 @ Te 2d,,
s 5 7 =
S o A S A
o o f yr\ S .

g : - - . J . - w 'jvk \ o B VAN o =3
1210 1220 1230 1240 1250 1260 525 530 535 540 545 565 570 575 580 585 590 595 600
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Fig. S3. XPS spectra of (a) Ge 2p, (b) Sb 3d, and (c) Te 3d formed via RF sputtering. Black solid line
represents the raw data, and the colored solid lines represent each component of Ge 2p, Sb 3d, and Te 3d.

Material characteristics and binding states of Ge, Sb, and Te in the chalcogenide film are observed
via X-ray photoelectron spectroscopy (XPS), as shown in Fig. S2. Fig. S2a shows the XPS spectra
of Ge 2p. Ge 2ps, shows a peak at 1218.28 eV, whereas Ge 2p;, shows a peak at 1249.28 eV. Ge
2p3, with a peak of 1218.28 eV is attributed to the Ge—Sb or Ge—Te metallic bond, not to the Ge—
Ge bond, with Ge—Sb-Te layer sputtering at room temperature! . Fig. S2b shows the XPS spectra
of Sb 3d. Sb 3ds/, shows peaks at 527.18 and 528.98 eV, whereas Sb 3ds;,, shows peaks at 536.48
and 538.28 eV. The peaks, i.e., 527.18 eV of Sb 3ds, and 536.48 eV of Sb 3d;),, exhibit a Sb—Sb
homo-polar bond. In contrast, the peaks, i.e., 528.98 eV of Sb 3ds;, and 538.28 eV of Sb 3d;,,
form Sb,0O, via the Sb—O bond due to strong surface oxidation effects. Consequently, the Sb—O
bond shows a stronger peak than the Sb—Sb homo-polar bond?3-. Fig. S2¢ shows the XPS spectra
of Te 3d. Te 3ds/, shows peaks at 571.68 and 574.78 eV, whereas Te 3ds,, shows peaks at 581.98
and 585.38 eV. The peaks with the Sb—Te and Te—Te metal bonds are located at 571.68 eV of Te
3ds,, and 581.98 eV of Te 3ds,,, whereas those at 574.78 eV of Te 3ds, and 585.38 eV of Te 3d;)»

represent the Te—O bonds?3~.
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