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S1. Comparison between methods and samples

In this work, we show that the dominant current transport mechanism in thin amorphous GST (a-
GST) films is the thermionic emission (Schottky) at the contacts. For this, we employ three steady
state measurements: the transfer length method (TLM) with Ge ion implanted a-GST, I-V meas-
urements of melt-quench a-GST, and ultraviolet photoelectron spectroscopy (UPS) with as depos-
ited a-GST. Even though crystallization kinetics may vary between the different amorphized sam-
ples,! the ion implantation achieves properties very similar to the melt-quench operation.? Moreo-
ver, it has also been shown that after ion implantation, properties such as the X-ray powder dif-
fraction (XRD) spectrum and the electrical resistivity, are comparable to those measured in as
deposited amorphous films.® Therefore, we assume that the electrical properties of the three types
of a-GST used in the different measurements are similar, and ascertain the conduction mechanism
in thin film a-GST.

For the TLM measurements, we used structures with horizontally separated contacts and under the
GST film, with the assumption that the conduction is isotropic. A vertical structure, such as the
one found in Savransky et al.,* which requires fabricating GST with varying thicknesses could
result in an error in the measurement, because different material deposition (thickness) could lead

to different properties, making the TLM vertical structure irrelevant.
S2. Transfer length method, additional data

The TLM method is used to show that the contacts dominate the resistance for both the amorphous
and crystalline phases in thin GST films. The contact-front measurements and fits, shown in Sup-
porting Figure S1, confirm the findings from the contact-end measurements, shown in Figure 4,
strengthening the validity of the results. The contact-front measurement plots are fitted according

to:°

L
R -W = L coth (—C)
- - - LTk .LTk - - - -
where Reris the contact-front resistance, W is the GST width, p¢ is the contact resistivity, Lt the
transfer length on top of the contacts (Ltk=(pc/Rsk)®°, Rsk is the sheet resistance on top of the
contacts), and Lc the contact length. For the c-GST pc=1.4 nQ-cm? (85% confidence intervals: 0.9—

1.9 uQ-cm?), and for the a-GST pc=2.9 mQ-cm? (85% confidence intervals: 1.8-5.8 mQ-cm?). As
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mentioned in the main text, contact-front measurements were dominated by the contact resistance
compared to the sheet resistance. We note that the sheet resistance on top of the contacts (Rsk) and
between the contacts (Rsn) are not identical. For c-GST Rsh=3.0 kQ/[] while Rs=2.5 kQ/L], and
for a-GST Rsh=2.2 MQ/L] while R«=0.3 MQ/[]. It has been claimed that proximity to the metal

can result in a higher conductivity of the semiconductor.®
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Fig. S1. Contact-front width product as a function of contact length for (a) c-GST (b) a-GST. Dots represent
median value and error bars the 85% confidence intervals. Results support contact-end resistance measure-
ments and show that the resistance in both c-GST and a-GST are dominated by the contacts for thin devices.

S3. Steady state I-V measurements, additional data

Most previous work which has sought to match between I-V measurements of a-GST and the cur-
rent transport mechanisms have assumed a uniform electric field, ExV/d. However, here we show
that the depletion approximation is more appropriate. We use Sentaurus TCAD simulations, with
the thermionic emission model for current transport and the Schottky barrier height obtained from
measurements (Figure 5f). Equilibrium and biased states were simulated by solving drift-diffusion
equations coupled with Poisson’s equation and Fermi-Dirac statistics.

We show the resulting electric field extracted for a defect concentration of 102° cm™ along a ver-
tical cutline between the bottom and top electrodes, near the contact (up to a distance of 10 nm).
The simulated electric field is presented along with the depletion approximation (in its relevant
region) and the uniform field estimation, at a voltage of Va=0.4 V, applied to the bottom electrode.
We can see that the uniform field estimation is not sufficient to describe the electric field and that

the depletion approximation is much more appropriate (Supporting Figure S2a).



Nir-Harwood et al. Supporting Information S-4

The fitting parameters used in section ‘Thermionic Emission (Schottky)’ of Results and Discussion,
N, the ionized trap density, and ¢, the dielectric constant, are in the expected range (Nt~102%cm3,
¢~10).” Moreover, in equation (5), we included a built-in voltage (Vgi) of ~130 meV, extracted
from the ultraviolet photoelectron spectroscopy (UPS) measurements.

Additionally, we performed ellipsometry measurements on a sputtered 50-nm a-GST blanket film,
in order to confirm that the optical properties of thin films do not differ from thicker films. The
obtained values, shown in Supporting Figure S2b, match the literature and validate the approxi-
mate value of the dielectric constant used.”®
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Fig. S2. (a) Comparison between electric field approximations and the Sentaurus TCAD simulation. Results
show that the depletion approximation better represents the electric field in the vicinity of the interface. (b)

Dielectric function of sputtered 50-nm a-GST substrate. Values match literature.®

Next, we show that even without the TLM measurements, the thermionic emission (Schottky)
mechanism is more appropriate to describe the steady-state 1-V data, measured for different ambi-
ent temperatures. Our measurements show a better fit to the thermionic emission expression than
the Poole-Frenkel (PF) model, as can be seen visually in Supporting Figure S3.%° For instance, at
high temperatures the thermionic emission fits are separable, whereas the PF fits intertwine for
different read voltages. Additionally, the calculated root-mean-square deviation (RMSE) of the FP
fit is at least 0.026 higher than that of the thermionic emission fit, for all measured voltages. We
conclude, as shown in the main text, that for thin a-GST films thermionic emission at the contacts

is the dominant conduction mechanism.
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Fig. S3. Thermionic emission vs Poole-Frenkel fit. Thermion emission fit for (a) negative (b) positive bias
to BE. Poole-Frenkel fit for (c) negative (d) positive bias to BE. Thermionic emission shows a better fit.

S4. Ultraviolet photoelectron spectroscopy, additional data

In this work we use pump/probe ultraviolet photoelectron spectroscopy (UPS). This was carried
out at a photon energy of 26.35 eV using the high harmonics (17") from an amplified Ti:sapphire
laser system. In addition to direct photoelectron spectra collected from the ground state of the GST,
time correlated photoexcitation of the samples was used to flatten the bands of the GST. Band
bending was determined by comparing the energetic difference between the pumped and un-
pumped spectra. This system has been described in detail previously.!!

The Fermi level of the system was determined from spectra collected from an Al film deposited
on the sample after experiments were carried out. For all UPS spectra shown in this paper, binding
energies of spectral features are referenced to the Fermi level (0 eV binding energy). GST samples
were dipped in dilute HF (10:1 distilled water) to remove oxides and a mild anneal (100°C) was
used to drive off atmospheric water physiosorbed prior to insertion into the vacuum system. An-
neals (10s duration following stabilization of temperature) of the GST were carried out in vacuum

(base pressure ~3x1071° torr) using an optical pyrometer to monitor temperature. Barrier heights
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were extracted from the photoelectron spectra by utilizing the measured location of the Fermi level,
relative to the valence band edge of the GST samples.

We note that the UPS measurements show the average barrier height,> while when performing
electrical measurements, the extracted barrier height is the minimal one,!® explaining the small

difference in barrier height values obtained in the main text.
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Fig. S4. UPS measurement data (a) GST anneal series. The 0O energy corresponds to the Fermi level. (b)
Comparison of probe only (black) and pump+probe (red) for GST annealed to 120°C for 10s. The upward
shift of the pumped spectrum relative to the probe only indicates the p-type nature of the GST. (c)
Comparison of probe only GST annealed to 330°C for 10s (black) and location of the Fermi edge of Al
(blue). (d) Comparison of pump+probe spectrum of flat band GST (black) with Al Fermi edge (blue). (e)
Comparison of as-inserted TiN/GST probe only (black) and pump-+probe (red). (f) Blow-up of probe only
(black) and pump+probe (red) spectra of C-GST annealed to 120°C. From here we extract Schottky barrier
heights: a-GST/TiIN Schottky barrier=243 meV; c-GST/TiN Schottky barrier=80 meV; a-GST/c-GST
Schottky barrier=34 meV (following 330°C anneal);
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S5.  Interface dominated multi-level conduction in mushroom-type cells

In this section we explain conduction in multi-level mushroom-type cells, with the understanding
that conduction in thin GST devices is dominated by interfaces. Figure S5 schematically illustrates
partial crystallization of a mushroom PCM cell. Because crystallization in GST is nucleation dom-
inated,* with increasing pulses additional nucleation sites are present until percolation paths are
formed (shown in blue in Supporting Figure S5c). These paths' resistance forms in parallel to the
existing interface resistance (either top or bottom), and the equivalent intermediate resistance can
be explained as the combination of the two.
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Fig. S5. Schematic illustration of nucleation-dominated crystallization of multi-level mushroom-type cell,
based on results presented by T. Tuma et al.’® (a)-(e) Illustration of changes is a-GST regime due to partial
crystallization, from low conductance to high conductance. Gradually, more and more nucleation sites are
present. (f) conductance of mushroom-type cell as a function of number of pulses for the different states

illustrated in (a)-(e) *°

Furthermore, Supporting Figure S6 shows electrical measurements of a mushroom-type cell for
different intermediate resistances. For low intermediate resistances (such as the one illustrated in
Supporting Figure S5e) the percolation paths are more dominant, and a more symmetrical behavior

is observed. However, clear asymmetric behavior can be noticed for high resistances. This is likely



Nir-Harwood et al. Supporting Information S-8

due to the asymmetric cell geometry and the different interface areas (the polarity of the applied
voltage defines which interface is in reverse bias and dominant). This result, for mushroom-type

cells, is consistent with our findings, that the resistance for thin devices is dominated by interfaces.
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Fig. S6. Resistance vs read voltage measurements of mushroom-type cell, with multiple intermediate states.
The asymmetric behavior of high resistances indicates the importance of interfaces when evaluating inter-
mediate states.

S6.  Schottky barrier height drift, additional data

The following section demonstrates that the subtle trend observed in Figure 7b is an artifact of data
processing procedure. We relate this to the time of the first measurement after reset as a single
value, to, yet that is not the case, as shown in the inset of Figure 1c and Supporting Figure S7a.
The reason is that the resistance drifts even during the measurement of the first 1-V sweep. There-
fore, for decreasing voltages (marked in blue in Supporting Figure S7a) the current also decreases
and the trend is as shown in Supporting Figure S7c. The data shown in Figure 7b and Supporting
Figure S7b correspond to increasing voltages (marked in red in Supporting Figure S7a) and there-
fore show the opposite trend. In order to overcome this issue, the change in the barrier height is
obtained by averaging over all measured voltages of a single sweep. There is an inherent trade-off

between fast measurements and accuracy of low-noise current measurement.
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Fig. S7. Extraction of the barrier height for varying drift time following a reset pulse with clarification
regarding to (a) single I-V sweep in linear scale. (b) extraction of the barrier height for decreasing voltages

as shown in blue in (a). (c) Extraction of the barrier height for increasing voltages as shown in red in (a).
S7. Transmission electron microscopy images

The following bright field scanning transmission electron microscope (BF-STEM) images show
an a-GST device from the same die used for the electrical measurements in our work. We reset the
device to a high resistance of 1.5 MQ. Marked in yellow in Supporting Figure S8b is the amor-
phous region, which has an estimated area of 18000 nm?and reaches both the top (TE) and bottom
(BE) electrodes. This amorphous area can also be seen in Supporting Figure S8c in the diffracto-
gram from the high-resolution BF-STEM image. The energy dispersive X-ray spectroscopy (EDX)

elemental maps of the device structure are shown in Supporting Figure S9.
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Fig. S8. BF-STEM image of device reset to 1.5 MQ. GST is ~50 nm thick between tungsten (W) and
titanium nitride (TiN) electrodes. (a) Wide view of the device, at the center is confined cell (b) Confined
cell with dimensions labeled. The amorphous region is marked in yellow and has an area of approximately
18000 nm? (c) Diffractograms from high resolution BF-STEM image not capturing crystalline features
(DG1) and showing crystalline features in tungsten (DG2).
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Fig. S9. High angle annular dark field (HAADF) STEM image and energy dispersive X-ray spectroscopy
(EDX) elemental maps showing the device elemental distribution.
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