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1. Barrier Parameters Modulation with Image Force Barrier Lowering Effect

The combined effects of applied electric field and image force barrier lowering will induce the change
of barrier’s shape, resulting in the change of barrier height @ and barrier thickness t;, to some extent.
Therefore, different from previous studies, during the switching process, the barrier parameters are no

longer constant but are tuned by external electric field and internal microstructure of gap region.

We can regard the gap region within the two remnant stumps of the CF as an ultra-thin insulating film
sandwiched between two local “electrodes”. The applied electric field and the image force further
modify the shape of the barrier. The analytic solution of the image force potential energy U(x) in the
position x of the gap region (O <x< tgap) is given bys!

U = (o) o+ e | - ) &
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where e is the electron charge, ¢ is the permittivity of the gap material and tg,;, is the thickness of
the gap region. When an external voltage V is applied, the barrier will be further lowered under the
influence of electric field. Considering these two effects, the generalized formula for the effective
barrier height is

evx
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After that, the barrier parameters can be conveniently extracted: the actual thickness t, can be simply
represented as the result of subtraction between two ends of barrier x; and x,, which are two real
roots of @(x) = 0;the height of the barrier can be represented as the maximum of @ (x), for simplicity.
Figure S1 exhibits the barrier under the influences of image potential and applied voltage. According to
the results of calculation, the shape of barrier is changed by variations of the inner gap thickness (Figure
Sle) and external applied voltage (Figure S1f), accompanied with the corners of rectangular rounded

off and both height and thickness reduced.
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Figure S1 | Energy diagram of the potential barrier for different values of gap thickness and/or the
amplitude of the applied voltage. (a) Rectangular potential barrier in the conducting filament gap
region. (b) Potential barrier under applied voltage. (c) Potential barrier under the influence of the image
force. The corners are rounded off and both the barrier height and thickness are reduced. (d) Potential
barrier under the superposed effects of the external voltage and the image force. (e) Different barriers
corresponding to a gap with different number of cells n (voltage is fixed at 1 V). (f) Different barriers
changing with the applied voltage V (n=3). Comparing with the original rectangular barrier (dashed
lines), the decrease of barrier thickness is not significant, while the height dramatically drops down.
Roughly estimated, when the gap thickness reduces to the width of only one cell, or the voltage is high

enough (~2 V), the effective barrier height will be less than 75% of @,.

2. Comparison of MC Simulation Results and Previous Experimental Results
2.1. SET I-V curves under different electrical stress conditions

2.1.1. Voltage Sweep Mode Operation
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Figure S2 | Comparison of I —V responses under VSM in (a) MC simulation (Figure 3b in the

main text) and (b) previous experiment.$?
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Figure S3 | Comparison of I —V characteristics under VSM with different values of I, in (a) MC

simulation (Figure 3c in the main text) and (b) previous experiment.s3
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Figure S4 | (a) Simulated and (b) experimentally tested I — t characteristic in Cu/HfO2/M structure. In
the simulation (Figure 3f in the main text), a constant voltage stress of 1 mV is used, close to that used

in the experiment.**

2.1.2. Gate Voltage Ramp Programming Operation
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Figure S5 | Comparison of I —V responses under GVR in (a) MC simulation (Figure 3h in the main

text) and (b) previous experiment.®
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Figure S6 | Comparison of conductance/resistance as well as conductance variation at the final stage

under GVR in (a) MC simulation (Figure 3i in the main text )and (b) previous experiment.s¢

2.2. SET statistics under different operation modes

2.2.1. Voltage Sweeping Mode Operation
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Figure S7 | Comparison of statistical results of Vsgr distribution under VSM in (a) MC simulation

(Figure 4a in the main text) and (b) previous experiment.*



Figure S8 | Comparison of Weibull distribution of Vggr under VSM in (a) MC simulation (Figure 4b in
the main text) and (b) previous experiment.$? Experimental results are plotted versus log(Ropr) which,

as discussed in the text, is proportional to n.
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Figure S9 | Comparison of Weibull slope and scale factor extracted from Vggp distribution under VSM

in (a) MC simulation (Figure 4c in the main text) and (b) previous experiment.*2

2.2.2. Constant Voltage Stress Operation
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Figure S10 | Comparison of statistical results of tggr distribution under CVS in (a) MC simulation

(Figure 4d in the main text) and (b) previous experiment.s®
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Figure S11 | Comparison of Weibull distribution of tggr under CVS in (@) MC simulation (Figure 4e in

the main text) and (b) previous experiment.*®
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Figure S12 | Comparison of Weibull slope and scale factor extracted from tggp distribution under

VSM in (a) MC simulation (Figure 4f in the main text) and (b) previous experiment.*®

2.2.3. Gate Voltage Ramp Programming Operation
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Figure S13 | Comparison of statistical distribution of conductance under GVR in (a) MC simulation

(Figure 4h in the main text) and (b) previous experiment.s>
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Figure S14 | Comparison of statistical distribution of gap thickness under GVR in (a) MC simulation

(Figure 4i in the main text) and (b) previous experiment.s



3. Evolution of the filament (spatial distribution of conducting/insulating cells)
during the SET transition under different electrical stress conditions
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Figure S15

(fiii)

| Color diagrams showing the switching of some of the n X N cells representing the

filament in different stages of a VSM simulated experiment. Dynamic switching is associated to features

in the corresponding I — V' characteristics.
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Figure S16 | Color diagrams showing the switching of some of the n X N cells representing the
filament in different stages of a GVR simulated experiment. Dynamic switching is associated to features

in the corresponding I — t characteristics.
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