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[bookmark: _Hlk127701430]Figure S1 50 individual devices for each composition were measured, whose performances conform to normal distributions. The Vfire values for pure GeS range from 4.1 to 4.5 V. The mean value is 4.33 V, and the standard-deviation (SD) value is 0.077. The Vth values for pure GeS devices vary from 1.3 V to 2.3 V. The mean value is 1.79 V, and the SD value is 0.178. The Vh values vary from 1.1 V to 1.9 V. The mean value is 1.46 V, and the SD value is 0.157. The window between Vth and Vh might result in errors in the read process in memory applications. With the addition of As, Vh stabilizes at about 1.5 V, and the fluctuation of Vth values diminished. The Vfire values for GeSAs20 range from 4.9 to 5.6 V. The mean value is 5.06 V, and the SD value is 0.128. The Vth values vary from 2.4 V to 3.1 V. The mean value is 2.78 V, and the SD value is 0.238. The Vh values vary from 1.3 V to 1.7 V. The mean value is 1.49 V, and the SD value is 0.08. The Vfire values for GeSAs25 range from 4.6 to 5 V. The mean value is 4.73 V, and the SD value is 0.052. The Vth values vary from 2 V to 3 V. The mean value is 2.64 V, and the SD value is 0.228. The Vh values vary from 1.3 V to 1.6 V. The mean value is 1.46 V, and the SD value is 0.055. The Vfire values for GeSAs43 range from 4 to 4.6 V. The mean value is 4.24 V, and the SD value is 0.075. The Vth values vary from 1.8 V to 2.7 V. The mean value is 2.2 V, and the SD value is 0.18. The Vh values vary from 1.3 V to 1.7 V. The mean value is 1.46 V, and the SD value is 0.1. 



[image: ]
Fig. S2 Horizontal comparation of current and voltage parameters of different components. The variation of Ion and Ioff with As content is displayed on the left, and the fluctuation of Vfire, Vth and Vh of 50 individual devices is on the right. Ion was captured at the point of threshold switching. Ioff refers to the current at 1/2 Vth in the subthreshold region. In concert with the growing trend of As, the mean value of Ioff from 30 devices for each As content starts at 0.16 μA at 1 V, then goes down to 0.11 nA at 1.5 V, which is the turning point, then slowly climbed to 0.13 nA at 1.5 V, and it kept increasing to 0.2 nA at 1.2 V finally. It can be seen from the figure that the addition of As immensely improved the uniformity of Ioff. The ON state current goes up from 0.59 mA to 1.36 mA and then down to 1.11 mA. The regulation of voltage seems to be similar with that of the on-current. Vfire goes up from 4.3 V to 5 V, goes down to 4.7 V next, and ends up at 4.4 V, while Vth jumps from 1.79 V to 2.79 V and decreases to 2.64 V and then to 2.23 V. Vh basically remained unchanged at 1.5 V.
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Fig. S3 Comparison of the on-current density of GeSAs with that of other OTS cells. The on-current density (Jon) quadratically increases with a decrease of the device size. GeSAs shows advantages in terms of current density as well as thermal stability.1–15 
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Figure S4 a. To measure the electrical characteristics, a 1 kΩ and a 100 Ω resistor were connected in series with GeSAs devices. The 1 kΩ resistor was used to limit the current, and the oscilloscope collects the voltage signal across the 100 Ω one. b. Integration of input voltage and output current. The input voltage is a triangular pulse with a rise time of 1 μs. The output voltage signal is captured by the oscilloscope and the result is converted into current, as shown in the figure, from which an obvious switching phenomenon can be observed. c. Enlarged views of the current response of on- and off- states. When the input voltage reaches Vth, the current signal suddenly surges. With a further increase of the input voltage, the upward trend slows down. We interpret the steep increase period as the on-speed. Similarly, the sudden drop of current is taken as the off-speed d. Speed statistics of 30 individual devices of all compositions. The on-speed of devices with different compositions range from 7 to 12 ns, and the off speed is in the range 5~15 ns.
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[bookmark: _Hlk126187769][bookmark: _Hlk126229210]Figure S5 Endurance of unannealed GeS and GeSAs20 devices. Square pulses were used in the endurance measurements. The dynamical responses of the switches were measured for a set number of square pulses. Yellow curves correspond to the applied voltage pulses, while the blue curves correspond to the dynamical response measured across the resistor in series with the device. The on-current could be obtained from the dynamical-response curves. Clearly, the GeS and GeSAs20 devices were successfully turned on and off by each pulse. After the set number of square pulses operation, the DC I-V curves of these devices were obtained, from which off-currents were obtained, as summarized in Fig. 1f. The GeS and GeSAs20 devices cells work well up to 108-cycle pulse operations in this case.
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Figure S6 Endurance of unannealed GeSAs25 and GeSAs43 devices. GeSAs25 and GeSAs43 devices were successfully turned on and off for 108 cycles, as shown in Fig. 1f.
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Figure S7 GeS film samples were annealed at 300 ℃ and 350 ℃ for 30 minutes and 400 ℃ for 10 minutes, respectively. GeSAs samples were processed at 150, 250, 350 and 450 ℃ for 30 minutes, and at 500 ℃ for 10 minutes. The samples were then measured by X-ray diffraction (XRD), whose results are shown in the figure above. Clearly, there is a very small crystallization peak at 30° in the GeS sample annealed at 400 ℃, indicating that the GeS crystallized at that time. However, the XRD results of the annealed GeSAs samples are almost the same as that of the as-deposited samples, which confirms that As incorporation has a positive effect on the thermal stability of a-GeS.
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Fig. S8 I-V curves of GeSAs devices with 60-nm electrodes after annealing at 450 ℃ for 30 min. The devices with As involved can all be turned on normally. The on-current of GeSAs20 is 0.6 mA. The on-current of GeSAs25 is 0.45 mA. The on-current of GeSAs43 is 0.33 mA.
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Figure S9 a. Vfire, Vth and Vh distributions for 10 nm thick, 450℃ annealed devices containing As. In 20 at. % As cells, Vfire is between 6 V and 7.69 V, Vth is in the range 2.42~4.41V, and Vh is located between 1.52 V and 2.12 V. In 25 at.% As cells, Vfire is between 5.73 V and 6.4 V, Vth is in the range 1.92~2.97 V, and Vh is located between 1.4 V and 1.7 V. In 43 at.% As cells, Vfire is between 4.79 V and 5.19 V, Vth is in the range 1.79~2.36 V, and Vh is located between 1.39 V and 1.57 V. The dispersion of Vfire, Vth and Vh decreases with increasing As content, indicating that the addition of As is beneficial to improve the consistency of device performance. b. After annealing at 450 ℃ for 30 min, GeS loses its switching performance, while the compositions containing As still work. By increasing the As content, the tendency of changes of Vfire, Vth and Vh is consistent with that before annealing, and Vfire decreases from 6.5 V to 6.2 V and then to 6 V; Vth decreases from 3.3V to 2.5 V and then to 2 V. The device leakage current increases from 3.1×10-9 A to 1×10-7 A with increasing As content. The on-current of the devices decreases from 0.7 mA to 0.4 mA, which is also consistent with the trend before annealing.
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[bookmark: _Hlk126239993]Figure S10 a. Vfire, Vth and Vh distributions for as-deposited GeS devices with 5, 10 and 20 nm thick OTS layers. In 5 nm-GeS cells, Vfire is between 2.74 V and 3.11 V, Vth is in the range 1.33~1.97 V, and Vh is located between 1.14 V and 1.56 V. In 10 nm-GeS cells, Vfire is between 4.14 V and 4.45 V, Vth is in the range1.51~2.07 V, and Vh is located between 1.14 V and 1.68 V. In 20 nm-GeS cells, Vfire is between 6.41 V and 6.66 V, Vth is in the range 1.73~3.00 V, and Vh is located between 1.18 V and 1.79 V. b. Ioff of deposited GeS devices with 5, 10 and 20 nm thick OTS layer. Dotted lines correspond to the FF process. Solid lines correspond to Ioff. c. Vfire, Vth and Vh variations with thickness. When the As content is zero, Vfire rises from 2.8 V, and Vth rises from 1.75V, which increase nonlinearly with thickness, and Vh is independent of thickness. d. Ion and Ioff variations with thickness. Ion increases and Ioff decreases with increasing thickness.
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[bookmark: _Hlk126242763]Figure S11 a. Vfire, Vth and Vh distributions for as-deposited GeSAs20 devices with 5, 10 and 20 nm thick OTS layers. In 5-nm cells, Vfire fluctuates between 3.98 V and 4.24 V, Vth is distributed from 2.03 to 2.6 V, and Vh ranges from 1.32 V to 1.61 V. In 10-nm cells, Vfire fluctuates between 4.95 V and 5.29 V, Vth is distributed from 2.4 to 3.18 V, and Vh ranges between 1.33 V and 1.62 V. In 20-nm cells, Vfire is between 8.79 V and 8.88 V, Vth is in the range 2.65~4.62 V, and Vh is located between 1.701 V and 2.11 V. b. Vfire, Vth and Vh distributions for annealed GeSAs20 devices with 5, 10 and 20 nm thick OTS layers. In 5-nm cells, Vfire fluctuates between 3.95 V and 4.53 V, Vth is distributed between 2.12 and 2.72 V, and Vh ranges from 1.48 V to 2.06 V. In 10-nm cells, Vfire fluctuates between 6 V and 7.69 V, Vth is distributed between 2.42 and 4.37 V, and Vh is located between 1.52 V and 2.08 V. In 20-nm cells, Vfire is between 7.6 V and 8.4 V, Vth is in the range 3.61~5.32 V, and Vh is located between 1.64 V and 2.05 V. c. Ioff of as-deposited GeSAs20 devices with 5, 10 and 20 nm thick OTS layers. Dotted lines correspond to the FF process. Solid lines correspond to Ioff. d. Ioff of annealed GeSAs20 devices with 5, 10 and 20 nm thick OTS layers. Dotted lines correspond to the FF process. Solid lines correspond to Ioff. e. Vfire, Vth and Vh variations, before and after annealing, with thickness. Solid lines correspond to the as-deposited state. Vfire increases from 3.3 V to 5 V and then to 8.8 V with a doubling of the thickness. Vth increases from 2.2 V for 5 nm, to 2.8 V for 10 nm and ends up at 4.8 V for 20 nm. Vh remains almost unchanged. Dotted lines correspond to the annealed state. Vfire increases from 4.26 V to 6.53 V and then to 8.11 V with a doubling of the thickness. Vth increases from 2.35 V for 5 nm, to 3.29 V for 10 nm and ends up at 4.32 V for 20 nm. Vh stays nearly the same. f. Ion and Ioff variations before and after annealing with thickness. Solid lines correspond to the as-deposited state. Ion changes from 1.45 mA to 1.28 mA, and then to 2.3 mA. Ioff decreases from 51.6 nA to 10.8 nA, and then to 0.74 nA. Dotted lines correspond to the annealed state. Ion becomes slightly smaller than those of unannealed cells. Ion increases from 0.42 mA to 0.71 mA, and then to 1.17 mA. While Ioff of the annealed state is lower, it decreases from 8.4 nA to 3.1 nA, and to 1.65 nA.
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Figure S12 a. Vfire, Vth and Vh distributions for as-deposited GeSAs25 devices with 5, 10 and 20 nm thick OTS layers. In 5-nm cells, Vfire fluctuates between 3.35 V and 3.71 V, Vth is distributed between 1.88 and 2.66 V, and Vh ranges from 1.33 V to 1.59 V. In 10-nm cells, Vfire fluctuates between 4.63 V and 4.92 V, Vth is distributed in the range 2.33 to 2.94 V, and Vh is located between 1.33 V and 1.59 V. In 20-nm cells, Vfire is between 7.39 V and 8.64 V, Vth is in the range 3.18 to 4.89 V, and Vh is located between 1.37 V and 1.79 V. b. Vfire, Vth and Vh distributions of annealed GeSAs20 devices with 5, 10 and 20 nm thick OTS layers. In 5-nm cells, Vfire fluctuates between 3.41 V and 3.61 V, Vth is distributed between 1.61 and 1.92 V, and Vh ranges from 1.32 V to 1.62 V. In 10-nm cells, Vfire fluctuates between 5.76 V and 6.4 V, Vth is distributed between 1.92 and 2.97 V, and Vh is located between 1.4 V and 1.7 V. In 20-nm cells, Vfire lies between 6.93 V and 8.47 V, Vth is in the range 2.91 to 4.35 V, and Vh is located between 1.42 V and 1.84 V. c. Ioff of as-deposited GeSAs20 devices with 5, 10 and 20 nm thick OTS layers. Dotted lines correspond to the FF process. Solid lines correspond to Ioff. d. Ioff of annealed GeSAs20 devices with 5, 10 and 20 nm thick OTS layers. Dotted lines correspond to the FF process. Solid lines correspond to Ioff. e. Vfire, Vth and Vh variations before and after annealing with thickness. Solid lines correspond to the as-deposited state. Vfire increases from 3.45 V to 4.73 V and then to 7.82 V with a doubling of the thickness. Vth increases from 2.23 V for 5 nm, to 2.64 V for 10 nm and ends up at 4.16 V for 20 nm. Vh remains almost unchanged. Dotted lines correspond to the annealed state. Vfire increases from 3.84 V to 6.01 V and then to 7.8 V with a doubling of the thickness. Vth increases from 2.16 V for 5 nm, to 2.51 V for 10 nm and ends up at 3.65 V for 20 nm. Vh stays nearly the same. f. Ion and Ioff variations before and after annealing with thickness. Solid lines correspond to the as-deposited state. Ion increases from 1.45 mA to 1.28 mA, and then to 2.3 mA. Ioff decreases from 56 nA to 13 nA, and then to 0.6 nA. Dotted lines correspond to the annealed state. Ion becomes slightly smaller than those of unannealed cells. Ion increases from 0.42 mA to 0.7 mA, and then to 0.93 mA. While Ioff for the annealed state is lower, it decreases from 31 nA to 48 nA, and then to 6.9 nA.
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Figure S13 a. Vfire, Vth and Vh distributions of as-deposited GeSAs43 devices with 5, 10 and 20 nm thick OTS layers. In 5-nm cells, Vfire fluctuates between 2.95 V and 3.28 V, Vth is distributed between 1.55 and 2.10 V, and Vh ranges from 1.19 V to 1.46 V. In 10-nm cells, Vfire fluctuates between 4.18 V and 4.27 V, Vth is distributed from 1.95 to 2.54 V, and Vh is located between 1.35 V and 1.69 V. In 20-nm cells, Vfire is between 7 V and 8.84 V, Vth is in the range 2.87 to 4.28 V, and Vh is located between 1.29 V and 1.7 V. b. Vfire, Vth and Vh distributions of annealed GeSAs20 devices with 5, 10 and 20 nm thick OTS layers. In 5-nm cells, Vfire fluctuates between 3.63 V and 4.05 V, Vth is distributed in the range 1.52 to 2.14 V, and Vh ranges from 1.29 V to 1.83 V. In 10-nm cells, Vfire fluctuates between 6 V and 7.69 V, Vth is distributed in the range 2.42 to 4.37 V, and Vh is located between 1.52 V and 2.08 V. In 20-nm cells, Vfire is between 6.38 V and 8.16 V, Vth is in the range 2.76 to 4.34 V, and Vh is located between 1.4 V and 2 V. c. Ioff of as-deposited GeSAs20 devices with 5, 10 and 20 nm thick OTS layers. Dotted lines correspond to the FF process. Solid lines correspond to Ioff. d. Ioff of annealed GeSAs20 devices with 5, 10 and 20 nm thick OTS layers. Dotted lines correspond to the FF process. Solid lines correspond to Ioff. e. Vfire, Vth and Vh variations before and after annealing with thickness. Solid lines correspond to the as-deposited state. Vfire increases from 3.15 V to 4.25 V and then to 7.96 V with a doubling of the thickness. Vth increases from 1.86 V for 5 nm, to 2.23 V for 10 nm and ends up at 4.16 V for 20 nm. Vh remains almost unchanged. Dotted lines correspond to the annealed state. Vfire increases from 3.78 V to 5.82 V and then to 7.36 V with a doubling of the thickness. Vth increases from 1.77 V for 5 nm, to 2.02 V for 10 nm and ends up at 3.41 V for 20 nm. Vh stays nearly the same. f. Ion and Ioff variations before and after annealing with thickness. Solid lines correspond to the as-deposited state. Ion increases from 0.61 mA to 1.1 mA, and then to 1.84 mA. Ioff decreases from 67.2 nA to 20.6 nA, and to 4.18 nA. Dotted lines correspond to the annealed state. Ion becomes slightly smaller than those of unannealed cells. Ion increases from 0.25 mA to 0.41 mA, and then to 0.88 mA. While Ioff of the annealed state is lower, it decreases from 0.8 nA to 0.1 μA, and to 13.3 nA.
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Figure S14 Endurance of GeSAs20 and GeSAs25 devices after annealing at 450 oC for 30 min. The device endurance of GeSAs20 reaches 107 cycles and GeSAs25 can be operated 109 times normally. 




[image: ] Figure S15 Endurance of GeSAs43 devices after annealing at 450 oC for 30 min. The device endurance of GeSAs43 reaches 9×109 cycles.
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Fig. S16 Comparison of performances of GeSAs with those of other types of OTS cells, after heat treatment, and the radar charts obtained from the table. Compared with NGeCTe, AsTeGeSiN, TeAsGeSiSe, GeSeSbN and CTe , GeSAs devices exhibit larger on-current densities after higher temperature heat treatment, and smaller Ioff values can also be obtained by adjusting the As content. The endurance of GeSAs43 devices after annealing is superior to AsTeGeSiN, GeSe, GeSeSbN and CTe devices. Clearly, GeSAs devices have improved balanced performance metrics for practical applications from the charts.1-6
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Figure S17 Correlation between the coordination environment and the charge transfer of central S/As atoms. a-d. Coordination numbers (CN) for a-GeS, a-GeAsS20, a-GeAsS25 and a-GeAsS45, respectively. The CNs of Ge/As atoms are concentrated on 3 and 4, and the central S atoms are mainly 2-fold and 3-fold coordinated. e. Various coordination environments of central S atoms with the corresponding values of electron transfer. f. Various coordination environments of central As atoms with the corresponding electron-transfer values.
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[bookmark: OLE_LINK1]Figure S18 Analysis of bonding properties for the a-GeSAs43 system. a. COHP curves for different bonds in a-GeAsS45. b. The |ICOHP| curves for different bonds with respect to the bond length in a-GeAsS45; the blue stars correspond to the interatomic distances for the first peaks of the PDF, g(r), in Fig 3d, which represents the bond distributions.
The crystal orbital Hamilton populations (COHP) were calculated by the LOBSTER code. Fig. S18a shows the COHP curves for different bonds in the model of a-GeAsS45, in which the COHP values of As-As, As-S and Ge-S interactions are negative below the Fermi level, indicating that those bonds have antibonding-like character. The COHP for As-S is generally larger than for Ge-S, suggesting that As-S bonds are stronger than Ge-S bonds. To describe the strength of chemical bonds more precisely, one can integrate the COHP (i.e. |ICOHP|) below the Fermi level. The bond strengths marked with the blue stars correspond to the interatomic distances of the first peaks of the PDF, g(r), in Fig. 3d. The bond-formation strengths of Ge-Ge, Ge-S, Ge-As, As-As and As-S bonds are calculated to be 3.4 eV, 4 eV, 3.8 eV, 3.65 eV and 4.8 eV, respectively. That is to say, As-S bonds are stronger than Ge-S bonds, thus accounting for the >100 ℃ increase in the crystallization temperature upon As incorporation.


[image: ]
[bookmark: OLE_LINK2]Figure S19 a. The partial PDF, g(r) centred on Ge for a-GeS, a-GeSAs20, a-GeSAs25 and a-GeSAs43 systems. The first peaks and the second peaks represent the separation between nearest-neighbor atoms and between second nearest-neighbor atoms, respectively, from which one can identify that the second nearest-neighbor atomic separation lies between 3.0 and 4.6 Å (dashed lines). The second nearest-neighbor coordination number of Ge atoms can be obtained by integrating g(r) of Ge-Ge, Ge-S and Ge-As correlations between these distances in Fig 3d. b. Statistics of the second nearest-neighbor atoms of Ge in different systems. For the second nearest-neighbor atoms of Ge, the fractions of Ge-Ge and Ge-S bonds decreases and the fraction of Ge-As bonds increases.
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Figure S20 The electrical conductivity activation energy can be drawn from the Arrhenius equation: σ = σ0exp(-Ea/kBT). Ea is the activation energy for electrical conduction. kB is the Boltzmann constant and T is the absolute temperature. The value increases from 0.79 to 0.93 eV, then drops to 0.8 eV, and ends up at 0.76 eV with increasing As content, which is consistent with the variations of Ioff and the bandgap.
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[bookmark: _Hlk126652184][bookmark: _Hlk126652199]Figure S21 a. Fluorinert FC43 was used for a previous PDS experiment16, whereas carbon tetrachloride was used in this work. FTIR results for FC43 and carbon tetrachloride for an optical path length of 10 mm are shown. The PDS in this region is subject to the absorption of the deflection medium. Below 0.33 eV, FC43 does not transmit light. There is a region where the transmittance is low, even at 0.33 eV or more. Carbon tetrachloride, on the other hand, has a transmittance of about 80% in most regions above 0.3 eV. b. As shown by the vertical lines, there is a good agreement between the absorption position of FC43 and the peak position of the PDS spectrum. c. It can be seen that carbon tetrachloride has almost no effect in the high-transmittance region. Absorption around 0.29 eV for carbon tetrachloride affects the spectrum. Therefore, it is concluded that the absorption of the deflection medium is superimposed on the PDS spectrum in the region where the transmittance of the deflection medium is 20% or less. From these results, carbon tetrachloride is suitable for evaluating the trap levels of GeSAs.
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Figure S22 The atomic configuration corresponding to the gap state near the conduction-band edge with a large IPR value in a-GeSAs20, in which the Ge-Ge bonds also exist but they obey the "8-N" rule, unlike the trap states.
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Summary of ovonic threshold switching device performances after annealing using different materials.

§ Feature Si Thick . 7 7 Thermal
Material ea(:::) ize (l:":)e‘s Selectivity T, (MA/em?)  Tou (A)  V,, (V) V, (V) Speed (ns) Endurance St:;i'l';;
GeSAs,, 60 10 108 212 3x10° 33 ~1.8 ~10 107 450°C/30min
GeSAs,; 60 10 104 16 1108 25 ~15 ~10 10°  450°C/30min
GeSAs,, 60 10 104 12 2x10% 2 ~1.4 ~10 ~100 450°C/30min
NGeCTe 72 15 104 10.3 2x10%  ~1.4 ~0.8 ~10" 400°C/30min

AsTeGeSiN 30 40 103 i 5x107  ~15 =i 108 500°C/15min
GSSS'TE’:“" 50 25 103 23 10° 152 08 2 108 350°C/4min
TeAsGeSiSe 350 20 104 0.44 10 22 15 — 101 350°C/30min
Ge-Se-Sb-N 350 — 100 02 10-10 25 ~13  — 108 400°C/30min

C-Te 30 ~10 103 11 5%10° ~0.6 ~0.3 <10 106 450°C/30min
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As 0 at.%
As 20 at.%
As 25 at.%
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Statistics of the second nearest neighbor atoms of Ge in
different systems

AsOat.% | As20at.% | As25at.% | As43at. %
Ge-Ge 41.8% 30.7% 27.3% 20.3%
Ge-S 58.2% 44.1% 42.2% 30.7%
Ge-As — 25.2% 30.5% 49.0%
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