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Figure S1. Schematic diagram of (a) planar and (b) vertical OTS devices, illustrating the main device region. (c)
The bird’s-eye view image of the OTS device, highlighting the main device region, load resistor, and the contact
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Figure S2. Variation in layer density of Sn in the SnNy film at 110 °C depending on the (a) injection times of

Sn purge (s)

NH, purge (s)

TDMA-Sn, (b) injection times of NH3, (c) purge times of TDMA-Sn, and (d) purge times of NHs.
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Figure S3. Saturation behavior of the GeS#m at 110°C depending on the (a) injection times of TDMA-Ge,
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(b) injection times of BTMS-Se with Ng1(c) purge times of TDMA-Ge, and (d) purge timé8dMS-Se with

NHa.
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Figure $4. XRR measurement results of the ALD SnGS2 filmrsdifferent subcycle ratios. (a) [1-10], (b) [1-5],

and (c) [2-5]. The number of supercycles of ealcth i 18, 30, and 24, respectively.
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Figure S5. AFM measurement results of the 15 nm-thick-GeSe, and SnGS2 films on (a-d) SiO; and (e-h) TiN

substrates.
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Figure S6. XPS spectra of the ALD SnGS2 films. (a) O 1s, (b) C 1s, and (c) Si 2p peaks, respectively.
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Figure S7. XPS spectra comparison of SnNy (black) and SnGS2 (blue) films. (a) Sn 3ds», and (b) N 1s peak,
respectively. The spectra shown for the SnGS2 films correspond to those deposited with SnNx and GeSe,
subcycles of 2 and 5, respectively. (¢) Variation in the layer density of Se as a function of the number of BTMS-
Se and NH3 co-injection cycles after the deposition of 50 cycles of SnNy.

360 °C annealed

as-deposited

Intensity (counts)

Crystalline SnSe, XRD peaks

| ; I 1 2l 1
10 15 20 25 30 35 40 45 50 55 60

26 ()

Figure S8. GIXRD measurement results to confirm the crystallization temperature of highly Sn-doped SnGS2
film. The subcycles of SnNx and GeSe, were 3 and 5, respectively, and the film thickness was 15 nm. The blue
lines indicate the XRD peak positions corresponding to crystalline SnSe,.
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Figure S9. Characteristic /-7 data of different SnGS2 OTS planar devices. The data for the subthreshold voltage
range were measured by DC signal, and AC of triangular pulses measured the threshold switching range.
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Figure S10. Temperature-dependerY curves of an OTS device based on SnGS2 afterotingirig state. The
symbols and solid lines represent the measuredatatathe model fitting results, respectively. Th#ofwing
symbols represent the subcycle ratio of SnGSZ1(a)] (star), (b) [1-5] (circle), and (c) [2-5]igdnond). The

measurements were taken in 30 °C steps, from Z8afkest symbols) to 145 °C (lightest symbols)ndscated
by the color gradient of the symbols.
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Figure S11. Electrical measurement results of the planar @&\8ce using the Gesélm. (a) Pulsed endurance
test results during 100 cycles. (b) Electrical hétvaduring the triangular pulse application afthe cyclic
endurance test. The device no longer exhibitedyghieal OTS behavior.
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Figure S12. Pulsed cyclic endurance results of 3 differenicks/for each SnGS2 composition.



Table S1. Benchmark of As-free OTS electrical characteristics based on Se-rich GexSe; films.

Thickness Forming voltage, Threshold voltage,

Off current density,

OTS material e e (nm) Vi (V) Ve (V) Endurance Sele Jur (Alcm?) Reference
Ge,Seq Planar Sputtering 30 ~ 10 28 < 10° < 10° ~ 6.0 [1]
Ge; 456,54 5 ) 6.1 37 > 108 ~83x 10 42
Planar Sputtering 15 [2]
Ge; 45€5 551 5 48 30 > 107 ~32x 104 1.1x102
Ge;Se; 40 <10 103 5.7x103
Ge, gSes 4N 34 <10 5x103 3.8x10°
e Planar Sputtering = = [3]
Ge, 4Se56Sb, o 21 <102 13 19
Ge, 3Ses 1Sby No s 22 > 106 104 34x103
GeSe, 34 19 < 103 5x102 1.0x 104
Planar ALD 10 [4]
GesSesS, 43 32 ~ 106 3.3x103 15x 103
[1-10] 8.8 4.0 ~10° 0.6
[1-5] Planar 8.6 3.7 > 108 1.0
ALD 15 > 105 This work
[2-5] 8.3 3.5 > 108 1.5
[2-5] Vertical 8.4 35 = 1.6
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