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Supplementary Figures
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Figure S1. Ion-driven Schottky barrier modulation within a path-decoupled III–V vdW memtransistor. a) Initial state. Mobile ions are uniformly distributed within the vdW gaps of a layered III–V channel contacted by the Au source and drain electrodes on a p++-Si/SiO2 back-gated substrate. The lower band diagram depicts a p-type Schottky contact at the metal-semiconductor interface with barrier height ΦB and depletion width Wd. b) Applying a positive bias (VD > 0). Ions drift toward the source, leaving ion vacancies close to the drain that induce local p-type doping.[1–8] The Schottky barrier height at the drain is reduced by ΔΦB, which facilitates hole injection, leading to a transition from the HRS to the LRS. The band diagram indicates the lowered ΦB and corresponding change in the electrostatic profile close to the contact. This mechanism relies on path-decoupled transport, where holes move within the III–V channel, whereas ions migrate within the vdW gaps, enabling reversible resistance switching with bias polarity.
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[bookmark: _Hlk224435309]Figure S2. Structural verification and thickness calibration of HxK1–xGaSb2 nanosheets. a) Crystal structure of KGaSb2 viewed along [110]. b) XRD pattern of HxK1–xGaSb2 after the topochemical extraction of K+ ion, showing the dominant (004) peak and dlayer = (dch + (d′gap + d′′gap)/2) = 7.5 Å, comparable to KGaSb2. c) HAADF-STEM image and SAED pattern along the [110] zone axis, where the (004) line profile gives dlayer = 7.5 Å, consistent with XRD result. d) AFM height line profiles of 24-, 72-, and 98-nm-thick HxK1–xGaSb2 nanosheets, corresponding to 32, 96, and 131 vdW layers, respectively. e) AFM height map and representative line profile of a 45-nm-thick HxK1–xGaSb2 nanosheet, corresponding to 60 vdW layers, confirming a flat, thickness-uniform plateau over the entire region. f) Cross-sectional FIB-prepared TEM image of a representative device, confirming thickness (h = 45 nm) uniformity near the channel and the Au contact on SiO2.
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Figure S3. Cycle-to-cycle stability of ID–VD switching in a 45-nm-thick HxK1–xGaSb2 memtransistor. The ID–VD curves measured over 50 cycles show stable memristive switching, and ILRS/IHRS at VD = 1 V yields mean (μ) = 22.2 and standard deviation (σ) = 2.6, corresponding to coefficient of variation (σ/μ) = 0.12.
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Figure S4. Device-to-device and cycle-to-cycle variation of switching voltage in 45-nm-thick HxK1–xGaSb2 memtransistors. a) ID–VD curves measured over 5 cycles for five representative devices. b) Positive-bias ID–VD characteristics. c) Switching voltage (Vset) defined as the voltage at which ID reaches 1 × 10–9 A, showing device 1: μ = 2.456 V, σ = 0.005 V; device 2: μ = 2.320 V, σ = 0.007 V; device 3: μ = 2.280 V, σ = 0.027 V; device 4: μ = 2.364 V, σ = 0.013 V; device 5: μ = 2.672 V, σ = 0.046 V.
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Figure S5. Retention characteristics of the HxK1–xGaSb2 memtransistor. The read current (ID) recorded at a fixed read voltage (VD = 1 V) for the programmed LRS and HRS was maintained over 3600 s. 
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Figure S6. Semilogarithmic ID–VD curves at VG = –40, 0, and 40 V. The 45-nm-thick HxK1–xGaSb2 device exhibits gate-tunable memristive behavior. Lch = 1 μm and Wch = 3 μm.
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Figure S7. Thickness-dependent memristive property. a, b) Hysteresis of the ID–VD curves of the HxK1–xGaSb2 devices with channel thicknesses of 24 nm (a) and 98 nm (b). Lch = 1 μm and Wch = 3 μm. Thicker channels exhibit increased ILRS/IHRS values due to higher ion migration-induced doping and reductions in Schottky barrier height, whereas thinner channels exhibit suppressed switching behavior.
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Figure S8. Thickness-dependent transfer characteristics. a, b) ID–VG curves of the HxK1–xGaSb2 devices with channel thicknesses of 24 nm (a) and 98 nm (b). Lch = 1 μm and Wch = 3 μm. In the thinner device, VG more effectively modulates the channel conductance, yielding a larger Ion/Ioff. In the thicker device, the conductance modulation is weak, yielding a flattened response and reduced Ion/Ioff.
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Figure S9. Cottrell analysis of ion redistribution kinetics in an HxK1–xGaSb2 memtransistor with Lch = 200 nm. a) Chronoamperometric current transient ID(t) approaching the steady current Imax (inset: Imax – ID(t) curve). b) Cottrell plot, [Imax – ID(t)]t1/2 versus t–1/2, used to extract the characteristic time τ from the deviation point (τ–1/2 = 1.29 s–1/2). c) Diffusivity D extracted from τ, yielding τ = 0.60 s and D = 6.36 × 10–10 cm2 s–1 for Lch = 200 nm.
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[bookmark: _Hlk224354610]Figure S10. Cottrell analysis of ion redistribution kinetics in an HxK1–xGaSb2 memtransistor with Lch = 1 μm at 373 K. a) Chronoamperometric current transient ID(t) approaching the steady current Imax under a constant VD (inset: Imax – ID(t) curve). b) Cottrell plot, [Imax – ID(t)]t1/2 versus t–1/2, used to extract the characteristic time τ from the deviation point (τ–1/2 = 0.58 s–1/2). Diffusivity D extracted from τ, yielding τ = 2.97 s and D = 3.3 × 10–9 cm2 s–1 at 373 K.
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Figure S11. Long-term potentiation and depression characteristics at different thicknesses. a) Thickness dependence of the synaptic characteristics. Consecutive stimulation of 20 excitatory and inhibitory pulses (pulse number = 20, VD,pulse = ±4 V, read voltage = 2 V, pulse width = 20 ms, time interval = 20 ms). The first postsynaptic conductance as a function of thickness is shown in the inset. b) Thickness dependences of the dynamic range (Gmax/Gmin) and energy consumption. Gmax/Gmin increases with thickness due to a larger reduction of the Schottky barrier height, whereas energy consumption increases sharply because conductance increases with channel thickness.
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[bookmark: _Hlk224436134]Figure S12. Device-to-device (D2D) and cycle-to-cycle (C2C) statistics of synaptic updates in the HxK1–xGaSb2 memtransistor (thickness (h) = 45 nm, VG = 0 V). LTP and LTD were programmed with VD,pulse = 4 V and –4 V, respectively, with a fixed pulse width of 20 ms, and the postsynaptic conductance was read at VD = 2 V after each pulse. a) LTP/LTD conductance trajectories measured from five devices over five repeated cycles. b) Gmax/Gmin extracted for each device across cycles (average = 21.9). c) C2C statistics of Gmax/Gmin evaluated independently for each device. d) D2D statistics of Gmax/Gmin across five devices. e) C2C statistics of the pulse-to-pulse conductance update, where ΔG = Gn – Gn–1, evaluated independently for each device. f) D2D statistics of ΔG across five devices. g) C2C statistics of programming energy evaluated independently for each device. h) D2D statistics of programming energy across five devices for each cycle. The extracted parameters are summarized in Table S5.
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Figure S13. Thickness-dependent device-to-device (D2D) and cycle-to-cycle (C2C) statistics of synaptic updates in the HxK1–xGaSb2 memtransistor at VG = 0 V. LTP and LTD were programmed with VD,pulse = 4 V and –4 V, respectively, using an identical pulse width of 20 ms, and the postsynaptic conductance was read at VD = 2 V after each pulse. Five devices were measured for four repeated cycles at a) h = 24 nm, b) h = 72 nm, and c) h = 98 nm. The extracted parameters are summarized in Table S6.
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Figure S14. Cycle-to-cycle and pulse-to-pulse variation of the HxK1–xGaSb2 memtransistor. a) Gmax/Gmin extracted from 17 repeated cycles (30 up-down pulse sweeps per cycle) shows mean (μ) = 23.4 and standard deviation (σ) = 2.0, corresponding to σ/μ = 0.09. b) The pulse-to-pulse conductance update defined as ΔGn = Gn – Gn–1 yields, for LTP, μ = 6.57 × 10–11 S, σ = 6.92 × 10–12 S, and coefficient of variation (σ/μ) = 0.10, and for LTD, μ = –9.07 × 10–12 S, σ = 2.58 × 10–12 S, and σ/μ = 0.28.
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[bookmark: _Hlk224437736]Figure S15. Channel-length-dependent LTP and LTD characteristics of the HxK1–xGaSb2 memtransistor. a) LTP and LTD characteristics of the device with Lch = 1 µm. b) LTP and LTD characteristics of the device with Lch = 200 nm. Potentiation and depression were induced by applying VD,pulse = 4 V and –4 V, respectively, and the conductance was read at VD = 2 V after each pulse. c) Comparison of the pulse number (N) required to reach the maximum conductance during potentiation, showing that the device with Lch = 200 nm reaches the maximum conductance state within 10 pulses, followed by rapid saturation. 
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Figure S16. Temperature-dependent LTP/LTD characteristics of the HxK1–xGaSb2 memtransistor (Lch = 1 µm). a) LTP/LTD characteristics measured at 298 K. b) LTP/LTD characteristics measured at 373 K. In both cases, LTP and LTD were programmed using identical pulse width (20 ms) with VD,pulse = 4 V and –4 V, respectively, and the conductance was read at 2 V after each pulse. c) Comparison of the update speed, quantified by the pulse number (N) required to reach the maximum conductance state, showing saturation within 5 pulses at elevated temperature.
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Figure S17. Multistate retention characteristics of the HxK1–xGaSb2 memtransistor. a) Eight distinct programmed current states measured at a fixed read voltage (VD = 1 V) remain stable over 500 s without gate bias. b) The same multistate readout under an applied gate bias (VG = –80 V, VD = 1 V) shows gate-tunability while preserving state separation and retention stability.
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Figure S18. Gate-dependent device-to-device (D2D) and cycle-to-cycle (C2C) statistics of synaptic updates in the HxK1–xGaSb2 memtransistor at thickness = 45 nm. LTP and LTD were programmed with VD,pulse = 4 V and –4 V, respectively, using an identical pulse width of 20 ms, and the postsynaptic conductance was read at VD = 2 V after each pulse. Five devices were measured for four repeated cycles at a) VG = –80 V, b) VG = –40 V, c) VG = 40 V, and d) VG = 80 V. The extracted parameters are summarized in Table S7.
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[bookmark: _Hlk224435252][bookmark: _Hlk223820523]Figure S19. Projected operation of the HxK1–xGaSb2 memtransistor at CMOS-scaled channel length (Lch = 14 nm) and thickness (h = 6 nm). a) Thickness dependence of the estimated ILRS/IHRS in the HxK1–xGaSb2 device based on the thickness-dependent stretched-exponential model derived from doping-induced Schottky barrier modulation, which predicts ILRS/IHRS = 3.34 at h = 6 nm. b) Thickness dependence of the estimated Ion/Ioff in the HxK1–xGaSb2 device based on the Debye-screening model, which predicts Ion/Ioff = 176 at h = 6 nm. c) Channel-length scaling of the required programming voltage at a fixed electric field, based on E = VD,pulse/Lch. Under the representative operating field of 4 V μm–1, the corresponding programming voltage is estimated to decrease to VD,pulse = 0.056 V at Lch = 14 nm. d) Heatmap of the estimated programming energy in the HxK1–xGaSb2 device as a function of Lch and h. The marked point indicates the projected programming energy of 18.3 fJ at CMOS-scaled HxK1–xGaSb2 memtransistor.
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Figure S20. Comparison of HxK1–xGaSb2 vdW memtransistor, previously reported memristors, and grain boundary-mediated memtransistors. a) Energy consumption as a function of electric field. HxK1–xGaSb2 device exhibits the lowest energy consumption while operating at the smallest applied electric field compared to grain boundary-mediated memtransistors. Our device lies in a regime with a markedly reduced electric field while maintaining energy consumption comparable to that of conventional memristors, underscoring the energy advantage of the path-decoupled vdW architecture. b) Gmax/Gmin as a function of electric field. The HxK1–xGaSb2 device exhibits the highest Gmax/Gmin while operating at the smallest applied electric field compared to grain boundary-mediated memtransistors. When compared with conventional memristors, our device operates under a substantially reduced electric field while retaining a high Gmax/Gmin, indicating that the low-field operation of the path-decoupled vdW architecture does not compromise Gmax/Gmin. Detailed numerical values for each material are shown in Table S8.

[bookmark: _Hlk223921986] [image: ]
Figure S21. Thickness-dependent Modified National Institute of Standards and Technology (MNIST) handwritten-digit classification. a) Thickness scaling of accuracy. The accuracy saturates with thickness. b) Confusion matrices with different channel thicknesses.


[bookmark: _Hlk223921995][image: ]
Figure S22. Confusion matrices of MNIST handwritten-digit classification at VG = −80, −40, 0, 40, and 80 V.



Supplementary Tables
Table S1. Volumetric ionic diffusivities across transport pathways. Datasets are compiled from previous studies. The numeric labels (Num) denote the index of each material shown in Figure 2d.

	Num
	Diffusing
species
	Matrix
	T (K)
	D (cm2 s–1)
	Ref

	1
	Ba
	BaTiO3
	1175–1668
	3.0 × 10–16–2.0 × 10–12
	[9]

	2
	Ni
	BaTiO3
	1408–1563
	2.0 × 10–14–2.0 × 10–13
	[9]

	3
	Sr
	BaTiO3
	1280–1428
	2.0 × 10–18–3.0 × 10–17
	[9]

	4
	Cr
	La0.75Ca0.25CrO3
	1111–1204
	2.0 × 10–22–1.0 × 10–21
	[10]

	5
	Cr
	La0.75Sr0.25CrO3
	1234–1351
	5.0 × 10–21–1.6 × 10–20
	[10]

	6
	Y
	LaFeO3
	1351–1666
	6.3 × 10–18–3.2 × 10–16
	[11]

	7
	Fe
	LaFeO3
	1240–1587
	1.0 × 10–13–1.0 × 10–12
	[12]

	8
	Mn
	LaMnO3
	1515–1754
	6.3 × 10–12–6.3 × 10–11
	[13]

	9
	W
	Cu
	625–746
	3.5 × 10–20–3.0 × 10–16
	[14]

	10
	O
	Sr-doped LaMnO3
	847–1053
	2.5 × 10–16–2.0 × 10–15
	[15]

	11
	O
	Y-doped Al2O3
	1666–1869
	1.2 × 10–21–2.0 × 10–19
	[16]

	12
	P
	Si
	1040
	3.3 × 10–13
	[17]

	13
	Ti
	TiO2 (Air)
	473–673
	1.7 × 10–30–2.1 × 10–21
	[18]

	14
	Mg
	(Mg,Fe)SiO3
	1666–2083
	7.0 × 10–16–2.0 × 10–14
	[19]

	15
	O
	ZnO
	1190–1324
	1.0 × 10–16–8.0 × 10–15
	[20]

	16
	Fe
	Fe3O4
	1000–1315
	2.5 × 10–12–1.0 × 10–10
	[21]

	17
	Mg
	MgO
	1923–2381
	4.0 × 10–11–2.5 × 10–10
	[21]

	18
	Ca
	CaO
	1667–2083
	7.9 × 10–12–6.3 × 10–11
	[21]

	19
	U
	UO2
	1667–2083
	5.0 × 10–13–6.3 × 10–12
	[21]

	20
	O2–
	UO2
	952–1111
	5.0 × 10–14–2.5 × 10–13
	[21]

	21
	Ca
	Ca2SiO4
	1163–1351
	1.0 × 10–13–1.0 × 10–12
	[21]

	22
	Cr
	NiCr2O4
	1163–1351
	1.0 × 10–12–1.0 × 10–11
	[21]

	23
	Ca
	Ca3Si2O7
	890–1078
	3.2 × 10–15–4.0 × 10–14
	[21]

	24
	Sn
	SnO2-TiO2
	1163–1351
	6.3 × 10–16–6.3 × 10–15
	[21]

	25
	O2–
	Al2O3
	1786–2000
	1.0 × 10–15–1.3 × 10–13
	[21]

	26
	Si
	SiO2
	1389–1613
	1.0 × 10–18–1.0 × 10–16
	[22]

	27
	Al
	Quartz
	641–758
	1.0 × 10–22–6.3 × 10–21
	[23]

	28
	O
	Garnet
	1064–1282
	2.5 × 10–19–6.3 × 10–18
	[24]

	29
	O
	ZrSiO4
	1428–1724
	5.4 × 10–17–3.5 × 10–14
	[25]

	30
	Sr
	KAlSi3O8
	769–1000
	3.0 × 10–22–8.6 × 10–18
	[26]


Table S2. Ionic diffusivities along grain boundaries across transport pathways. Datasets are compiled from previous studies. The numeric labels (Num) denote the index of each material shown in Figure 2d.

	Num
	Diffusing
species
	Matrix
	T (K)
	D (cm2 s–1)
	Ref

	1
	O
	(La,Sr)FeO3-δ
	1562–1923
	1.1 × 10–7–6.5 × 10–7
	[27]

	2
	O
	Sr-doped LaMnO3
	847–1053
	2.5 × 10–13–1.2 × 10–12
	[15]

	3
	Rb
	Cu(In,Ga)Se
	426–571
	9.0 × 10–12–5.5 × 10–11
	[28]

	4
	O
	3Al2O3·2SiO2
	1389–1639
	9.0 × 10–13–1.0 × 10–10
	[29]

	5
	P
	Si
	1040
	2.6 × 10–9
	[17]

	6
	Fe
	Fe
	833–1111
	5.0 × 10–9–2.2 × 10–8
	[30]

	7
	Co
	Ni
	623–723
	1.3 × 10–13–1.0 × 10–11
	[31]

	8
	Ti
	TiNi
	673–923
	6.2 × 10–17–2.4 × 10–13
	[32]

	9
	Ni
	TiNi
	573–923
	1.7 × 10–18–5.7 × 10–13
	[32]

	10
	Cr
	Ni
	500–1000
	1.0 × 10–17–3.0 × 10–9
	[33]

	11
	Ni
	Ni
	500–1000
	3.0 × 10–15–1.0 × 10–9
	[33]

	12
	Cr
	Ni
	417–588
	1.5 × 10–14–3.0 × 10–12
	[33]

	13
	Ni
	Ni
	392–417
	8.0 × 10–18–2.0 × 10–17
	[33]

	14
	Ni
	NiCrFe
	403–673
	2.1 × 10–13–4.9 × 10–13
	[34]

	15
	Cu
	Cu
	293–393
	4.8 × 10–20–2.2 × 10–15
	[35]

	16
	Cr
	Ni
	620–671
	2.0 × 10–15–4.2 × 10–14
	[36]

	17
	Fe
	Cu
	528–873
	5.4 × 10–14–7.4 × 10–9
	[37]

	18
	Al
	Mg
	581–671
	4.6 × 10–13–3.4 × 10–11
	[38]

	19
	Ti
	TiO2 (Air)
	473–673
	1.3 × 10–12–2.3 × 10–11
	[18]

	20
	Ti
	TiO2 (Air)
	473–673
	5.1 × 10–12–1.0 × 10–9
	[18]

	21
	Cr
	CoCrFeMnNi
	643–703
	4.2 × 10–14–1.5 × 10–12
	[39]

	22
	Cr
	Ni
	503–703
	4.6 × 10–18–1.6 × 10–15
	[40]

	23
	Ag
	Ag
	353–455
	1.2 × 10–12–2.6 × 10–10
	[41]

	24
	Mn
	LaMnO3
	1136–1724
	1.6 × 10–11–1.6 × 10–10
	[42]

	25
	Ni
	Ni
	584–620
	6.4 × 10–14–1.1 × 10–13
	[43]

	26
	Ag
	Ag
	298–500
	4.6 × 10–17–4.4 × 10–11
	[44]

	27
	Au
	Au
	390–450
	5.6 × 10–15–3.6 × 10–13
	[45]




Table S3. Ionic diffusivities within vdW crystals across transport pathways. Datasets are compiled from previous studies. The numeric labels (Num) denote the index of each material shown in Figure 2d.

	Num
	Diffusing
species
	Matrix
	T (K)
	D (cm2 s–1)
	Ref

	1
	Li
	Graphite
	298
	1.0 × 10–7
	[46]

	2
	K
	GaSb2
	298
	7.1 × 10–10
	Our work

	3
	Na
	MoS2
	298
	1.8 × 10–11
	[47]

	4
	Na
	MoS2
	298
	1.3 × 10–11
	[47]

	5
	Na
	MoS2
	298
	8.5 × 10–12
	[47]

	6
	Na
	MoS2
	298
	5.5 × 10–12
	[47]

	7
	Li
	MoS2
	298
	7.9 × 10–13–5.0 × 10–10
	[48]

	8
	Li
	MoS2
	298
	1.3 × 10–12–5.0 × 10–10
	[48]

	9
	Li
	MoS2
	298
	5.4 × 10–12
	[49]

	10
	Na
	MoS2
	298
	3.5 × 10–13
	[49]

	11
	Li
	MoS2
	298
	1.0 × 10–10
	[50]

	12
	Na
	MoS2
	298
	5.3 × 10–11
	[50]

	13
	Na
	MoS2
	298
	2.2 × 10–11
	[50]

	14
	Na
	MoS2
	298
	4.8 × 10–12
	[50]

	15
	K
	MoS2
	298
	5.8 × 10–15
	[51]

	16
	K
	MoSe2
	298
	1.0 × 10–11
	[52]

	17
	Li
	TiS2
	298 – 333
	2.5 × 10–12–9.0 × 10–12
	[53]

	18
	Li
	TiS2
	298 – 333
	3.5 × 10–12–4.0 × 10–11
	[53]

	19
	Li
	TiS2
	298 – 333
	6.5 × 10–12–1.2 × 10–11
	[53]

	20
	Li
	TiS2
	298 – 333
	7.5 × 10–11–1.0 × 10–10
	[53]

	21
	K
	WS2
	298
	2.3 × 10–13
	[54]

	22
	K
	WS2
	298
	3.0 × 10–11
	[55]

	23
	Li
	WS2
	298
	5.0 × 10–11
	[56]

	24
	Li
	BP
	298
	1.0 × 10–11
	[57]

	25
	Na
	BP
	298
	1.0 × 10–12
	[57]

	26
	K
	BP
	298
	5.0 × 10–13
	[57]





Table S4. Ionic diffusivities along surfaces across transport pathways. Datasets are compiled from previous studies. The numeric labels (Num) denote the index of each material shown in Figure 2d.

	Num
	Diffusing
species
	Matrix
	T (K)
	D (cm2 s–1)
	Ref

	1
	Pb
	Pb
	521
	2.2 × 10–5
	[58]

	2
	U
	UO2
	1922–2188
	1.4 × 10–6–4.6 × 10–5
	[59]

	3
	Cu
	Cu
	820
	2.9 × 10–5
	[60]

	4
	Ag
	Ag
	667–813
	1.0 × 10–5–2.2 × 10–5
	[61]
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Table S5. Device-to-device (D2D) and cycle-to-cycle (C2C) statistics of the HxK1–xGaSb2 memtransistor (thickness = 45 nm, VG = 0 V).

	Metric
	C2C μ
	C2C σ
	C2C σ/μ
	D2D μ
	D2D σ
	D2D σ/μ

	Gmax/Gmin
	20.74 – 23.74
	0.11 – 0.86
	0.005 – 0.04
	21.69 – 22.15
	0.88 – 1.56
	0.04 – 0.07

	ΔG during LTP (S)
	5.01 – 6.37 
× 10–11
	5.19 – 8.98
× 10–12
	0.09 – 0.15
	5.84 × 10–11
	1.49 × 10–11
	0.26

	ΔG during LTD (S)
	5.28 – 6.99
 × 10–11
	1.77 – 4.71
× 10–12
	0.03 – 0.07
	6.60 × 10–11
	2.40 × 10–11
	0.36

	Eprog (pJ)
	13.20 – 35.91
	0.18 – 1.54
	0.01 – 0.04
	21.77 – 22.57
	7.86 – 9.54
	0.36 – 0.42


[μ, σ, and σ/μ denote mean, standard deviation, and coefficient of variation, respectively.]



Table S6. Device-to-device (D2D) and cycle-to-cycle (C2C) statistics of the HxK1–xGaSb2 memtransistor (thickness = 24, 72, 98 nm, VG = 0 V).

	Thickness
(nm)
	Gmax/Gmin
avg.
	Eprog C2C μ (pJ)
	Eprog C2C σ (pJ)
	Eprog C2C
σ/μ
	Eprog D2D μ (pJ)
	Eprog D2D σ (pJ)
	Eprog D2D
σ/μ

	24
	5.2
	9.65 – 10.15
	1.26 – 1.97
	0.13 – 0.19
	8.12 – 11.64
	0.22 – 0.64
	0.03 – 0.06

	72
	34.3
	33.45 – 34.05
	1.65 – 3.23
	0.05 – 0.10
	31.10 – 36.26
	0.33 – 1.53
	0.01 – 0.05

	98
	42.5
	60.35 – 64.86
	3.53 – 4.62
	0.05 – 0.07
	58.32 – 67.83
	1.35 – 3.45
	0.02 – 0.06


[μ, σ, and σ/μ denote mean, standard deviation, and coefficient of variation, respectively.]



Table S7. Device-to-device (D2D) and cycle-to-cycle (C2C) statistics of the HxK1–xGaSb2 memtransistor (thickness = 45 nm, VG = –80, –40, 40, 80 V).

	VG (V)
	Gmax/Gmin
avg.
	Eprog C2C μ (pJ)
	Eprog C2C σ (pJ)
	Eprog C2C
σ/μ
	Eprog D2D μ (pJ)
	Eprog D2D σ (pJ)
	Eprog D2D
σ/μ

	–80
	19.9
	101.85 – 105.97
	10.67 – 12.74
	0.10 – 0.12
	95.09 – 118.60
	1.33 – 6.60
	0.01 – 0.07

	–40
	20.4
	60.17 – 61.37
	2.38 – 4.26
	0.04 – 0.07
	59.38 – 63.28
	1.72 – 3.59
	0.03 – 0.06

	40
	21.3
	16.14 – 17.09
	1.03 – 2.09
	0.06 – 0.12
	14.31 – 17.44
	0.23 – 1.40
	0.01 – 0.09

	80
	23.8
	11.36 – 12.76
	0.45 – 2.05
	0.04 – 0.16
	11.10 – 12.75
	0.13 – 2.52
	0.01 – 0.20


[μ, σ, and σ/μ denote mean, standard deviation, and coefficient of variation, respectively.]






Table S8. Performance of the HxK1–xGaSb2 memtransistor compared with single-channel grain boundary-mediated memtransistors and conventional memristors.
	Num
	Materials
	Voltage (V)
	Length (μm)
	Electric field (V/μm)
	Energy (J)
	Gmax/Gmin
	Ref

	1
	HxK1–xGaSb2
	4
	1
	4
	9.8 × 10–12
	26.2
	Our work

	2
	MoS2
	30
	5
	6
	3.0 × 10–9
	18.4
	[1]

	3
	MoS2
	80
	5
	16
	6.4 × 10–7
	6
	[62]

	4
	MoS2
	20
	1
	20
	4.6 × 10–8
	3.5
	[63]

	5
	MoS2
	10
	0.4
	25
	6.0 × 10–10
	10
	[64]

	6
	MoS2
	5
	1.2
	4.17
	8.7 × 10–8
	1.2
	[65]

	7
	MoS2
	20
	2
	10
	3.3 × 10–10
	20
	[66]

	1
	SiGe
	5
	5
	83.3
	1.0 × 10–9
	100
	[67]

	2
	Ta/TaOx/TiO2/Ti
	9.2
	10
	115
	6.9 × 10–9
	2
	[68]

	3
	Ag/MoTe2/indium tin oxide (ITO)
	1.2
	200
	20
	7.5 × 10–11
	6
	[69]

	4
	Ti3C2Tx
	2
	100
	13.3
	1.2 × 10–10
	5
	[70]

	5
	TiN/TaOx/HfAlyOx/TiN
	2.4
	1.2
	35.3
	3.0 × 10–8
	5
	[71]

	6
	Al2O3/TaOx/Ta
	5.5
	10
	426.4
	5.0 × 10–11
	10
	[72]

	7
	TiOx/Al2O3
	0.45
	0.4
	90
	4.2 × 10–12
	9
	[73]

	8
	Ag/GeSe/TiN
	0.6
	5
	12
	3.0 × 10–10
	20
	[74]

	9
	Cu/SiO2/W
	1.15
	30
	11.5
	2.0 × 10–9
	4
	[75]

	10
	MoS2
	0.6
	2
	857.1
	2.0 × 10–7
	1
	[76]

	11
	TiN/TiOx/BaTiO3/Pt
	0.7
	100
	30.4
	1.8 × 10–12
	1
	[77]

	12
	TiO(2 – x)/HfO(2 – y)/TiO(2 – x)
	5
	100
	74.1
	5.0 × 10–11
	4
	[78]

	13
	Pt/TaOx/TiOy/Ti
	0.8
	860
	18.2
	1.3 × 10–8
	1
	[79]

	14
	SnS
	0.6
	0.05
	46.2
	1.0 × 10–13
	5
	[80]

	15
	Bi2O2Se
	3
	5
	150
	3.0 × 10–12
	2
	[81]

	16
	Al/ poly(methylsilsesquioxane):Cu+/Al
	2
	1500
	25
	6.0 × 10–11
	20
	[82]

	17
	Al2O3/GQD/Al2O3
	1.2
	0.015
	857.1
	4.8 × 10–10
	3
	[83]

	18
	ZrO2/TiO2
	4
	10
	125
	1.4 × 10–9
	12
	[84]

	19
	ITO/poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS)/Al
	1.5
	200
	50
	4.5 × 10–8
	3
	[85]

	20
	BaTiO3/La0.67Sr0.33MnO3
	2.9
	0.35
	90.6
	5.0 × 10–11
	26
	[86]

	21
	Ti3C2Tx:Ag
	2
	90
	20
	3.5 × 10–13
	2
	[87]

	22
	PdSe2
	0.8
	2
	266.7
	1.1 × 10–11
	2
	[88]

	23
	MoS2
	1
	90
	33.3
	6.0 × 10–13
	3
	[89]

	24
	HfSe2
	3
	5
	26.7
	8.2 × 10–13
	9
	[90]

	25
	NiPS3
	1
	1
	35.7
	2.1 × 10–10
	4
	[91]

	26
	Hf0.5Zr0.5O2
	1
	1.6
	333.3
	1.8 × 10–12
	2
	[92]

	27
	MnPS3
	1
	1
	200
	3.0 × 10–11
	7
	[93]

	28
	Bi2SeO5
	1
	2
	140.8
	1.2 × 10–12
	1
	[94]

	29
	WS2
	5
	100
	8.3
	2.0 × 10–10
	2.8
	[95]

	30
	SiNx
	5
	100
	434.8
	2.3 × 10–12
	10
	[96]


[The electric field values of the memtransistors and memristors are defined as 
voltage per channel length (V μm–1) and voltage per thickness (V μm–1), respectively.]

Supplementary Notes

Note S1. Derivation of the transport coefficient Liq
The long-range transport of mobile ions in an ionic solid is commonly described within the drift-diffusion (Nernst-Planck) framework.[97–99] As shown in Figure 1d, an applied electric field moves ions through the van der Waals (vdW) gap, and the flux of an ionic species i is given by the Nernst-Planck equation:

where Di, Ci, x, μi, and E, respectively, represent the diffusion coefficient, ionic concentration, spatial coordinate, drift mobility of the ion, and electric field. In the high-field regime, where drift dominates over diffusion, the first term can be neglected, and the flux reduces to Ji ≈ μiCiE. Each ion carries a charge Zie, where Zi and e, respectively, represent the ionic valence and elementary charge. The corresponding charge flux (current density) of species i is

The partial ionic conductivity σi is given by σi = Jq,i/E, and Eq. (2) yields

In an ionic solid, σi and Di can also be expressed in terms of the absolute mobility Bi defined via μi = ZieBi.[97] In this notation, one obtains


where k and T, respectively, represent the Boltzmann constant and absolute temperature. Combining Eqs. (4) and (5) yields the Nernst-Einstein relation,


Using the relation between the charge and particle flux (Eq. (2)), the ionic flux Ji in the drift-dominated regime can be rewritten as

Thus, Ji = LiqXq with the thermodynamic driving force Xq = E, and Liq can be expressed as:

This expression explicitly indicates that Ji is proportional to Di, with the proportionality captured by Liq. 

Note S2. Memristive behavior driven by ionic transport
[image: ]
Figure S23. Memristive property of the HxK1–xGaSb2 memtransistor. a) Representative ID–VD curve of the HxK1–xGaSb2 memtransistor. b) Schematic energy band diagram of the HxK1–xGaSb2 memtransistor. c) Schematic representation of the local doping effect near the contact, causing an increase in electric field and a decrease in Schottky barrier height. 
A representative drain current-voltage (ID–VD) curve can be interpreted as displaying four components: sweep i) Transition from the OFF state (high-resistance state (HRS)) to the ON state (low-resistance state (LRS)) at VD > 0, sweep ii) ON state (LRS) as VD decreases to zero, sweep iii) Return to the OFF state and transition from the OFF state to the ON state at VD < 0, and sweep iv) ON state as VD increases to zero (Figure S23a). Generally, a Schottky barrier occurs in the drain region within a p-type semiconductor when VD > 0, and it switches to the source region when VD < 0 (Figure S23b). The as-fabricated device was preconditioned to HRS because of the high Schottky barrier height (ΦB), which retarded the hole diffusion from the metal to the semiconductor.[100] After the sufficient accumulation of K+ ions under VD > 0, the migration of the K+ vacancies causes the local doping in region w at the metal-semiconductor interface (the drain here). This doping generates a surface charge σ = qpw, which induces the interfacial electric field (ξ) via Gauss’s law (ξ = σ/εs), changing the maximum electric field (ξm) and thus increasing the doping-induced barrier reduction ΔΦdop, resulting in a decreasing ΦB (Figure S23c):[1,101,102]


where q, εs, Wd, p, and p0, respectively, represent the charge of the electron, dielectric constant of the semiconductor, depletion width, net excess density close to the contact, and dopant density. Thus, this doping-induced image-force lowering results in the LRS. The device stays in the LRS as VD decreases to zero. In the negative bias sweep, however, the device is reset from the LRS to the HRS. As the ion mobility is generally much lower than the carrier mobility,[103–107] it is reasonable that ΦB for hole injection at the source contact remains at its initial value, without being significantly lowered by ΔΦdop. The device begins in the LRS after K+ ion accumulation in the drain region, and thus, ΦB varies. This mechanism is maintained in consecutive cycles.


Note S3. Experimental interpretation of the transport coefficients
The transport matrix

describes the coupled ion–hole transport in the device. Here, Lii, Liq, Lqi, and Lqq correspond to the ionic diffusivity term, the field-driven ion-response coefficient, the ion–hole coupling coefficient, and the electronic conductivity term, respectively. Each coefficient can be qualitatively connected to experimentally accessible parameters, as described below.
Liq: field-driven ion-response coefficient.
Under an applied electric field, the ionic flux follows the Nernst–Planck relation. In the drift-dominated regime, this coefficient can be expressed as

where Ci is the ionic concentration and Di is the ionic diffusivity. Thus, Liq represents the field-driven ionic transport term determined by ionic diffusivity and concentration. Experimentally, this term can be evaluated through transient chronoamperometry measurements, where the ionic diffusivity Di is extracted using Cottrell-equation-based analysis.
Lqi: ion–hole coupling coefficient.
This coefficient reflects the doping-induced modulation of the Schottky barrier caused by ionic redistribution. For example, under positive drain bias, vacancy accumulation near the metal–semiconductor interface increases the local p-type doping level, thereby lowering the Schottky barrier height and enhancing hole injection. This ion-induced barrier modulation gives rise to the memristive switching behavior. Experimentally, Lqi is related to switching-induced current or conductance ratios such as ILRS/IHRS or Gmax/Gmin.
Lqq: electronic conductivity coefficient.
This coefficient represents hole transport through the III–V channel under a fixed ionic distribution. Experimentally, it corresponds to the channel conductivity, which can be evaluated from the LRS and HRS currents measured under drain bias, as well as from the gate-dependent conductance extracted from transfer characteristics.
Lii: diffusion-driven ionic relaxation coefficient.
When the external electric field is removed, ions relax toward equilibrium through chemical-potential-driven diffusion, which can be expressed as

Thus, Lii corresponds to the ionic diffusivity Di and governs post-bias ionic relaxation and retention behavior. Experimentally, this term can be evaluated through retention measurements that capture conductance drift over time, as well as through diffusivity values extracted from Cottrell-type analyses of transient ionic transport.
In summary, the transport coefficients can be qualitatively linked to experimentally accessible quantities. Specifically, Liq is associated with field-driven ionic transport and can be evaluated from transient responses and diffusivity extracted through chronoamperometry measurements. The coefficient Lii corresponds to diffusion-driven ionic relaxation and is related to retention behavior and the temporal evolution of conductance after bias removal. The ion–hole coupling coefficient Lqi is reflected in switching-induced current or conductance ratios such as ILRS/IHRS or Gmax/Gmin. Finally, Lqq represents the electronic conductivity of the channel and can be experimentally evaluated from the gate-dependent channel conductance.

Note S4. Thickness dependence of the LRS-to-HRS current ratio (ILRS/IHRS) derived from a reduction in the doping-induced Schottky barrier

[bookmark: _Hlk213082676][bookmark: _Hlk213082749]Our device forms a p-type Schottky contact, and charge transport in the measurement range is governed by thermionic emission (TE) because the sweep voltage is small. The saturation component of the TE current is exponentially controlled by ΦB. Under a reverse bias, current I is generally written as I = SA**T2exp(–qΦB,eff/kT),[100,101,108] where S, A**, T, q, ΦB,eff, and k represent the contact area, effective Richardson constant, temperature, charge, effective ΦB, and Boltzmann constant, respectively. The reduction of the Schottky barrier is governed by image-force lowering, which contains contributions from both the externally applied reverse bias and the additional electric field generated by ion/vacancy migration-induced doping at the metal–semiconductor interface. [1,101] At a fixed read voltage, the reverse-bias component of the image-force lowering is common to both the LRS and HRS and thus cancels when their currents are compared, so that the resulting current contrast is determined by the doping-induced component of the image-force lowering. Thus, ΦB,eff can be expressed as

with the doping-induced change in barrier height (Note S2)

[bookmark: _Hlk213082839]where εs, p, and w, respectively, represent the dielectric constant of the semiconductor, net excess density close to the contact, and region over which the excess dopants are distributed at the metal-semiconductor interface. Hence, the LRS-to-HRS current ratio (ILRS/IHRS) can be expressed as:

	The image-force lowering is governed by the maximum interface field ξm, which Gauss’s law relates to the net ionized charge in the contact region. This relation depends only on the total surface charge and thus applies equally to non-uniform doping. Under a bias, ions drift toward and accumulate at one electrode, whereas vacancies accumulate at the opposite side, producing a change in the local doping close to the interface. The charge per unit area (ΔQion/S) that reaches a metal–semiconductor interface is

[bookmark: _Hlk213082777]where ci, z, and h, respectively, represent the volumetric concentration of mobile ions in region w, ionic valence, and semiconductor thickness. Via charge conservation, the product pw in the contact region directly corresponds to the surface charge, yielding 

Substituting Eq. (5) into Eq. (2) gives

and inserting Eq. (6) into Eq. (3) yields
[bookmark: _Hlk213082628]
Accordingly, ILRS/IHRS displays a stretched-exponential dependence on h.

Note S5. Ionic Debye screening model for the thickness-dependent transistor on/off ratio (Ion/Ioff)

In a metal halide perovskite field-effect transistor (FET), the modulation of the channel by the gate field is severely degraded because the perovskite channel is a mixed ionic-electronic conductor.[109–112] Previous studies of methylammonium lead iodide FETs reveal that mobile ionic defects, particularly at the grain boundaries and interfaces, can substantially screen the gate field, degrading the transfer characteristics.[112] Thus, suppressing ion migration is essential to realize transistor characteristics. Conceptually, the ionic screening of the gate field exhibits two distinct contributions.
First, counter-field screening is caused by ion migration driven by the gate field.[109,110,112–114] Under an applied gate bias, mobile ionic defects (such as halide vacancies or interstitials) drift vertically toward and accumulate at the perovskite/dielectric interface, forming a space-charge region. The resulting internal field (counter-field) opposes and partially screens the gate field. The partial screening of the gate field causes hysteresis in the transfer characteristics and reduces the modulation of the channel charge density between the on and off states, thus reducing Ion/Ioff. Counter-field screening is a time-dependent process controlled by slow ionic drift during a gate-voltage sweep.
Second, Debye-type ionic screening occurs if a finite density of mobile ions exists, even when long-range ion migration is suppressed.[112,115–118] Under an applied gate bias, the gate field is screened by a local distribution of ionic charges, and the electrostatic potential φ(z) and ionic charge density ρ(z) are governed by the Poisson-Boltzmann equation.[119,120] In the linear regime, this reduces to the Debye-Hückel form, where φ(z) decays exponentially with distance z from the gate dielectric/semiconductor interface:

where φ0 and λD, respectively, represent the potential at the gate dielectric/semiconductor interface and Debye length, i.e., the characteristic decay length of an electric field in a medium with ionic charges. The λD of such a medium is expressed as:[121,122]
where εs, k, T, q, and Nion, respectively, represent the dielectric permittivity of the medium, Boltzmann constant, absolute temperature, elementary charge, and density of the ionic charges involved in screening. Debye-type screening is static on the timescale of an FET measurement and does not generate hysteresis, but it reduces the effective gate-to-channel coupling.
In a III–V vdW memtransistor, ions reside within the vdW gaps of the layered semiconductor, and ion migration occurs within the vdW gaps, which are parallel to the layers. Vertical migration toward the gate dielectric/semiconductor interface would require ions to cross covalently bonded III–V layers, and it is thus neglected. Without vertical ionic motion, the gate bias cannot generate a vertical ionic space-charge region at the gate dielectric/semiconductor interface, and no counter-field forms. On this basis, we neglect counter-field screening and describe the device using the static Debye-screening limit, where the gate field is reduced by an ionic charge distribution characterized by λD.
In this model, the conduction channel occupies a layer of thickness h above the gate dielectric/semiconductor interface. Using Eq. (1), the change in the channel surface potential ψ between the on and off states (Δψs(h)) is 

where Δφ0 and K is the change in φ0 between the on and off states that would be induced by the applied gate voltage VG without ionic screening and fitting parameter. In the subthreshold regime, ID is expressed as:[100,101,108]

where I0 is a prefactor. Using Eqs. (3) and (4), the Ion/Ioff at thickness h is

We define the intrinsic Ion/Ioff in the absence of ionic screening as

Substituting Eq. (6) into Eq. (5) yields

For data analysis, we fit ln(Ion/Ioff) as a function of h and treat ln[(Ion/Ioff)0] as a fitting parameter. Using Eq. (7), we fit Ion/Ioff as a function of channel thickness. The measured Ion/Ioff decreases from 82 for a device with h = 24 nm to 9.8 for a device with h = 98 nm (Figure S4), and the fit reproduces the observed decrease as h increases. 
In this analysis, we restrict the model to static ionic Debye screening in the vdW gaps and neglect electronic screening within the semiconductor and Schottky contact effects. Thus, the extracted screening length λD is used as an effective parameter that summarizes the thickness dependence of the gate-channel coupling under ionic Debye screening. Residual deviations between the experimental data and Debye model fit, particularly for the thickest devices, can be due to these neglected effects. A more complete model that explicitly incorporates electronic screening and Schottky contact-limited transport shall be developed in future studies.


Note S6. Memristor-based Cottrell approach for extracting the diffusivity
Chronoamperometry is a standard potential-step electrochemical technique widely used in the fields of batteries and electrochemical systems to quantify diffusion-controlled transport.[123–128] Following a potential or voltage step, the concentration c(x,t) of the mobile species evolves according to Fick’s second law:[97–99,108]

where D and x represent the diffusivity and distance, respectively. For a planar electrode in contact with a semi-infinite diffusion medium, solving Eq. (1) for a potential step that fixes the surface concentration yields the classical Cottrell expression for the diffusion-limited current I(t):[129,130]

where Kc is a time-independent prefactor determined by the electrode area, change in concentration at the interface, charge number, and Faraday constant. Eq. (2) indicates that current decays with time as t–1/2 in the diffusion-controlled regime. Eq. (2) is multiplied by t1/2 to remove the explicit time dependence and isolate the dependence on D, yielding 

In this ideal, semi-infinite Cottrell regime, I(t)t1/2 is thus temporally constant and proportional to D1/2. This relation underpins classical chronoamperometric analysis: plots of I(t)t1/2 against t–1/2 (Cottrell plots) or I(t)t1/2 against t are used to verify the t–1/2 scaling and extract D from the prefactor.
[bookmark: _Hlk214992176]However, in solid-state and memristive devices, the measured current initially exhibits a transient component caused by ionic motion and the associated change in resistance. Once the ions (or vacancies) complete their redistribution and the resistance state is fully established, this transient contribution is no longer observed, and only the steady-state current remains. We conducted memristor-based Cottrell analysis to quantify this deviation from the ideal Cottrell response.[131–134] The measured current values in solid-state and memristive devices after the step are denoted ID(t), and the steady-state current values that no longer change after a sufficient time are denoted Imax. The difference Imax – ID(t) captures the difference in current associated with the transient regime, wherein ions or vacancies move to change the resistance state, and Imax – ID(t) decays to zero as diffusion proceeds and ID(t) approaches Imax. Because of these additional contributions beyond that of the purely diffusion-limited ID(t) shown in Eq. (2), ID(t)t1/2 is no longer temporally constant, and it does not follow the purely diffusion-limited Cottrell behavior. 
If the time evolution of the internal state is governed by the 1D diffusion of mobile ions, the diffusion-controlled component of Imax – ID(t) can be described using a Cottrell-type expression analogous to Eq. (2), which is expressed as

where B is a time-independent, device-dependent prefactor that relates the ionic diffusion to the measured electronic current. Multiplying Eq. (4) by t1/2 gives

The region accessible to ionic motion displays a finite length L, and thus, the ideal Cottrell solution is only satisfied over a limited temporal range. At very short times, ionic displacement is negligible, and current is dominated by rapid electronic and interfacial charging contributions, and thus, [Imax – ID(t)]t1/2 remains small and deviates from the ideal Cottrell solution. At highly extended times, the ionic profile is almost equilibrated across L, and the change in resistance is essentially complete. ID(t) is close to Imax, and thus, Imax – ID(t) and [Imax – ID(t)]t1/2 are small. Between these limits, an intermediate time interval, wherein diffusion within the active region dominates the transient response, is observed, and the diffusion-normalized quantity [Imax – ID(t)]t1/2 is large.
When [Imax – ID(t)]t1/2 is plotted as a function of t–1/2, very short times correspond to large t–1/2 values, and highly extended times correspond to small t–1/2 values. Additionally, the finite-thickness diffusion regime is observed as a maximum between these limits. We define τ as the time at which this maximum occurs, i.e., the time at which [Imax – ID(t)]t1/2 reaches its maximum in the plot of [Imax – ID(t)]t1/2 against t–1/2. τ can be interpreted as a characteristic diffusion time for ions to traverse the distance L. The characteristic timescale scales as L2/D for 1D diffusion.[98,135–137] Accordingly,

In this maximum-time approximation, D is estimated using the characteristic time τ at which the diffusion-controlled contribution to current is maximal.
Using our HxK1–xGaSb2 memtransistor, we apply a constant VD = 4 V, record ID, identify Imax at extended times, and construct the normalized remaining transient [Imax – ID(t)]t1/2 as a function of t–1/2. The resulting plot (Figure 2c) displays a clear maximum at τ = 14.1 s. Utilizing the diffusion length as the channel length Lch and using Eq. (6), we obtain an effective K+ ion diffusivity of D = 7.1 × 10−10 cm2 s−1.
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