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Supplementary Note 1. Analytic solution to the drift-diffusion and Poisson equation

For the drift-diffusion equation (Eq. S1) and Poisson equations (Eq. S2,3), there is an unconstrained solution for the case without the initial condition and boundary condition (Eq. S4,5), where c1, c2 and c3 are the undetermined coefficients.

	, 	(Eq. S1)
	, 	(Eq. S2)
	,	 (Eq. S3)
	, 	(Eq. S4)
	, 	(Eq. S5)

If the distribution of ions reaches steady state, the drift-diffusion equation would become equation S6. For the equation S6 and Poisson equations (Eq. S2,3), there is an unconstrained solution if not considering the initial condition and boundary condition (Eq. S7,8), where c4 and c5 are the undetermined coefficients.

	, 	(Eq. S6)
	, 	(Eq. S7)
	, 	(Eq. S8)
The equation S7, S8 are consistent with numerical simulation results as verified in Supplementary Fig. 1. The symbols used in Eq. S1 to Eq. S8 are listed in Supplementary Table 1.
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Supplementary Figure 1. The steady distribution of ion and electric field. The thickness of dielectric layer is 10 nm. Only cations are doped. In the absence of external electric field, the distribution of the model (lines) and the numerical simulation (dots) are close. 

Supplementary Table 1. Symbol table for the drift-diffusion equation and Poisson equations
	Symbol
	Unit
	Description

	
	cm-3
	The density of the charged ions

	
	cm
	The position

	
	s
	The time

	
	cm2/s
	Ionic diffusion coefficient

	
	cm2/V s
	ionic mobility

	
	V/cm
	Electric field

	e
	C
	Elementary charge

	
	F/cm
	Permittivity ()

	
	J/K
	Boltzmann constant

	
	K
	Temperature

	
	-
	Undetermined coefficients




Supplementary Note 2. The compact model and TCAD simulation

Numerical simulations of ion dynamics following the drift-diffusion equation was performed with an Al2O3 dielectric (40nm) film containing anions and cations. The interfacial ion concentration increases over time and the increasing rate is affected by the bias amplitude Vox and diffusion coefficient Di (Supplementary Fig. 2). The simulation results are fitted very well with the compact model (Eq. 2 in the main context) and the parameters are shown in Supplementary Table 2. The ions concentration calculated by Eq. 2, dimensionless potential u calculated by Eq. 3 and dynamic capacitance C calculated by Eq. 4 at various Vox or Di are shown in Supplementary Fig. 3. 
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Supplementary Figure 2. Interfacial ion concentration: theory and TCAD simulation. The cation concentration calculated by the model (lines) and the numerical simulation (dots) under various (a) potential, (b) diffusion coefficient.
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Supplementary Figure 3. Interfacial ion concentration, dimensionless potential and capacitance in theory. a, d The calculated pi over time with constant Di=D0 =6.67×10-11 cm2/s and various Vox (a), or with various Di and constant Vox=5 V (d). b,e The dimensionless potential u. c, f The ratio of capacitance to Debye capacitance C/C0.

Supplementary Table 2. The parameters for using Eq. 2 to fit the numerical simulation results.
	
	
	
	

	1020cm-3
	2×1021cm-3
	6.67×10-11cm2/s
	1

	
	
	
	

	-2.03
	0.102V
	1.90×10-14 Vcm2
	0.07



According to the compact model of the TFT1 and the calculated C, Qi and VFB (Supplementary Fig. 4), the drain current of the transistor with the solid-state electrolyte dielectric can be calculated through the Equations S9-S12, where  is the conductance of the TFT in off-state, βT and VTO are the fitting parameter and the transition voltage, respectively, for the transition function. The symbols used in Eq. S9 to Eq. S12 are listed in Supplementary Table 3. The simulation results can be reproduced through the compact model by varying the ionic diffusion coefficient Dit or sweep rate. If the Faraday charge transfer occurs at the interface, a small part of  will affect the conductivity by electro-chemical doping. The factor k evaluates the proportion of the interfacial accumulated ions involved in the reaction.

	, 	(Eq. S9)
	, 	(Eq. S10)
	, 	(Eq. S11)
	, 	(Eq. S12)
        [image: ]
Supplementary Figure 4. The flowchart of calculation of the interface cation concentration, dynamic capacitance and the flat band voltage. In the transistor, the V is equal to Vox. When operating in linear region, it can be approximated as Vg.

Supplementary Table 3. Symbol table for the of electrolyte-gated transistor model
	Symbol
	Unit
	Description

	
	A
	The above-threshold drain current

	
	cm
	Width of the channel

	
	cm
	Length of the channel

	
	cm2/V s
	Mobility of the semiconductor

	
	F/cm2
	Dynamic capacitance

	
	V
	Gate voltage

	
	V
	Threshold voltage

	
	%
	The proportion of the interfacial accumulated ions involved in the reaction

	
	C/cm2
	Interface charges induced by ions

	
	V
	Drain voltage

	
	A
	Subthreshold drain current

	
	A
	Drain current per W/L at Vg = Von

	
	V
	Turn-on voltage

	
	V/dec
	Subthreshold swing

	
	S
	Specific conductance per W/L of TFTs in the off-state

	
	A
	Drain current

	
	-
	Transition fitting parameter

	
	V
	Transition voltage

	
	V
	Initial threshold voltage

	
	V
	Initial turn-on voltage

	
	V
	Initial transition voltage

	
	V
	Flat-band voltage

	
	V
	Initial flat-band voltage




Numerical simulations of a bottom-gate top-contact IGZO/Al2O3 transistor was performed by using an Al2O3 dielectric film with the same number of monovalent cation and anion, serving as the solid-state electrolyte. The dielectric film was divided in three parts: two interfacial layers and one bulk layer. The parameters are list in the Supplementary Table 4. The simulations were performed with the same drain voltage of 0.1 V. Various Dit with same sweep rate of 1 V/s or various sweep rate with same Dit were used. Depending on the diffusion coefficient of the interfacial layers Dit, the Id-Vg curves show rich characteristics as shown in Fig. 3 in the main text. To study the mechanisms, the potential, electric field, ion concentration, and electron concentration were extracted from the cutline at the middle of the transistor from the top surface of the IGZO to the bottom surface of the dielectric layer as shown in the Supplementary Fig. 7e. The data at the semiconductor/dielectric interface were also extracted from this cutline. 

Supplementary Table 4. The parameters used in the simulations of a transistor.
	Symbol
	Value
	Unit
	Description

	dox
	40
	nm
	Thickness of the dielectric layer

	dit
	5
	nm
	Thickness of the interfacial layer

	dsemi
	70
	nm
	Thickness of the semiconductor layer

	W
	400
	μm
	Width of the channel

	L
	8
	μm
	Length of the channel

	p0
	1020
	cm-3
	cation concentration

	n0
	1020
	cm-3
	anion concentration

	
	6.67e-6
	cm2/s
	Diffusion coefficient at bulk layer

	
	1.42e-16
	cm2/s
	Unit Diffusion coefficient at interfacial layer

	εr
	9
	/
	Relative dielectric constant of the dielectric layer

	εs
	10
	/
	Relative dielectric constant of the semiconductor layer

	Eg
	3.7
	eV
	The bandgap of the semiconductor

	WF
	4.16
	eV
	Workfunction of source/drain electrodes

	WFG
	4.10
	eV
	Workfunction of gate electrodes

	φs
	4.16
	eV
	Affinity of the semiconductor

	μ0
	15
	cm2/Vs
	Mobility of the semiconductor




Supplementary Note 3. The analysis of EIS and the extraction of diffusion coefficient

Supplementary Figure 5 shows the electrochemical impedance spectroscopies (EIS) for the ionic AlOx and thermal silicon oxide (~100 nm). A parallel RC circuit with a contact resistance can describe the dielectric behavior of the SiO2. The extracted Cbulk is about 3.7×10-8 F/cm2, which is close to the areal capacitance 3.4×10-8 F/cm2 for the standard SiO2 film. In contrast to SiO2, the dielectric behavior of the ionic AlOx can be described by a Randles cell, which is composed of an electric double layer capacitor and a small part of pseudocapacitance2. The results confirm significant mobile ions in the AlOx layer. Note that, the components in the equivalent circuit, including Cbulk, Cpseudo and Cedl, represent the equilibrium state in AC bias and they are different from the dynamic capacitance C representing a transient effect in DC bias in the main text. The capacitance parameters are summarized in Supplementary Table 5.

[image: ]
Supplementary Figure 5. Electrochemical impedance spectroscopies of AlOx capacitor and silicon oxide capacitor. Bode impedance plot (a) and Bode angle plot (b) of a solution-processed AlOx capacitor annealed at low temperature with the equivalent circuits, containing bulk resistance (Rbulk), bulk capacitance (Cbulk), charge transfer resistance (Rf), double layer capacitance (Cedl) and pseudocapacitance (Cpseudo). Bode impedance plot (c) and Bode angle plot (d) of a silicon oxide capacitor with the equivalent circuits, only containing bulk resistance (Rbulk), bulk capacitance (Cbulk), and contact resistance (Rcontact).

The peak current in CV data is known to obey the Randles-Sevcik equation3: 
	 	(Eq. S13)
where nr is the stoichiometric number of electrons consumed in the electrode reaction (here, nr is assumed to be 1), A is the electrode area, is the diffusion coefficient,  is the ion concentration in the unit of mol/cm3, s is the sweep rate.3 By extracting the peak current from the CV data (Supplementary Fig. 6a) and fitting with the square root of s (Supplementary Fig. 6b), the fitting slope can be used to calculate the diffusion coefficient. By assuming the c0=pi0/NA=1.6610-4 mol/cm3, the diffusion coefficient is estimated as 1.33×10-18 cm2/s.
For the EIS data, the diffusion coefficient is extracted by3:
	 	(Eq. S14)
where the R, T, F is the gas constant, thermodynamic temperature and faraday constant, respectively, σ is the slope of the Z-w-1/2 curve.3 Supplementary Figure 6(c)-(f) show the linear fitting at various biases. The diffusion coefficients extracted at various bias are close to 1.6×10-17 cm2/s. According to our previous study4,5, the ion specie in the solution-processed AlOx is probably the hydrogen ion. Diffusion coefficients calculated from EIS and CV are close to the report value of hydrogen diffusivity in amorphous alumina, which is between those in α-Al2O3 (~10-21 cm2/s) and those along with grain boundary of α-Al2O3 (~10-16 cm2/s).6–8

[image: ]
Supplementary Figure 6. The calculation of the Di. a Cyclic voltammetry (CV) data at various sweep rates. The marked points are the peak current Ipeak. b The linear fitting of the Ipeak as a function of the square root of sweep rate. c-f The linear fitting of the impedance Z as a function of the reciprocal of square root of angular frequency w at various bias.

Supplementary Table 5. The capacitance or capacitance-like parameters 
	
	Symbol
	Description
	Formula

	DC
(or Quasi-static)
	C
	Dynamic capacitance
	

	
	C0
	Debye capacitance
	

	
	Cox
	Geometric capacitance
	

	
	
	characteristic capacitance for SS and μ
	

	AC
(Component in equivalent circuit)
	Cedl
	Electric double layer capacitance
	-

	
	Cpseudo
	Pseudocapacitance
	-

	
	Cbulk
	Bulk capacitance
	-





Supplementary Note 4. The high apparent μ mode

In the high apparent μ mode, due to the accumulated ions at the interface (Supplementary Fig. 7a), the resulting large electric field (Supplementary Fig. 7c) and the large local potential drop (Supplementary Fig. 7b) leads to enhanced charge carrier concentration (Supplementary Fig. 7d). 
The apparent device mobility is denoted as . It is extracted by FET characterization which contains the capacitance calculated by the usually used dielectric constant Cox: . The high apparent μ is dependent on the initial ion concentration pi0 which affects the Debye capacitance (Supplementary Fig 8). With various amount of the migrated ions (Supplementary Fig. 9b), the transistor can show various μ-Vg behaviors (Supplementary Fig 9a). 

[image: ]
Supplementary Figure 7. Signatures of electric double layer. a The cation concentration b the potential c the electric field and d the electron concentration of the electrolyte-gated transistor with diffusion coefficient of 100Dit0 at a gate potential from 1V to 3V in the forward sweep. The data are extracted from the middle vertical cutline as the red dash line shown in e from semiconductor layer (x=0-70nm) to the dielectric layer(x=70-110nm). The follow data are analyzed in the same way. The distribution of the cation contributes to the distribution of the potential and electric field in the dielectric.

[image: ]
Supplementary Figure 8. Impacts of ion concentration pi on apparent mobility μ. The transfer characteristics of the electrolyte-gated transistor with various ions concentration (a) at low diffusion coefficient of 40Dit0, (b) at high diffusion coefficient of 1000Dit0.


[image: ]
Supplementary Figure 9. Impacts of diffusion coefficient Dit on apparent mobility μ. a The transfer characteristics and the mobilities for the diffusion coefficient from Dit0 to 100Dit0. b The corresponding interfacial cation concentration as a function of gate.

The ratio between  and true carrier mobility  follows:
	 	(Eq. S15)
where  (the term  is neglected) and . By considering , , , and the fitting parameters  and  is close to 0 and 1, respectively, the expression in the linear regime can be further simplified as
  (Eq. S16)
where . In the case of constant gate voltage, it becomes the simplest form . The Eq. S16 are validated by examining the relationship between the mobility and these parameters as shown in Supplementary Fig. 10. In addition, Supplementary Figs. 11-12 show how to program by varying Vg and sweep rate to obtain different apparent mobility in the InOx/AlOx transistors in experiments. Supplementary Figure 13 shows the programming process in the InOx/ZrOx transistors in experiments.

[image: ]
Supplementary Figure 10. Examination of Eq. 6 by numerical simulations: , .The mobility as a function of (a) gate voltage Vg, (b) interfacial diffusion coefficient Dit, (c) the reciprocal of sweep rate s and (d) cation concentration pi. The mobilities in (a-c) were extracted from the transfer curves. The extracted apparent mobility at constant gate voltage of 1V by using the equation in (d). (e) The extracted apparent mobility as a function of /Cox. The apparent mobility increases almost linearly with /Cox.

[image: ]
Supplementary Figure 11. Experiments of varying sweep rate in the InOx/AlOx transistors to obtain high apparent μ. a The transfer curves of the InOx/AlOx transistor at various sweep rates. b The Id at Vg=3 V as a function of the sweep rate. c The mobility at Vg=3 V as a function of the sweep rate.

[image: ]
Supplementary Figure 12. Experiments of programming the InOx/AlOx transistors to obtain high current and high apparent μ. Before programming, the transistor shows a low drain current with a hysteresis. After the first triangular wave (from -3 V to 4 V), the drain current becomes larger. After the second triangular wave (from -3 V to 5 V), the drain current becomes more larger with an ignorable hysteresis.

[image: ]
Supplementary Figure 13. The programmable of Id in InOx/ZrOx transistor through sweep rate and preset Vg. a The Id-Vg curve at various sweep rate and b corresponding Id at Vg=3V as a function of sweep rate. c The Id-Vg curves before and after a triangular wave of Vg. and d corresponding Id at Vg=3V.


Supplementary Note 5. The sub-thermionic SS mode

The SS is defined as , where  is the surface potential of the channel,  is the semiconductor capacitance and  is the dielectric capacitance. When , the SS would reach a limiting minimum value of 60 mV/dec at room temperature. In simulations, the transistor with conventional dielectric layer shows a consistent result in either the forward sweep or reverse sweep. For the transistor with solid state electrolyte, the reverse  could overcome this limitation and decrease with a SS of 5 mV/dec (Supplementary Fig. 14a). The  is less than 1 in the subthreshold regime (Supplementary Fig. 14b). For a reference, the  show no difference for these two cases and both are about 60mV/dec (Supplementary Fig. 14c). It indicates that the small SS is originated from the small . As the  could be decomposed into the voltage drop on the dielectric layer and semiconductor layer, we have  and then . For conventional transistors, interfacial traps result in the positive  and an SS over . For transistors with ions in dielectrics, interfacial ions in the dielectric are accumulated with as Vg increases during the forward sweep. During the backward sweep, interfacial ions in the dielectric are released but the response to Vg is delayed due to small Di, giving a negative  and  (Supplementary Fig. 14d). As a result, the SS for the reverse current could be lower than  (i.e., the “sub-thermionic SS” mode). This process could be comprehended by the response of the potential induced by the interfacial ions u to gate sweep Vg. In the “ion-free” limit without u, SS returns to that of conventional FETs. As shown in Supplementary Fig. 15, as u/Vg increases, SS deceases to be lower than .
[image: ]
Supplementary Figure 14. Origins of sub-thermionic SS.   a The comparison of transfer curves for normal transistor (dash line) and electrolyte-gated transistor (solid line). b The surface potential as a function of gate voltage, . c The drain current as a function of surface potential, . d The  as a function of gate voltage. 

 [image: ]
Supplementary Figure 15. The SS calculated from the compact model as a function of the u/Vg, the ratio of the respond rate of ion and sweep rate.

According to the compact theory, SS is determined by pi, which could be varied by different Di or presetting pi. By increasing the diffusion coefficient from Dit0 to 100Dit0, the minimum SS decreases from 83.2 mV/dec to 4.8 mV/dec (Supplementary Fig. 16). In addition, the subthreshold regime can be adjusted by controlling the ion-releasing process. The  where the minimum SS is reached is denoted as VSS. With increasing the diffusion coefficient from Dit0 to 100Dit0, VSS negatively shift from -0.7V to -2.5V, and then increases to -1.6V. The negative shift of VSS is because the accumulated interfacial cations results in a negative shift of threshold voltage. While for the increase of VSS, it is actually due to dynamic positive shift of threshold voltage. Such a variation of the hysteresis window in Supplementary Fig. 16a also occurs in negative capacitance transistors.9 The examples of presetting pi are given in Supplementary Fig. 17, where the small SS can be realized in forward sweep by presetting a high concentration of anion at the interface at off-state in simulation.

[image: ]
Supplementary Figure 16. Impacts of diffusion coefficient Dit on SS. a The transfer characteristics of the electrolyte-gated transistors with various diffusion coefficient from Dit0 to 100Dit0. b The corresponding pi at gate voltage sweeping. The corresponding SS as a function of the c gate voltage and d drain current.

[image: ]
Supplementary Figure 17. Impacts of preset ion concentration pi on SS. To realize the sub-thermionic SS in the forward sweep, a pre-accumulation process was implemented. a The transfer characteristics with various presetting process. Black: without ions; brown: presetting a low concentration of ion; blue: presetting a high concentration of ion. The corresponding SS as a function of (b) gate voltage and (c) drain current. The dashed line represents 60 mV/dec.

The reversed subthreshold slope SS are extracted by ,where . In the subthreshold regime, C can be approximately expressed as , so
	 	(Eq. S17)
where
	 	(Eq. S18)
By substitute Eq. S17 and S18 in the expression of SS, SS can be expressed as:
	 	(Eq. S19)
where, , , , and C is approximately C0 in the subthreshold regime. The Eq. S19 are validated by examining the relationship between the SS and these parameters as shown in Supplementary Fig. 18. Supplementary Figs. 19-21 show the programmable SS for the experimental InOx/AlOx transistor and InOx/ZrOx transistor by sweep rate and Vg in experiments.

[image: ]
Supplementary Figure 18. Examination of Eq. 7 by numerical simulations: . The SS as a function of (a) gate voltage, (b) interfacial diffusion coefficient, (c) the reciprocal of sweep rate. (d) The SS as a function of . With increasing , the  decreases, then the SS decreases. 

[image: ]
Supplementary Figure 19. Experiments of varying sweep rate to obtain various SS in the InOx/AlOx transistor. a-d the transfer curves of the InOx/AlOx transistor at various sweep rates. e-h the corresponding SS as a function of Vg.

[image: ]
Supplementary Figure 20. Experiments of varying scan range to obtain various SS in the InOx/AlOx transistor. a-d the transfer curves of the InOx/AlOx transistor at various sweep range (from -6V-5V to -6V-2V). e-h the corresponding SS as a function of Vg. 

[image: ]
Supplementary Figure 21. The programmable of SS in InOx/ZrOx transistor through sweep rate and sweep range of Vg. a The Id-Vg curve at various sweep rates, b the corresponding SS- Vg, and c SS as a function of sweep rate. d-f The data obtained within a smaller sweep range than (a)-(c). g The Id-Vg curves at various ranges of Vg, h the corresponding SS-Vg and i SS as a function of the absolute value Vg with minimum SS.


Supplementary Note 6. The mem-resistive characteristics in simulation

To understand the resistance switching, we extracted the potential, electric field, and electric concentration profile (Supplementary Fig. 22). During forward sweep and before the decrease of , the electric field and potential mainly drop near the interface. When the cation concentration at the interface reaches saturation and  continues to increase, the capacitance decreases due to the steric effect and the potential drops on the whole dielectric leading to a decreased electric field and reduced channel charge carriers. It also explains reason why the apparent mobility decreases at high . 
At reverse sweep, the drain current becomes nearly independent on the  from =3V to =1V. As the cation concentration is saturated, an almost constant surface potential (Supplementary Fig. 23a) and almost constant electric field is kept at the interface (Supplementary Fig. 23b). Thus, the corresponding channel charge concentration keeps constant (Supplementary Fig. 23c). In other word, the  is screened by the accumulated ions and the local electric field for charge carriers in semiconductors is totally provided by the interfacial ions. To reach the saturation of ions during the sweep, the C-u curve need to be gull-wing shaped. Accordingly, the γ1 should be smaller than 1/3. It means the interface should accommodate at least three times the initial ion concentration (Supplementary Fig. 24).

[image: ]
Supplementary Figure 22. Evolution of potential, field, and electron concentration in forward sweep. a The potential b the electric field and c the electron concentration of the electrolyte-gated transistor with diffusion coefficient of 1000Dit0 at a gate potential from 2V to 2.4V in the forward sweep where the resistance switches from low to high. 

[image: ]
Supplementary Figure 23. Evolution of potential, field, and electron concentration in backward sweep. a The potential b the electric field and c the electron concentration of the electrolyte-gated transistor with diffusion coefficient of 1000Dit0 at a gate potential from 3V to 1V in the reverse sweep. Although the gate voltage decreases from 3V to 1V, the surface potential, electric field and channel charge concentration do not change with gate voltage. 

[image: ]
Supplementary Figure 24. The relationship between γ1 and uM. The ratio of calculated dynamic capacitance C and the Debye capacitance C0 as a function of the u at various . When the , the curves are bell-shaped. In this case, the uM could not be reached within the measurement. When the , the curves are gull-wing shaped. In this case, the uM could be reached within the measurement. However, if the  is very low, a large u will be needed to reach the uM.


Supplementary Note 7. Device fabrication

The InOx precursor solution (0.2 mol/L) was prepared by dissolving 526.9 mg of indium nitrate hydrate (In(NO3)3•xH2O, Alfa Aesar, 99.999%) in 10 mL of deionized water. The AlOx precursor solution (0.2 mol/L) was prepared by dissolving 375 mg of aluminum nitrate hydrate (Al(NO3)3•9H2O, Alfa Aesar, 99.999%), 160 mL of nitric acid (aq) (HNO3, 65%-70% HNO3 in water, Alfa Aesar, 99.999%), and 222 mL of ammonium hydroxide (aq) (NH4OH, 28% NH3 in water, Sigma-Aldrich, 99.99%) in 5 mL of hydrogen peroxide. The ZrOx precursor solution (0.2 mol/L) was prepared by dissolving 232 mg of Zirconium oxynitrate hydrate (ZrO(NO3)2, Sigma-Aldrich, 99.99%), 160 mL of nitric acid (aq) (HNO3, 65%-70% HNO3 in water, Alfa Aesar, 99.999%), and 222 mL of ammonium hydroxide (aq) (NH4OH, 28% NH3 in water, Sigma-Aldrich, 99.99%) in 5 mL of hydrogen peroxide. All precursor solutions were stirred for 24 h at room temperature, filtered through a 0.22 μm syringe filter. The metal-insulator-metal (MIM) capacitors were fabricated by solution-deposition. Before the spin-coating, the heavily doped silicon wafer was treated by the oxygen plasma. The AlOx precursor solution was spin-coated on the silicon wafer and annealed on the hot plate at 300°C for 30 min. The spin-coating process was repeated five times and the total thickness of AlOx film was about 30 nm. Al top electrode (150 nm) with a diameter of 1 mm was deposited by thermal evaporation through a shadow mask. The AlOx/InOx thin film transistors (TFT) were fabricated after the deposition of AlOx. The InOx precursor solution was spin-coated on the AlOx and annealed on the hot plate at 230°C for 2 hours. After the photolithography process and etching with hydrochloric acid, the channel layer was patterned with a channel width of 96 μm and a channel length of 24 μm. Finally, Al source/drain electrodes (150 nm) were deposited to fabricate the bottom-gate, top-contact transistors. Conventional TFTs were fabricated by the similar method but the AlOx was annealed at 500°C. The electrolyte-gated ZrOx/InOx TFTs were fabricated by the similar method but the ZrOx was annealed at 230°C.


Supplementary Note 8. Application by coupling modes

[image: ]
Supplementary Figure 25. A visualized synapse in the form of TFT-LED integration. The LED was connected with the source electrode of the AlOx/InOx TFT. a The Id-t curve by applying square wave of Vg (0 – 6 V). b The Id-Vg curve by applying triangular wave of Vg. The inset graphs show the corresponding luminance of the LED.


[image: ]
Supplementary Figure 26. The LIF behavior in theoretical calculation and experimental measurements. a-c The theoretical data of LIF generated by the Eq. 2-5 with various pulse width and pulse amplitude. d-f The experimental data of LIF obtained in the InOx/AlOx transistor with appropriate pulses. The relative refractory period is used to describe that the synapse undergoes a recovery period in which they transit to the active state.


Supplementary Note 9. Application by building neural network

ANN. An artificial neural network was established based on the STP characteristics measured in transistor experiments in CrossSim platform10. A three-layer back-propagation network with 784 input neurons, 300 hidden neurons and 10 output neurons was used for handwritten digit classification. Two data sets, small image (8×8 pixel) from UCI machine learning repository 11 and large image (28×28 pixel) from Modified National Institute of Standards and Technology (MNIST) 12 were used to train the network, and the datasets distribution of training and testing was shown in Supplementary Table 6.
RNN. Schematics of training process of RC system based on the LTP characteristics measured in transistor experiments is shown in Supplementary Fig. 27a. The original images were binarized first, then cut into 22 rows × 20 pixels to remove invalid pixels. Each row was divided into 4 groups with each group containing 5 pixels, and thus the image was converted into 88 pulse streams. The reservoir layer was simulated by the LTP device model. As for the read-out layer, we chose the SoftMax function  as the activation function, and cross-entropy  as the loss function. 
SNN. Schematics of training process of the SNN is shown in Supplementary Fig. 27b. Each neuron of the SNN was inspired by spike inputs and would generate spike outputs based on LIF characteristics measured in transistor experiments. The loss function is the spike counts based cross-entropy that the spikes at each time step are accumulated and then passed through the cross-entropy loss function. The SNN work is simulated by Python package Pytorch and SNNtorch.
The source code is available at https://github.com/HuisheepLuo/Ion-transistor-network.

[image: ]
Supplementary Figure 27. The flowchart of RNN and SNN. a Flow chart of the training algorithm of RC system (blue words mean output). We chose the SoftMax function as the activation function, cross-entropy as the loss function, and learning rate 0.01. b Flow chart of the training algorithm of SNN (blue words mean output). The loss function is the spike counts based cross-entropy. The spikes at each time step are accumulated and then passed through the cross-entropy loss function.

[image: ]
Supplementary Figure 28. The simulation of neural network with various devices. ANN, RNN, SNN, and CNN are referred to artificial neural network, recurrent neural network, spiking neural network, and convolutional neural network, respectively. FeFET, PCM, and RRAM are referred to ferroelectric field-effect transistor, phase change memory, resistive memory, respectively.13–42

Supplementary Table 6. The distribution of training/testing for two datasets and the network size.
	dataset
	Training example
	Testing example
	Network size

	UCI Small images11
	3,823
	1,797
	64*36*10

	MNIST large images12
	60,000
	10,000
	784*300*10




Supplementary Note 10. A multimode transistor calculator

The theory of the multimode transistor is encoded in an HTML file. The user interface shows a series of curves including the Vg-t, Vg-t, Id-Vg, μ-Vg, and SS-Vg. By entering the main parameters, such as the dt, Di/Di0, and pi0, or clicking the initialization button in the upper right of the page, the transistor can switch in various modes. More detailed results can be easily achieved by inputting desired parameters. More statements can be found in the README document.
[image: ]
Supplementary Figure 29. User interface of the transistor calculator. By inputting appropriate parameters, the transistor can switch in various modes.
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