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Supplementary Note 1. Supporting information for the experimental data.

Figure S1. The fabrication processes and the used plasma conditions of the all 2D ferroelectric field 

effect transistor device. The power of the oxygen plasma treatment is 60 W. The process time range 

is 10-20 minutes and the pressure is 1.5 mbar. The oxygen plasma process was performed at room 

temperature.

Figure S2. (a) Schematic of the switching of out-of-plane (OOP) polarizations direction with OOP 

electric field. (b) The AFM topography of a α-In2Se3 on p+-Si substrate. The scale bar is 600 nm. (c) The 

OOP PFM phases after 8 V bias writing in the indicated yellow dash square and (d) The OOP PFM 

phases after -8 V bias writing in the indicated yellow dash square. The change of OOP PFM phase 

implies that the OOP electric polarizations can be reversibly flipped by the OOP bias of the α-In2Se3 

device in (a). 
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Figure S3. (a) Schematic of the switching of OOP polarizations direction with In-plane (IP) electric field. 

(b) The AFM topography of a α-In2Se3 on SiO2/p+-Si substrate. The scale bar is 600 nm. (c) The OOP 

PFM phases after 8 V bias writing in IP electric field and (d) The OOP PFM phases after -8 V bias writing 

in IP electric field. The OOP electric polarizations also can be reversibly flipped by the IP bias of the 

proposed device in (a). The strong correlation between OOP and IP polarization direction of the α-

In2Se3 can be confirm. That is, the polarization direction in one direction can be manipulated through 

the other direction.[1] 

Figure S4. The leakage currents and transfer curves at different oxygen treatment times. With the 

oxygen treatment time increases, the gate leakage current of the device gradually decreases due to 

the increase of the oxygen composition in the dielectric layer.[2] When the oxygen treatment time 

exceeds 10 minutes, this gate leakage currents approach the resolution limit of the test equipment.
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Figure S5. The estimated elemental composition of the obtained In2Se3-xOx by oxygen plasma 

treatment. As shown in the red font in Figure 5(c), the ratio of the number of the In elements to the 

sum of Se and O elements is less than 2:3. The possible reason is that the excess EDS signals from the 

Se elements in the MoSe2 region are collected. The corresponding modifications have been performed 

in the Supporting information.

Figure S6. The gate leakage current and the transfer curve of this ferroelectric transistor on a wider 

gate bias range (-20 V-20 V). When the gate voltage exceeds 10 V, the unwanted large gate leakage 

current is found as shown by the black line of Figure S6 and the initial gate leakage current can no 

longer be recovered as shown by the red line of Figure S6. This result means the insulating In2Se3-xOx 

is broken when the gate voltage exceeds 10 V. 
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Figure S7. (a)-(c) The AFM images, conductive AFM mapping results and local I-V curves of In2Se3 

device with oxygen plasma treatment. (d)-(f) The AFM image, conductive AFM mapping results and 

local I-V curves of In2Se3 device without oxygen plasma treatment. The scale bar is 600 nm. 

When the voltage of the probe (Vtip) is 5V, the current of the In2Se3 device treated with oxygen 

plasma is below the noise level (pA) as shown in Figure S7(b). By contrast, the In2Se3 device without 

oxygen plasma treatment shows apparent currents of nA as shown in Figure S7(e). Subsequently, we 

performed localized I-V curves at three randomly selected points on the two samples as shown in 

S7(c)and (f), respectively. It is obvious that the insulator performance of the sample with oxygen 

plasma treatment is significantly better than that of the sample without oxygen plasma treatment. 

These results also indicate that the process of oxygen plasma treatment forms a high-quality insulating 

layer on the In2Se3 surface. Moreover, the hysteresis windows in the I-V curves are also agrees with 

the presence of ferroelectric properties in In2Se3 materials.

Figure S8. The expected schematic diagram of the band alignment of the design device (a) in the initial 

state, (b) under forward gate voltage and (c) under negative gate voltage.
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Figure S9. (a)The output curves in semi-log coordinates of the Fe-FET under illumination and in dark. 

(b) The optical microscopic image of the device. The scale bar is 5 μm. (c) The schematic diagram of 

the band alignment of the channel material. 

The photocurrent at the negative gate voltage is less than that of the positive gate voltage when 

the Vds is greater than 1 V. This possible reason is that the ferroelectric gate does not regulate all the 

channel regions, as shown in Figure S9(b). At the negative gate voltage, the back-to-back PN junction 

prevents the dark current and the injected current at large bias, as shown in Figure S9(c). 

Figure S10. Schematic illustration and transfer curve of the FET device base on SiO2 gate material (a) 

without oxygen-plasma treatment or (b) with oxygen-plasma treatment. The hysteresis window of 

these transfer curves did not change significantly after the oxygen-plasma treatment, indicating that 

the interface defect from the oxygen-plasma treatment did not obviously affect the hysteresis 

behavior of the transfer curve. Moreover, this tiny hysteresis window is very negligible compared to 

the ferroelectric gate devices.
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Figure S11. (a) The optical microscopic image of the Fe-FET. The scale bar is 5 μm. (b) The AFM maps 

for the red square in Figure S11(a). (c) The thickness profile along the white line positions of Figure 

S11(b), implying that the thicknesses of the MoSe2 and α‑In2Se3/In2Se3-xOx are about 6 nm, and 34 nm.

Figure S12. (a) The optical microscopic image of the device without oxygen plasma treatment, The 

scale bar is 5 μm. (b) The KPFM maps for the red sqare in Figure S12(a). (c) The relative Fermi potential 

of the MoSe2 and α-In2Se3 from the white line in Figure S12(b). 

the surface potential difference (be close to 180 mV) between MoSe2 and In2Se3 without oxygen 

plasma treatment is greater than the potential difference (about 100 mV) between MoSe2 and In2Se3-

xOx with oxygen plasma treatment.
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Figure S13. The time-resolved current under different gate voltages.

Figure S14. the photocurrent rapid change characteristics under -1 V gate voltage.

Figure S15. The forgetting behavior with different negative electric pulse widths. The estimation of 

electric energy consumption for the device is based on the following equations: 
.𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 ‒ 𝑒𝑟𝑎𝑠𝑒 = 𝑉𝑔 × 𝐼𝑔𝑠 × 𝑇𝑝𝑢𝑙𝑠𝑒 𝑤𝑖𝑑𝑡ℎ
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 Figure S16. Change of conductance (ΔG) in the potentiation phase (application of optical spikes stimuli 

(red line)) and depression phase (application of electric spikes stimuli (blue line)).
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Supplementary Note 2. Method to calculate  and EOT.𝐶𝑂𝑋

Figure S17. (a) The schematic diagram of the equivalent circuit during the capacitance test in the 

device. (b) The capacitance-voltage curves between the source and back gate ( ) under different 𝐶𝑆 ‒ 𝐵𝐺

frequencies. (c) The capacitance-voltage curves between the gate and back gate ( ) under 𝐶𝐺 ‒ 𝐵𝐺

different frequencies. (d) The capacitance-voltage curves between the gate and source ( ) under 𝐶𝐺 ‒ 𝑆

different frequencies. 

According to these equivalent circuits in Figure S17(a), we have the following equations,

         (1)

𝐶𝑆 ‒ 𝐵𝐺 = 𝐶2 +
1

1
𝐶𝑂𝑋

+
1

𝐶1

         (2)

𝐶𝐺 ‒ 𝐵𝐺 = 𝐶1 +
1

1
𝐶𝑂𝑋

+
1

𝐶2

            (3)

𝐶𝐺 ‒ 𝑆 = 𝐶𝑂𝑋 +
1

1
𝐶1

+
1

𝐶2

By solving the above system of equations, the values of ,  and  are computed (for example, 𝐶𝑂𝑋 𝐶1 𝐶2

this value is calculated as 3.6 pF, 17.2 pF and 17.5 pF at 100 kHz, respectively). Statistical capacitance 

values from four devices are shown in Figure S18, which confirms the repeatability. 
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Figure S18. The statistical capacitance from four different devices.

Then, according to the capacitor calculation formula, namely

          (4)
𝐶 =

𝜀𝑆
4𝜋𝑘𝑑

the thicknesses of SiO2 of the substrate and EOT of the In2Se3-xOx can be calculated. The thickness of 

SiO2 is calculated to be about 280 nm at 1 kHz according to the calculated  and , which agrees 𝐶1 𝐶2

with the practical SiO2 thickness indicating that our test method is accurate. Using the same method, 

the EOT of the In2Se3-xOx is calculated to be about 0.15 nm to 0.2 nm according to the calculated  𝐶𝑂𝑋

as shown in Figure S19.

Figure S19. The values and computational formula of EOT at different frequencies.
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Supplementary Note 3. The mechanism photoinduced change in polarization direction.
In accordance with Landau-Khalatnikov theory, the free energy in a system can be written as[3]

           (5)
𝐹 = 𝐹0 +

𝛼
2

Ψ2 +
𝛽
4

Ψ4 + …

Ψ is the order parameter. In a ferroelectric polarization system, the free energy is approximately 

expressed as[4]

          (6)
𝐹 = 𝐹0 +

𝛼
2

𝑃2 +
𝛽
4

𝑃4 ‒ 𝐸𝑃

Here, the second-order coefficient of the polarization intensity P can be written as[3]

             (7)
𝛼 =

2𝜋
𝐶

 (𝑇 ‒ 𝑇0)

 is the phase transition temperature of the material (Curie temperature),  is the Curie-Weiss 𝑇0 𝐶

constant. For a stable system, the free energy should be in a minimum state. That is, the first order 

derivative is equal to 0 and the second order derivative is greater than 0 in Eq. 6. 

In a ferroelectric polarization system, the system temperature is less than the Curie temperature, 

as shown in Figure RS20(a), the free energy appears two minimum with the different polarization 

intensity. This phenomenon indicate that the material system has two stable states and can be 

polarized. Generally, the polarization direction transition requires external energy assistance, as 

shown in the external electric field in Figure S20(b).

Figure S20. Schematic diagram of the relationship between system free energy and polarization 

intensity in photosensitive ferroelectric materials (a) the initial state in the presence of internal electric 

potential; (b) different reverse external electric field regulation; (c) during illumination; (d) after 

illumination.[5]

For a photosensitive ferroelectric material system, the carrier concentration is changed to N 

under illumination, the coefficient of each order in Eq. 6 needs to be updated, where the second order 

coefficient is updated to:[6]

           (8)𝛼⇒𝛼 + 𝑎𝑁

           (9)𝛽⇒𝛽 + 𝑏𝑁

The Curie temperature is also updated:
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           (10)
𝑇𝑁 ‒ 𝑇0 =‒

𝐶
2𝜋

𝑎𝑁

and  are the Curie temperature at the electron concentration of N and 0, respectively. Therefore, 𝑇𝑁 𝑇0

the Curie temperature is altered under light-induced changes in carrier concentration in this 

photosensitive ferroelectric material system. This result changes the state of ferroelectric materials 

from the original polarized state to the non-polarized state. as shown in Figure S20(c). If there is a 

built-in potential in the photosensitive ferroelectric material system, no matter which is state the 

polarization direction before illumination? After illumination, the polarization direction will return to 

the state consistent with the built-in potential as shown in Figure S20(d).[7] That is, when the 

polarization state is different from the built-in potential before illumination, the polarization intensity 

of the device can be changed by illumination.

Supplementary Note 4. Dynamic switching characteristic under optical and electrical stimuli.

Figure S21. Dynamic switching characteristic of the photoelectric device under optical and electrical 

stimuli with a modulation cycle of optical-write and electrical-erase. 

In the initial state, the device is firstly modulated to the off-state with a small dark current by a 

negative gate voltage pulse. Upon illumination, the output current immediately increases to the on-

state as shown in point W of Figure S21 (optical-write process). After turning off the light, the device 

current is reduced to a residual value of about 1 nA as shown in point H of Figure S21 (hold on the 

memory state). Finally, a negative voltage pulse is needed to restore the current to the initial off-state 

as shown in point E of Figure S21 (electrical-erase process).
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Table1. Performance parameters of the photodetector based on 2D ferroelectric material α-In2Se3.

2D Fe-FET material on/off current 
ratio 

 Dark current 
(A)

Specific detectivity
(Jones)

Response 
time 

Reference

α-In2Se3 ~10 10-10 2.26×1012 18 ms [8]

α-In2Se3 2.9×105 1.2×10-13 6.34×1017 260 μs [9]

α-In2Se3
/WSe2

~104 10-10 9.52×1010 ~3.3 ms [10]

α-In2Se3
/WSe2

2.56×102 1.4×10-10 1.34×1011 120 μs [11]

α-In2Se3
/MoS2

- 6.5×10-10 6.2×1010 20 ms [12]

α-In2Se3
/Al2O3/MoS2

105 10-11 - 100 s [13]

BP/α-In2Se3 4.82×103 2×10-11 2.09×1012 1260 μs [14]

Gr/α-In2Se3/Gr 103 10-8 4.4×1012 - [15]

MoSe2/α-In2Se3 105 2×10-12 1×1013 20 ms This work
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