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Abstract 

As the Moore’s law is running to its physical limit, tomorrow’s electronic system can be 

leveraged to a higher value by integrating “More than Moore” technologies into CMOS digital 

circuits. The hybrid heterostructure composed of two-dimensional (2D) semiconductors and 

molecular materials represents a powerful strategy to confer new properties to the former 

components, realize stimuli-responsive functional devices and enable diversification in “More 

than Moore” technologies. Here, we fabricated an ionic liquid-gated 2D MoS2 field-effect 

transistor (FET) with molecular functionalization. The suitably designed ferrocene substituted 

alkanethiol molecules do not only improve the FET performance, but they also show reversible 

electrochemical switching on MoS2 surface. Field-effect mobility of monolayer MoS2 reaches 

values as high as ~116 cm2V-1s-1 with Ion/Ioff ratio exceeding 105. Molecules in their neutral or 

charged state impose distinct doping effect, efficiently tuning the electron density in monolayer 

MoS2. It is noteworthy that the joint doping effect from ionic liquid and switchable molecules 

results in the steep subthreshold swing of MoS2 FET in the backward sweep. These results 

demonstrate that our device architecture represents an unprecedented and powerful strategy to 
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fabricate switchable 2D FET with chemically programmed electrochemical signal as remote 

control, paving the road towards novel functional devices.  

 
 
Introduction 

Two-dimensional (2D) semiconductors combine several unique properties including atomic 

thickness, sizable bandgap, absence of dangling bonds, and high carrier mobility making them 

ideal building blocks for the next generation of ultrathin-body field effect transistors (FETs).[1-

3] In the post-silicon microelectronics, 2D semiconductors show the advantages to break 

through the scaling limits, continuously minimize the device size, and simultaneously preserve 

the device performance.[4-6] As a basic electronic device, 2D FET represents not only the 

building block for integrated circuits, but it can also operate as the key element in functional 

devices, such as chemical sensors and emerging memory devices.[7-10] Therefore, 2D 

semiconductor FETs have become the keystone for novel functional devices.  

Albeit unique and outstanding, the properties of 2D semiconductors can be hardly tuned in a 

controllable manner via the conventional semiconductor technologies. However, the 

combination of 2D semiconductors with molecular materials represents a powerful strategy to 

confer new properties to the former components. A nice proof of this concept was reported by 

combining photochromic molecules and 2D materials to form light-switchable hybrid van der 

Waals (vdW) heterostructures,[11-13] which have been successfully exploited as channel 

materials in FETs to construct stimuli-responsive functional devices, including optically 

controlled FET, optical memory, and optically tunable p-n diode.[14-16] These achievements 

greatly promote the development of 2D hybrid systems in the field of optoelectronics. 

Alongside light, the electrochemical stimulus represents another powerful input to reversibly 

switch the state of suitably designed molecules.[17-19] In a micro-electrochemical cell, 2D 

semiconductors can work as the electrode to monitor electrochemical reactions of the 

switchable molecules occurring at the interface, which is crucial for both fundamental studies 
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and chemical sensing applications. Among various properties that can be changed as a result of 

electrochemical switching, the possibility to influence the charge transport on the nearby 2D 

layers by proper design, open intriguing perspectives towards the realization of remote-

controlled FETs responding to electrochemical signals.  

Here, we demonstrate the reversible switching of ferrocene-substituted hexanethiol molecules 

adsorbed on the MoS2 surface, which can be directly monitored in ionic liquid (IL)-gated MoS2 

FETs. In particular, molecules with the ferrocene group in the neutral or oxidized state can 

induce different doping effects, which effectively tune the charge transport in the underlying 

MoS2 layer. This doping effect results from the electrostatic gating from the charged/neutral 

molecules. Thanks to the synergetic effect from both IL and the electroactive molecules, we 

surprisingly observe the ultra-steep subthreshold swing in the backward sweep. All these results 

indicate that our novel device platform has huge technological potential for the development of 

electrochemically switchable 2D devices and provides an enlightening guidance on 

electrochemical sensing devices.  

 

Results 

As prototypical electrochemical switching molecule for the functionalization of transition metal 

dichalcogenides (TMDs), we have focused our attention to a commercial ferrocene-terminated 

alkanethiol molecule, i.e. 6-(ferrocenyl)hexanethiol (Fc-SH). Its special design comprises an 

electrochemically switchable ferrocene unit grafted at the end of an alkyl thiol, the latter being 

capable of chemisorption on TMDs with sulfur vacancies to form functional heterostructure. 

The scheme of the device architectures is portrayed in Figure 1a. A back-gate monolayer MoS2 

FET was fabricated on the SiO2/Si substrate with Au metal electrodes. A thin layer of insulating 

lithium fluoride (LiF) was deposited on Au metal electrodes to prevent its interaction with the 

molecules and IL. Then Fc-SH molecules were spin-coated on the 2D surface, yielding a 

mixture of chemisorbed and physisorbed molecular layer. The insulating LiF layer prevents the 
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chemisorption of molecules on Au electrodes, thereby minimizing the work function change of 

Au electrodes. The effect induced by molecules on the transfer characteristics of MoS2 FET is 

displayed in Figure 1b. The functionalization increases the on-current level and improves the 

field-effect mobility (from 15 to 36 cm2V-1s-1). The output curves (Figure 1c) preserve the linear 

relationship under low drain biases (Vd < 0.1 V), demonstrating a relatively low contact 

resistance. On the one hand, the thiol functional groups can heal the sulfur vacancies in 

transition metal disulfides, thereby suppressing the electron scattering around defective sites;[20, 

21] on the other hand, the increased electron density in MoS2 via the molecular doping effect 

can decrease the contact resistance. Ultimately, these two factors together improve the FET 

performance. In order to verify the healing efficacy of the molecules, the same experiment was 

performed on ion-irradiated MoS2 devices with a 3% generated vacancy density. The vacancy 

generation and characterization method is systematically described in our previous work.[21] 

After molecular treatment, a remarkable drain current recovery in the transfer characteristics 

(Figure 1d) was obtained from the ion-irradiated device with Ion/Ioff ratio enhanced from ~4×103 

to ~2×105 and field-effect mobility grown from ~0.01 to ~0.2 cm2V-1s-1. Photoluminescence 

(PL) and Raman spectroscopy measurements provide independent and unambiguous further 

evidence for the defect healing (Figure S1). After molecular adsorption, the defect-mediated 

emission peak at 1.76 eV remarkably decreases in PL spectra and the disorder-activated side 

bands of 𝐸"#$  mode show a damping trend in Raman spectra.[22, 23] As a control experiment, the 

adsorption of unsubstituted ferrocene molecules (Fc, formula Fe(C5H5)2), i.e. with neither thiol 

group nor alkyl chain, on the pristine MoS2 FET did not reveal improvement/recovering of the 

device’s electrical properties but rather show p-doping effect (Figure S2). Overall, Fc-SH 

molecules are capable of chemisorption on MoS2 to form functional heterostructure with 

improved device performance. 

After the adsorption of Fc-SH molecules on the MoS2 FET, a small droplet of ionic liquid (IL), 

i.e. diethylmethyl(2-methoxyethyl)ammonium bis(trifluoromethylsulfonyl)imide (DEME-
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TFSI), was applied onto the devices, covering the MoS2 channel. The top-gate electrode (Pt 

wire) was immersed in the IL (Figure 2a). The voltage applied on the top-gate electrode (Vig) 

can effectively modulate the carrier density in monolayer MoS2 by forming the electrical double 

layers at the interfaces between IL and monolayer MoS2 and IL and the gate electrode. Figure 

2b shows the transfer characteristics of top-gate monolayer MoS2 FET at the drain-source 

voltage Vd of 0.01 V and back-gate voltage Vbg of 0 V. The device exhibits unipolar n-type 

transport behavior, with the Ion/Ioff ratio exceeding 105. To extract the electron mobility, we first 

estimate the capacitance of IL by measuring Id versus Vig at various fixed back-gate voltages 

Vbg in a dual gate transistor configuration (Figure S3). The result shows that the estimated 

capacitance of IL (Cig) is ~6.4 μF/cm2 and the extracted field-effect mobility of MoS2 is ~116 

cm2V-1s-1, being ~3 times larger than that from back-gate device. The high carrier mobility can 

be attributed to the high electron injection in MoS2 via the gating effect from IL, which induces 

the Schottky barrier thinning, improves electron tunneling from electrode, and greatly reduces 

the contact resistance.[24] The drain current drop at high electron density condition (Vg > 0.5 V) 

is mostly attributed to the increased interband scattering in MoS2.[25] Surprisingly, we observe 

the subthreshold swing (SS) of top-gate device amounts to 49 mV/decade in the backward 

sweep of gate voltage (from positive to negative), which is less than the theoretical limit 60 

mV/decade at 300 K.[26, 27] Such a phenomenon will be discussed in detail in the latter part of 

this paper.  

The device is essentially a two-electrode micro-electrochemical cell with MoS2 operating as the 

working electrode and Pt wire as the counter electrode (Figure 2c). The IL provides the 

electrolyte environment for electrochemical reactions. As a simple electrochemically 

switchable molecule, unsubstituted ferrocene is capable of undergoing redox switching in the 

IL, an unconventional kind of electrolyte, with highly reproducible electrochemical behavior. 

[28-30] In our system, the electrochemically switching behavior of Fc-SH molecules is studied 

once adsorbed onto the monolayer MoS2 electrode via the cyclic voltammogram (CV) by 
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sweeping the potential of Pt counter electrode relative to the working electrode (scan rate 16.7 

mV/s) at Vbg = 0 V. In the meanwhile, a small constant voltage bias (0.01 V) is applied between 

two Au electrodes on MoS2 to measure the electrical transport properties of MoS2 layer. In 

Figure 2d, the quasi-reversible CV characteristics with the reduction and oxidation peaks are 

observed at 0.55 V and 0.825 V, respectively. These two redox peaks can be attributed to the 

chemically reversible one-electron oxidation/reduction of ferrocene electroactive core, as 

shown in Equation 1:[31]  

Fc-SH ⇌	Fc+-SH + e－                                                    (1) 

The Fc0/+ electron transfer reaction occurs across the MoS2/IL interface via a heterogeneous 

process. Therefore, the electrochemical state of ferrocene functional group can be programmed 

by tuning the working electrode potential (i.e. the voltage applied on the Pt electrode). As a 

blank test, the electrical characterizations were performed on the IL-gated pristine MoS2 FET 

without molecular adsorption. The transistor shows typical transfer characteristics, but no redox 

peaks can be observed from the CV curve (Figure S4). Another control experiment was 

performed on the IL-gated MoS2 FET with the adsorption of unsubstituted Fc molecules. Redox 

peaks can be observed from the CV curve (Figure S5), demonstrating that ferrocene functional 

group in Fc-SH is responsible for the switching behavior. 

Since Fc and Fc+ are uncharged and monocationic species, respectively, they can be expected 

to yield different doping effect on the adjacent MoS2 layers. However, two synergetic factors 

contribute to current modulation in MoS2 FET from top-gate operation, being IL gating and 

molecular doping. The direct observation of the molecular doping effect is rather complicated 

because the electrostatic gating from IL with large capacitance makes the majority contribution 

to carrier modulation in MoS2. In order to easily monitor the molecular doping effect, we 

change the device characterization structure from top-gate to back-gate configuration. In 

particular, the electrochemical state of Fc-SH molecules is first set by a top-gate voltage applied 

on the Pt electrode, such as -0.8 V applied on Pt electrode (working electrode potential vs Pt is 
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+0.8 V in Figure 2d) to convert the uncharged Fc-SH to the oxidized state Fc+-SH, or +0.2 V 

applied on Pt electrode (working electrode potential vs Pt is -0.2 V in Figure 2d) to trigger the 

charged Fc+-SH back to the uncharged Fc-SH state. After programming the molecules into 

different electrochemical states (Fc-SH or Fc+-SH) by the top gate, the electrical transport 

behavior of monolayer MoS2 with different molecular doping condition can be detected from 

the back-gate configuration (Figure 3a). Figure 3b shows a representative reversible doping 

cycle on monolayer MoS2 FET with Fc-SH adsorption. After switching the molecules from the 

neutral Fc-SH to the charged Fc+-SH state, an increase of drain current in the transfer curves 

from the back-gate configuration can be observed accompanied by a shift of the threshold 

voltage towards the negative direction (△Vth = −13.75 V, compared with neutral Fc-SH state). 

The drain current increases ~25% at Vbg = 90 V and the current ratio of MoS2 with Fc+-SH and 

Fc-SH adsorption is over 2 at Vbg = −50 V. Therefore, Fc+-SH molecules accumulate the 

electron carriers and induce n-type doping on MoS2. The increased electron concentration 

induced by Fc+-SH molecules is ~1.10×1012 cm-2. The charged molecules can be toggled back 

to the neutral Fc-SH state by applying +0.2 V on Pt electrode. After doing this, the drain current 

and threshold voltage from the back-gate FET get restored almost to the original values. These 

results demonstrate that the doping effect from the electrochemically switchable Fc-SH 

molecules on monolayer MoS2 is controllable and reversible. As a blank test, the electrical 

characterizations were performed on the MoS2 FET without molecular adsorption. The test 

procedure is the same, i.e. that top-gate voltage is first applied, then it is removed, and last the 

device is measured from the back-gate configuration. The back-gate transfer curves of MoS2 

FET (Figure S6) are nearly coincident during the whole test, excluding the extrinsic factors in 

modulating the carrier concentration of MoS2.  

Besides the electrical characterization, the photoluminescence (PL) spectra can be used to 

monitor the admolecules induced doping of monolayer MoS2. Figure 3c compares the PL 

spectra of monolayer MoS2 when the adsorbed molecules are either neutral or charged. The A 
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peak is fitted with the contribution from both neutral excitons and negatively charged excitons 

(trions). The spectral weight of trion is directly related to the amount of electron doping in 

monolayer MoS2.[32, 33] The results show that the trion weight of A peak in MoS2 with neutral 

Fc-SH adsorption is ~0.43 and it increases to ~0.56 with charged Fc+-SH adsorption. The 

increased trion spectra weight in the integrated A peak clearly suggests that charged Fc+-SH 

molecules induce n-type doping, which is consistent with the electrical results.  

In our device system, the molecular state can be first set by applying a constant voltage on the 

Pt electrode. Once the top-gate voltage on Pt electrode is removed, the adsorbed molecules 

maintain their electrochemical states and the MoS2 layer is doped without the influence from 

IL. The positively charged molecules can induce the accumulation of electrons in the adjacent 

MoS2 layer (Figure 3d), hence n-type doping effect. Therefore, in our device system, the top 

gate is used to electrochemically program the state of the Fc-SH molecules, while the reversible 

and controllable doping of MoS2 by the switchable Fc-SH molecules can be demonstrated from 

the back-gate electrical characterization. A detailed schematic diagram in Figure S7 depicts the 

dual functions of top-gate voltage applied on the Pt electrode in our IL-gated FET. 

The steep subthreshold swing (SS) has received increased attention because of the urgent need 

for low power dissipation and high energy efficiency in modern electronics. One of the main 

obstacles lays on the intrinsic physical limit of SS in conventional FETs, which cannot be 

reduced below 60 mV/decade at room temperature. Here, we show the expression of SS in 

Equation 2:[26, 27] 

𝑆𝑆 = ln 10 ./
0
(1 + 34

356
)                                                             (2) 

→ ln 10
𝑘𝑇
𝑞 = 60	𝑚𝑉/𝑑𝑒𝑐𝑎𝑑𝑒, 𝑎𝑡	𝑇 = 300	𝐾 

where kT/q is the thermal voltage and Cd and Cox are the depletion and the dielectric 

capacitances, respectively. Therefore, the sub-60 mV/decade SS need to be obtained by using 

new physical principles rather than thermionic injection. 
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In our IL-gated FET with Fc-SH adsorption, the forward-sweep SS shows a value exceeding 

60 mV/decade, whereas the backward-sweep SS is reduced to a minimum of 49 mV/decade 

(Figure 4a). The sub-60 mV/decade SS is kept for current change by nearly two orders of 

magnitude in the backward sweep (Figure 4b). The IL-gated FET with unsubstituted Fc 

adsorption (Figure S8) also displays a minimum of 50 mV/decade SS in the backward sweep. 

As a blank test, the IL-gated FET without molecules shows the SS with the value of ~71 

mV/decade in both directions (Figure S9). All these results demonstrate that the large IL 

capacitance contributes to a relatively small SS (~71 mV/decade without molecular adsorption) 

and the additional molecular interaction is critical to the reduced SS effect, especially due to 

the electrochemically switchable ferrocene group. 

Several novel FET structures have been proposed to generate sub-60 mV/decade SS, such as 

tunnel FET,[34, 35] impact-ionization FET,[36] suspended-gate FET,[37] and negative-capacitance 

FET.[38, 39] Besides the widely used ferroelectric materials in stacked dielectric layers,[40, 41] 

charge trapping in oxide dielectric is recently reported to achieve the negative capacitance and 

sub-60 mV/decade SS in FET.[42] Different from the random charge trapping/de-trapping 

process in the oxide,[42] in our device system the adsorbed molecules act as the specially 

designed charge trapping sites, which can be electrochemically switched between the charged 

and neutral states via the redox reaction in the IL dielectric. The positively charged molecules 

in the IL can modify the surface potential of 2D semiconductors via the coupled capacitance 

effect and induce the accumulation of electrons. In Figure 4a, in the subthreshold region marked 

by yellow background, the applied IL-gate voltage in the range from -0.24 V to -0.12 V can 

reduce the charged Fc+-SH to the neutral Fc-SH molecules and modulate the adsorption 

condition of charged species at the MoS2 working electrode. Therefore, in the backward sweep, 

the reduced SS with sub-60 mV/decade is caused by simultaneous reduction of positively 

charged Fc+-SH molecules (hence, depletion of 2D semiconductor due to molecules) and the 

semiconductor transition from accumulation to depletion (due to IL gating).  
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In order to minimize the influence from IL, we can slow down the scan rate of the applied IL-

gate voltage to effectively control the diffusion of ions in IL. The slow scan rate results in the 

reduced hysteresis of the transfer curves from 79 mV (fast, 16.7 mV/s) to 16 mV (slow, 1.66 

mV/s) at Id = 10 nA (Figure 4c). It is worth noting that the scan rate shows weak influence on 

the minimum SS value, which is kept less than 60 mV/decade in the backward sweep within 

our measured scan rate (Figure 4d). When the scan voltage range decreases from ±1 V to ±0.5 

V, the transfer curve in Figure 4e shows smaller hysteresis, and the CV curve in the inset of 

Figure 4e exhibits the reduced redox peak currents, demonstrating the decreased number of 

molecules that undergo reversible electrochemical reactions. This will directly influence the 

reduced SS effect, showing an increase of the minimum SS in the backward sweep from 55 

mV/dec to 61 mV/dec in Figure 4f. The same measurements on the IL-gated FET without 

molecules in Figure S10 show that the SS value (> 80 mV/dec) are less dependent on the scan 

voltage range. Overall, the comparison of SS value between devices with and without molecular 

adsorption under different scan rate and different scan range of IL-gate voltage demonstrates 

the crucial role of electrochemically switchable molecules in the reduced SS effect.  

Compared with the FET in absence of adsorbed molecules, the IL-gate current in FET in 

presence of adsorbed Fc-SH increases due to the redox reactions of Fc-SH molecules. However, 

such a leakage current is around 4 orders of magnitude smaller than the on-state drain current, 

demonstrating its negligible contribution when the transistor is turned on. When operating in 

the subthreshold region of MoS2 FET two effects take place. On the one hand, the switching of 

redox molecules results in the steep subthreshold swing. On the other hand, the IL-gate current 

contributes to the drain current (especially near the off-state), limiting the current range with 

sub-60 mV/decade SS in the backward sweep. The further study of the negative capacitance in 

our device architecture and the detailed physical model to understand the reduced SS effect will 

be a subject of future research. Although the SS hysteresis imposes an obstacle for the practical 

application in low-power devices, our device system provides a novel platform to investigate 
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ultra-steep SS effect and benefit from the controllable charge trapping/release process it can 

function as a memory device. The device also holds potential for its application in 

electrochemical sensing and biosensing, with a higher sensitivity expected to be achieved 

during the device operation in (deep) subthreshold regime.[43]  

Although both Fc-SH and unsubstituted Fc molecules show the electrochemically switchable 

behavior in IL dielectric and tunable doping effect on 2D semiconductors (Figure S11), the two 

device systems display different stability and fatigue resistance. Figure S12 displays the IL-

gated transfer curves and gate current curves of MoS2 FET with Fc-SH or unsubstituted Fc 

adsorption at different sweep cycles. When Fc-SH adlayers are used, the molecular switchable 

behavior has been observed from the 1st sweep cycle and it remains relatively stable until the 

20th sweep cycle. Atomic force microscopy imaging further provides unambiguous evidence of 

the good stability of MoS2 flake which does not exhibit noticeable damage after the 

electrochemically switching process, as illustrated in Figure S13. In contrast, when the 

unsubstituted Fc adlayers are employed, the charge transfer between molecules and MoS2 

working electrode is unstable and gate current curves exhibit notable variations. Such a 

difference can be ascribed to the ability of Fc-SH molecules to heal the sulfur vacancies in 

monolayer MoS2 leading to improved stability of MoS2 working electrode in the IL 

electrochemical system. Alongside, Fc-SH molecules are also prone to physisorb onto the 

surface of 2D layers due to the alkyl chain, which is beneficial to form a stable adsorption layer. 

Therefore, the different adsorption types of molecules on MoS2 can effectively change the 

switching stability of molecules and the charge transport in the 2D materials, further 

demonstrating the important role of molecules in the gating effect and reduced SS effect. 

 

Conclusion 

In summary, in this work we have realized the in-situ programming of molecular states by 

fabricating the IL-gated FET device with an electrochemically switchable molecular adlayer 
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onto the 2D semiconductor channel and further demonstrated for the first time the tunable 

molecular doping effect on the electrical transport of 2D semiconductors via electrochemical 

stimuli. The thiol group in Fc-SH molecules can improve the FET performance by healing the 

sulfur vacancies of monolayer MoS2, while the ferrocene group in the molecules is responsible 

for the tunable doping on 2D semiconductor via reversible switching between neutral and 

positively charged states. Both the electrical transport measurement and spectroscopic 

characterization provided unambiguous evidence for the reversible doping of monolayer MoS2 

by tuning the electrochemical states of molecules. Noteworthy, the superimposed molecular 

doping effect on the conventional IL electrostatic gating effect results in the ultra-steep SS with 

sub-60 mV/decade. The novel device architecture demonstrates the unique multifunctional 

nature of monolayer MoS2 FETs via electrochemical responsivity. Our switchable device with 

new analog functions adds diversification in electronic systems and promotes the development 

of “More than Moore” technologies. 

 
Experimental Section 

Experimental details are available in the Supporting Information. 
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Figure 1. (a) Schematic diagram of back-gate monolayer MoS2 FET with adsorbed 6-

(ferrocenyl)hexanethiol (Fc-SH) molecules. (b) Transfer characteristics of back-gate monolayer 

MoS2 FET before and after exposure to Fc-SH molecules. (c) Output characteristics of back-

gate monolayer MoS2 FET before and after exposure to Fc-SH molecules. (d) Transfer 

characteristics of back-gate monolayer MoS2 FET in the pristine state, with generated defects 

by ion irradiation, and finally after molecular healing.  
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Figure 2. (a) Schematic diagram of IL-gated monolayer MoS2 FET with adsorbed Fc-SH 

molecules. (b) Transfer characteristics of IL-gated monolayer MoS2 FET with adsorbed Fc-SH 

molecules. Channel length/width is 4.2 μm/3.4 μm. (c) Schematic diagram of two-electrode 

electrochemical cell with monolayer MoS2 FET as working electrode. (d) The cyclic 

voltammogram of Fc-SH at the MoS2/IL interface. 
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Figure 3. (a) Schematic diagram of monolayer MoS2 FET with adsorbed Fc-SH molecules at 

neutral or charged state. (b) Back-gate transfer characteristics of monolayer MoS2 FET with 

different Fc-SH electrochemical states in the linear scale. Inset shows the transfer curves in the 

logarithmic scale. (c) The comparison of PL spectra of monolayer MoS2 with the adsorption of 

Fc-SH or Fc+-SH molecules. The A peak is fitted with neutral excitons and negatively charged 

trions. (d) A schematic diagram shows the controllable and reversible doping of MoS2 by 

switching the molecular electrochemical state. 
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Figure 4. (a) Plot of transfer curve and IL-gate current under the same IL-gate voltage in the 

MoS2 FET with Fc-SH adsorption, demonstrating the function of molecules in the reduced SS 

effect. (b) Plot of SS with drain current of MoS2 FET with adsorbed Fc-SH molecules in the 

forward and backward sweep of IL-gated voltage. (c) Plot of transfer curve under different scan 

rate of IL-gate voltage. (d) Plot of SS with drain current under different scan rate of IL-gate 

voltage. (e) Plot of transfer curve and IL-gate current (inset) under different scan range of IL-

gate voltage. (f) Plot of SS with drain current under different scan range of IL-gate voltage. 

 


