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Proton Conducting Graphene 
Oxide/Chitosan Composite 
Electrolytes as Gate Dielectrics  
for New-Concept Devices
Ping Feng1,2, Peifu Du1, Changjin Wan1, Yi Shi1 & Qing Wan1,2

New-concept devices featuring the characteristics of ultralow operation voltages and low fabrication 
cost have received increasing attention recently because they can supplement traditional Si-based 
electronics. Also, organic/inorganic composite systems can offer an attractive strategy to combine the 
merits of organic and inorganic materials into promising electronic devices. In this report, solution-
processed graphene oxide/chitosan composite film was found to be an excellent proton conducting 
electrolyte with a high specific capacitance of ~3.2 μF/cm2 at 1.0 Hz, and it was used to fabricate multi-
gate electric double layer transistors. Dual-gate AND logic operation and two-terminal diode operation 
were realized in a single device. A two-terminal synaptic device was proposed, and some important 
synaptic behaviors were emulated, which is interesting for neuromorphic systems.

New-concept electronic devices, featuring the characteristics of ultralow operation voltages, low fabrication cost, 
flexible or wearable etc, have received increasing attention in recent years because they can supplement traditional 
Si-based electronics that are extensively used in integrated circuits and flat-panel displays1–9. To achieve these 
functions, many cost-effective and eco-friendly materials such as nanomaterials and organic materials as well as 
simple fabrication methods have been proposed10–14. For example, to realize ultralow voltage operation, various 
ionic liquids and electrolytes which have extremely high specific capacitances have been used as gate dielectrics 
for the fabrication of field-effect transistors15. Due to the capacitive electrostatic coupling, an electric double 
layer (EDL) is formed at the interface between ionic electrolyte and semiconductor channel to neutralize charged 
interface and the free carrier concentration of the channel can be effectively tuned by a low gate voltage16–18. Our 
group has reported low-voltage oxide-based thin-film transistors based on proton conducting nanogranular SiO2 
electrolyte films deposited by sol-gel and chemical vapor deposition methods19–21. Moreover, artificial synapses, 
which can implement the cognitive capability of human brain’s neural system with extremely low power con-
sumption, have received much attention as a promising new-concept electronic system22,23. Presently, memristors 
and EDL transistors are mainly used as artificial synaptic devices to emulate short-term and long-term synaptic 
plasticity24–31. In addition, proton transfer across polymer thin film has been investigated as a new class of biocom-
patible solid-state devices to control and monitor the flow of protonic current for bioelectronic applications32–35.

On the other hand, organic-inorganic composite systems can offer an attractive strategy to combine the mer-
its of organic and inorganic materials into promising electronic devices and have resulted in the realization of a 
variety of interesting features36–38. Composite materials can extend or provide novel capabilities that are difficult 
to obtain by using each component individually. For instance, solar cells incorporating semiconductor nanocrys-
tals and conjugated polymers have been demonstrated with the potential to deliver efficient energy conversion 
with low-cost fabrication39. Organic/inorganic hybrid biosensor based on a polymer-coated GaAs device enables 
high sensitivity to low concentrations of ammonia and long-term protection in harsh environments40. Recently, 
graphene oxide (GO), a related material of graphene, has received much attention benefiting from their respective 
peculiar structures and properties41–44. GO sheet is an atomically thin sheet of graphite and has oxygen functional 
groups on their basal planes and edges. It is electronically hybrid featuring both conducting π​-states from sp2 car-
bon sites and large energy gap between the σ​-states of sp3 carbon sites. GO film has very high dielectric constant 
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and could be used as dielectric spacer of superconductors and gate dielectrics of EDL transistors. Chitosan is a 
naturally abundant, nontoxic cationic biopolymer obtained from deacetylation of chitin and has many appli-
cations in biotechnology and biomedicine. Due to its excellent film-forming ability, its applications as the gate 
dielectric material of transistors have been investigated and good results have been obtained45–50.

The performance of transistors critically relies on gate dielectrics, which ideally should have large capacitance 
for low operation voltage and high robustness for low leakage current, long-term reliability etc. In this work, we 
demonstrated that solution-processed GO/chitosan composite film was an excellent proton conducting electro-
lyte film, showing a high specific capacitance of ~3.2 μ​F/cm2 at 1.0 Hz. Such GO/chitosan hybrid material was 
used as gate dielectrics of self-assembled indium-zinc-oxide (IZO) EDL transistors with multiple lateral gate 
electrodes. Due to proton-mediated EDL coupling at the dielectric/channel interface, the current across the chan-
nel can be effectively tuned. We found that, the bottom gate, the lateral gate and the drain could be used to tune 
the channel conductance, thereby resulting in the realization of diverse functions of our EDL transistors, such as 
dual-lateral-gate AND logic and the emulation of synaptic behaviors etc.

Results and Discussion
Figure 1a shows the chemical structures of GO sheet and chitosan. They were dispersed in water solution with 
0.5 mg/mL for GO sheets and 2.0 wt% for chitosan. The GO and chitosan solutions were then mixed at a weight 
ratio of 1:1 at room temperature and stored in a glass bottle for the subsequent use (Fig. 1b). To make GO/chi-
tosan composite film, the as-obtained solution containing GO sheets and chitosan was spin-coated on substrates 
and dried in air naturally. To investigate the ionic conducting characteristics of the GO/chitosan composite film, 
which was critical for realizing low-voltage operation of our device, Nyquist plots, specific capacitance and leak-
age current were measured by using a sandwich IZO/hybrid/ITO structure.

Figure 1c shows Nyquist plots of the GO/chitosan composite film, which depicts real/imaginary parts of the 
impedance. During measurements, an alternating-current (AC) potential was applied on the GO/chitosan film. 
The plots displayed an inclined spur in the low-frequency region and a partial semicircle in the high-frequency 
region. These curves are fingerprints of ion conductors contacted by blocking electrodes, with the semicircle 
corresponding to the bulk ionic impedance and the inclined spur to electroactive species at electrodes51,52. The 
curves can be fitted by a simple equivalent circuit that consists of a capacitor in series with both a resistor and a 
capacitor, which correspond to the film/electrode interface capacitance, the film bulk resistance and the film bulk 
capacitance, respectively. This equivalent circuit has been used to model ionic conductor accurately by account-
ing for the bulk impedance and capacitive effect at contacts53–55. This model could be used for our GO/chitosan 

Figure 1.  From GO sheets and cihtosan to GO/chitosan composite and the characterization of the 
composite electrolyte film. (a) Chemical structures of GO sheet and chitosan, respectively. (b) GO sheets and 
chitosan were mixed in water solution and stored in a bottle (Taken by P.F.). (c) Typical Nyquist plot of the GO/
chitosan composite film (black dots). For comparison, Nyquist plot of pure chitosan film is shown (red dots). 
(d) Cross-sectional SEM image of the GO/chitosan composite electrolyte film. The scale bar is 5 μ​m. (e) Specific 
capacitance of GO/chitosan composite electrolyte film plotted against the frequency. The inset illustrates the 
sandwich structure used for the capacitance and leakage current measurements (Drawn by C.W.). (f) Leakage 
current of the GO/chitosan composite electrolyte film.
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composite electrolyte film. The impedance real value (R) is obtained with the impedance imaginary value is 
equal to zero. The conductivity (σ) can be obtained from the equation σ = D/(R-R0)A, where D, A and R0 are 
the thickness of the composite electrolyte film, the surface area of electrode, and the resistance of the electrodes, 
respectively53–55. In our system, D is ~10 μ​m, A is ~1.5 ×​ 10–3 cm2 and R0 is measured to be ~30 Ω​. For GO/chi-
tosan composite, R is about 520 Ω​, thus an effective proton conductivity of ~13.6 ×​ 10–4 S/cm is calculated. For 
comparison, the Nyquist plot of pure chitosan is shown by red dots in Fig. 2c and an effective proton conductivity 
of ~7.56 ×​ 10–4 S/cm can be realized.

Figure 1d shows the cross-sectional scanning electron microscope (SEM) image the fabricated GO/chi-
tosan composite electrolyte film. The thickness was measured to be ~10 μ​m. Figure 1e shows the capacitance of 
the GO/chitosan composite electrolyte film plotted against the frequency measured using an IZO/electrolyte/
ITO sandwiched structure. With increasing the frequency in logarithmic coordinate, the capacitance decreases 
nearly linearly. After about 200 Hz, the capacitance decreases much quicker. The specific capacitance is about 
3.2 μ​F/cm2 at 1.0 Hz. This value is comparable with CVD-deposited porous silica dielectrics21 and about two 
orders of magnitude larger than conventional intrinsic silica with a thickness of hundreds of nanometers. The 
frequency-dependent specific capacitance is typically found in ion-based electrolyte materials, suggesting a strong 
contribution of mobile ions with slow relaxation. Figure 1f shows the leakage current curves of the GO/chitosan 
composite electrolyte film. A low leakage current is obtained in the operation voltage range from −​2.0 to 2.0 V 
and in this voltage range the maximum leakage current of the composite electrolyte film is about 3 nA at −2.0 V.

After depositing the GO/chitosan composite electrolyte film on ITO-coated PET substrates, the devices were 
fabricated and the details are in the Method section. The final IZO-based EDL transistor is schematically illus-
trated in Fig. 2a. The device has a self-assembled IZO channel layer between the source and drain electrodes. 
The two lateral gate electrodes can tune the conductance of the channel by lateral EDL coupling. Electrical prop-
erties of the EDL transistor associate closely with interfacial charging status between the gate dielectric and the 
semiconducting oxide channel56–58. Firstly, we measured the transfer (IDS−​VGS) curve of the device by using the 
bottom gate (Fig. 2b). The source-drain voltage VDS is 1.6 V. The gate voltage VGS is sweeping from −1.0 to 2.0 V 
at a rate of 0.05 V/s. With increasing VGS, the channel current IDS decreases gradually at first and then increases 
rapidly after surpassing the turn point where VGS is about −0.1 V. Low-voltage and enhancement mode operation 
is clearly realized. Moreover, we performed aging test on our devices by storing them in air condition without 

Figure 2.  AND logic demonstrated in a two-gate IZO-based EDL transistor using GO/chitosan composite 
as gate dielectrics. (a) Schematic of IZO-based EDL transistor using inorganic/organic GO/chitosan composite 
film as gate dielectric (Drawn by C.W.). G1 and G2 are lateral gates. (b) Aging tests of the transfer curve 
measured by sweeping the bottom gate voltage. (c) The transfer curves measured by sweeping the voltage 
on lateral gate G2 can be tuned by G1. (d) AND logic operation using two lateral gates as inputs. During 
measurements, 0 and 1 denote the voltages of −1.0 and 1.0 V, respectively.
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applying bias stress. The transfer curves of our device are stable after 5 and 30 days aging, as shown by the red and 
blue lines in Fig. 2b, respectively.

The modulation of carrier density through carrier accumulation or depletion using ion gels and electrolytes 
as gate dielectrics has been used to effectively tune the carrier density of the channel layers for the realization of 
novel properties such as interfacial superconductivity and insulator-to-metal transition59–61. Organic and oxide 
semiconductors which can form good interface with electrolyte dielectrics are usually used as the channel materi-
als of these devices59–64. In our system, there are protons in the composite electrolyte. Similar to operation mech-
anism of EDL transistors reported by others59–64, the migration of protons towards and away from the electrolyte/
channel interface, and the corresponding electron concentration modulation in the channel due to the EDL effect, 
is expected to be the main working mechanism of our device. Also, to exclude water electrolysis as a possible 
mechanism of our device is discussed. In water electrolysis, the reduction and oxidation reaction mainly occur 
at the electrodes which are usually made from inert metal materials such as platinum, stainless steel or iridium. 
Moreover, the reaction of water electrolysis has a standard potential of −​1.23 V, meaning it requires a potential 
difference of 1.23 V to split water. In contrast, the adsorption of water molecule is in GO/chitosan composite 
electrolyte in our device. In addition, conductive oxide materials IZO and ITO are used as the electrodes and the 
operation voltage of our device is lower than the potential difference required for water electrolysis. We thus think 
water electrolysis mechanism is not important in our system.

In addition, in our EDL transistors, the lateral in-plane gate voltage can also tune the carrier concentration 
in the channel layer due to proton migration in the composite electrolyte. Our measurements show that transfer 
curves of one lateral gate G2 can be tuned by the voltage applied on another lateral gate G1 and the results are 
shown in Fig. 2c. During the measurements, VDS is 0.5 V and the voltage on G2 is changed from −1.0 to 1.0 V. 
The results indicate that the transfer curve can be effectively tuned by the voltage on G1. As the voltage on G1 
increases to 1.0 V, the current across the channel can be modulated by about five orders of magnitude by using G2; 
in contrast, for a negative voltage of −0.3 V applied on G1, the transistor is almost depressed. Such a characteristic 
can be understood by considering the change of proton distribution in the dielectric film below the IZO channel 
layer. When the voltage on G1 is negative, protons in the dielectric film will be gathered around lateral gate G1. 
There are not enough protons to be used by G2 to tune the channel layer. In contrast, when the gate voltage on G1 
is positive, the protons will be pushed away and gathered below the channel layer. These protons can be used to 
tune the channel layer by G2.

Since the channel layer can be tuned by lateral gate voltage, the EDL transistor with multiple lateral gates can 
be used to realize spike logic AND operation (Fig. 2d). In a typical test, −1.0 and 1.0 V voltages are regarded as 
binary 1 and 0, respectively. When the voltage −1.0 V is applied on G1 or on both G1 and G2, the current across 
the channel layer is at a low level. It means that in the cases of (0, 0), (0, 1) and (1, 0), the output is 0. In contrast, 
when the voltage 1.0 V is applied on G1 and G2, the output is 1. Logic AND operation is successfully realized in 
our system. It should be noted that the logic AND operation is realized in a single device here, which is different 
from conventional Si-based electronics that are extensively used currently.

Based on the above results, it could be found out that our devices operated on the basis of voltage-induced 
proton migration in the composite electrolyte dielectric, which could tune the proton concentration at the die-
lectric/channel interface. The channel conductance can thus be tuned by EDL coupling effect. If the source and 
bottom gate are grounded, the drain voltage is expected to have dual functions of simultaneously measuring 
channel conductance and tuning free electron concentration of the channel layer. Two-terminal operation layout 
of our device is schematically shown in the inset of Fig. 3a. The corresponding current-voltage curve is shown in 
Fig. 3a. In order to show the current-voltage characteristics in logarithmic scale, absolute value of the current is 
used. With changing the voltage, the current decreased rapidly at first when the voltage was biased at the negative 
side and was at a low level for positive voltage. In this voltage range, the current across the channel layer could be 
changed by about five orders of magnitude, indicating that the conductance of the channel could be significantly 
tuned by the drain voltage when the source and gate were grounded together. Since the drain voltage could tune 
the channel conductance in the two-terminal condition, the device could operate as a switch. Figure 3b shows 
the characteristics of the device by switching the voltage between 1.0 and −1.0 V. The current across the channel 
is recorded simultaneously. The ON-state conductance of the device is ~100 μ​S at a drain voltage of −1.0 V. The 
OFF-state conductance of the device is below 1 μ​S at 1.0 V.

Accounting for mobile protons in the GO/chitosan composite electrolyte film, a proposed working mecha-
nism is given. When the drain voltage is negative (Fig. 3c), protons will be attracted to the region below the IZO 
channel. An EDL is formed at the interfacial regime, thus a higher concentration of free electrons can be induced 
in the channel due to the EDL effect. As a result, the channel conductance is high. However, in contrast, when the 
drain voltage is positive (Fig. 3d), protons will be pushed away and there are fewer electrons in the channel layer. 
Accordingly, the channel conductance is at a low level. Due to the strong EDL capacitive coupling, transistors 
gated by such electrolytes can operate at low voltages. Our GO/chitosan composite electrolyte film shows a high 
capacitance of ~3.2 μ​F/cm2 at 1.0 Hz. For comparison, normal SiO2 and HfO2 with the thickness of 100 nm have 
capacitance of 0.035 and 0.22 μ​F/cm2 65 respectively, much lower than our GO/chitosan composite electrolyte 
gate dielectric. Therefore, our device can operate at a low voltage range of −2.0 to 2.0 V. In the case of Fig. 2b, the 
gate voltage VGS is applied on the bottom ITO gate electrode; when VGS is positive, protons will accumulate at 
the dielectric/channel interface and induce electrons in the channel layer, so the IZO channel current (between 
IZO source/drain electrode) is high. In the case of Fig. 3a, the voltage is applied on the IZO drain electrode and 
the IZO source electrode and bottom ITO gate electrode are grounded. When the drain voltage is negative, pro-
tons will migrate to the area near interface of electrolyte/IZO channel, and the free electron concentration in the 
IZO channel is high, and the measured channel current is large. When the drain voltage is positive, protons will 
migrate to the area near the bottom ITO gate electrode, and the free electron concentration in the IZO channel is 
low, and the measured channel current is low.
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Previously, two kinds of artificial electronic/ionic devices are mainly used to emulate synaptic behav-
iors24–31. One is resistor-based two-terminal devices and another is three-terminal electrolyte-gated EDL tran-
sistors. Furthermore, some organic electronic devices have been found to have functional interfaces with neural  
activity66–69. Here we will present that our EDL transistors can also function as a two-terminal device to emulate 
synapses. Because our device is working on the basis of proton migration in the GO/chitosan composite electrolyte 
and the relaxation process of protons is relatively slow, synaptic-like short-term plasticity behaviors can be real-
ized. When an excitation voltage spike is applied on the drain terminal, due to the slow relaxation of protons, pro-
ton distribution at the dielectric/channel interface will be changed gradually. When the voltage spike is finished, 
protons will return to the equilibrium state slowly. If subsequent voltage spikes are applied on the drain before the 
equilibrium state is reached, proton distribution is synergistic modulated by these voltage spikes. In other words, 
subsequent voltage spikes applied on the drain can be coupled temporally. This coupling can be transduced to 
electron concentration in the channel due to the EDL effect and reflected by channel conductance, resulting in the 
realization of short-term synaptic plasticity including memory and filtering functions in our system.

Firstly, the response of the device to different stimulation rates is investigated at the two-terminal mode. 
Figure 4a shows the schematic of a synapse. Whenever a stimulus triggers an action potential, a neuron transmits 
the signal to the next through synapses. First, an action potential reaches at the presynaptic membrane (axon ter-
minal), where it contains neurotransmitters packed in synaptic vesicles. The action potential triggers the release 
of neurotransmitters to the synapse as synaptic vesicles diffuse into the membrane. Neurotransmitters reach 
receptors located on the postsynaptic membrane (dendrite terminal). This triggers an action potential at the post-
synaptic membrane which is transmitted to the next neuron. In our device, presynaptic inputs are voltage pulse 
applied on the drain terminal and the channel conductance is regarded as the synaptic weight.

Figure 4b shows the measurement method of stimulation-rate dependent synaptic response where voltage 
pulses with the height of −0.8 V and the duration of 10 ms are used to fire the channel and the postsynaptic 
currents are recorded simultaneously. The voltage pulses can modulate free carrier concentration in the chan-
nel according to proton-mediated EDL coupling effect. The time interval Δ​t between voltage pulses is changed 
and the results are shown in Fig. 4c. A clear dependence of conductance enhancement on the stimulation rate 
is observed, with a high stimulation rate being most effective and low stimulation rate being least effective. For  
Δ​t =​ 10 ms, the current across the channel increases rapidly with the number of stimulation pulses. With increas-
ing Δ​t, the channel current increases much slowly. To qualify the conductance enhancement, the current increase 
Δ​I is defined as the difference between the measured current and the current of stimulation 1. Figure 4d shows 
the current increase Δ​I after every voltage stimulus as a function of the pulse number at different conditions. 

Figure 3.  Two-terminal operation of the device. (a) Current-voltage curve of the device. Absolute value of 
the current is used. Inset is the schematic illustration of two-terminal operation. (b) Switching characteristics 
of the device. The channel conductance is recorded (the bottom panel) simultaneously when the drain voltage 
is switching between 1.0 and −1.0 V (the top panel). (c), (d) Schematics of the working mechanism (Drawn 
by C.W.). When the drain voltage is negative, protons will be attracted below the channel layer, inducing free 
electrons in the channel layer due to the EDL effect; however, when the drain voltage is positive, protons will be 
pushed away from the channel, and thus there are fewer electrons in the channel layer.
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At shorter time interval, the value increases much quicker. This phenomenon is expected to relate to the proton 
relaxation process in the GO/chitosan composite electrolyte. Upon negative voltage excitation, the protons in the 
electrolyte dielectric will be pushed towards the channel layer; in contrast, when the pulse is off, some protons will 
move away from the interfacial region gradually. At a shorter pulse interval, more protons will be left below the 
channel at the same stimulation number and free electron density in the channel is higher. Accordingly, the chan-
nel current increases gradually with the stimulations and the current increase is higher at shorter pulse interval.

In neuroscience, synapse refers to the junctions between vastly interconnected networks of neurons and 
allows pre-synaptic neuron to pass signals (action potential in the form of spikes) to a post-synaptic neuron 
or cell with the ability of long-term or short-term changing of its efficacy (synaptic weight)70,71. The change by 
activity history could be enhancement or depression and such activity-dependent synaptic plasticity is believed 
to be in charge of memory and learning. Synapse/neuron can also act as dynamic filter for information processing 
depending on signal frequency71. Multiple biological signals and mechanisms can regulate the efficacy of synaptic 
transmission, thereby providing rich combinatorial possibilities for modifying neural communication. Synaptic 
efficacy can increase/decrease a lot within milliseconds after the onset of specific temporal patterns of the activity. 
Short-term synaptic depression can be functioned as low-pass filtering while short-term synaptic facilitation can 
be functioned as high-pass filtering.

To evaluate the filtering characteristics of the device at two-terminal operation mode, we test excitatory post-
synaptic currents (EPSCs) of the device when a series of presynaptic spike trains with different frequencies are 
applied on the drain. Each stimulus train contains 10 voltage spikes. At a higher frequency, the EPSC increases 
more intensively with successive spike stimulus. With decreasing the frequency of stimulus trains, the peak value 
of spikes decrease gradually. To describe the filtering characteristics of our system, the amplitude ratio between 
the last and the first spike is defined as the amplitude gain, which is plotted as a function of the pulse interval Δ​t  
(Fig. 5a). With increasing the spike interval, the amplitude gain decreases nearly exponentially. In addition, 
the amplitude gain can also be tuned by the pulse height. With increasing the pulse height, the amplitude gain 
increases. The amplitude gain can be plotted against the frequency of presynaptic spikes (Fig. 5b). High-pass fil-
tering characteristics are realized in our system. With increasing stimulus frequency, the amplitude gain increases 
nearly linearly, indicating a stronger coupling between spikes at a higher stimulus frequency. This behavior of 
our device is similar to the high-pass filtering function of the biological neuron. This filtering function, which 
can augment the synaptic response to high-frequency inputs and diminish the impact of low-frequency inputs, is 
important for neural computation.

Figure 4.  Synaptic behavior emulation and the dependence of the transition efficiency on stimulation rate. 
(a) Schematic of spatial excitation in a synapse which is utilized by neurons for cell-cell interaction (Drawn by 
C.W.). (b) Voltage pulses with the height of −0.8 V and duration of 10 ms are used to fire the channel. (c) The 
channel current recorded after each stimulation voltage pulse at different pulse interval conditions. (d) Current 
increase ∆​I after every stimulus plotted against the pulse number for different pulse interval conditions.
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Conclusions
In summary, it was demonstrated that solution-processed GO/chitosan composite film was an excellent proton 
conducting electrolyte with a high capacitance of ~3.2 μ​F/cm2 at 1.0 Hz. Self-assembled multi-gate IZO-based 
EDL transistors gated by such composite electrolyte were fabricated. We found that the bottom and lateral gate 
voltages as well as the drain voltage could be used to tune the transistor channel conductance, resulting in the 
realization of diverse functions of our device. First, dual-gate AND logic operation was realized in a single device. 
Second, two-terminal operation was realized because the drain voltage can tune free electron concentration of 
the IZO channel layer. Third, our oxide-based EDL transistors could operate as a two-terminal artificial synapse 
to emulate the synaptic behaviors for neuromorphic applications. Overall, our experimental results present an 
interesting new-concept device application of GO/chitosan composite electrolyte film.

Methods
Preparation of GO/Chitosan Composite Electrolyte Films.  GO sheets were dispersed in water at 
0.5 mg/mL. Chitosan powders (>99.5%, Aldrich) were dissolved in acetic acid solution to form 2.0 wt% chitosan 
solution. GO solution was then added gradually into chitosan solution under magnetic stirring and the two solu-
tions were mixed at a volume ratio of 1:1. The solution composed of GO and chitosan was then spin-coated at a 
speed of 500 rpm on ITO-coated PET substrate and then dried in air naturally to form GO/chitosan composite 
film.

Fabrication of the Devices.  The channel layer and electrodes (source, drain and lateral gate electrodes; 
dimension: L ×​ W =​ 150 μ​m ×​ 1000 μ​m) of the devices are composed of indium-zinc-oxide (IZO) film depos-
ited by radio-frequency (RF) magnetron sputtering at room temperature. Neither any heating treatment nor 
post-annealing treatment was adopted. The weight ratio of In2O3 and ZnO in the IZO target is 90%:10%. During 
the sputtering process, the Ar flow rate, the pressure and the RF power density were 30 sccm, 0.5 Pa and 5.3 W/cm2,  
respectively. A nickel shadow mask was used to pattern the IZO film. The spacing between the source and drain 
electrodes on the mask is 80 μ​m. The mask was placed at a distance of about 30 μ​m above the GO/chitosan hybrid 
membrane. During the sputtering process, sputtered particles can bypass the nickel shadow mask to form a thin 
IZO channel layer with a thickness of ≈​20 nm between the patterned IZO source/drain electrodes. The final 
IZO-based EDL transistors using GO/chitosan composite film as gate dielectric are schematically shown in 
Fig. 2a. The length and width of the self-assembled IZO channel are 80 and 1000 μ​m, respectively. The thickness 
of the source, drain and lateral gate electrodes is about 100 nm.

Electrical Measurement of the Transistors.  The electrical measurements were carried out on an 
EverBeing probe station equipped with Keithley 2636B Source/Measurement Units at room temperature. For all 
of the measurements, the relative humidity level was controlled at 50%.

References
1.	 Khim, D. et al. Large enhancement of carrier transport in solution-processed field-effect transistors by fluorinated dielectric 

engineering. Adv. Mater. 28, 518–526 (2016).
2.	 Liu, N. et al. Flexible sensory platform based on oxide-based neuromorphic transistors. Sci. Rep. 5, 18082 (2015).
3.	 Hyun, W. J. et al. All-printed, foldable organic thin-film transistors on glassine paper. Adv. Mater. 25, 7058–7064 (2015).
4.	 Stalder, R., Mei, J. G., Graham, K. R., Estrada, L. A. & Reynolds, J. R. Isoindigo, a versatile electron-deficient unit for high-

performance organic electronics. Chem. Mater. 26, 664–678 (2014).
5.	 Lam, B. et al. Solution-based circuits enable rapid and multiplexed pathogen detection. Nat. Commun. 4, 2001 (2013).
6.	 Chae, S. H. et al. Transferred wrinkled Al2O3 for highly stretchable and transparent graphene-carbon nanotube transistors. Nat. 

Mater. 12, 403–409 (2013).
7.	 Sirringhaus, H. Reliability of organic field-effect transistors. Adv. Mater. 21, 3859–3873 (2009).

Figure 5.  Synaptic-like high-pass filtering characteristics. A series of presynaptic spike trains with controlled 
pulse and frequency are applied on the drain and the current across the channel is recorded. The amplitude ratio 
between the last and the first spike is defined as the amplitude gain, which is plotted against the spike interval 
(a) and the stimulus frequency (b), respectively, for different pulse heights.



www.nature.com/scientificreports/

8Scientific Reports | 6:34065 | DOI: 10.1038/srep34065

8.	 Cho, J. H. et al. Printable ion-gel gate dielectrics for low-voltage polymer thin-film transistors on plastic. Nat. Mater. 7, 900–906 
(2008).

9.	 Klauk, H., Zschieschang, U., Pflaum, J. & Halik, M. Ultralow-power organic complementary circuits. Nature 445, 745–748 (2007).
10.	 Jo, J. W., Lee, J. U. & Jo, W. H. Graphene-based electrodes for flexible electronics. Polym. Int. 64, 1676–1684 (2015).
11.	 Dimitrakopoulos, C. D. & Malenfant, P. R. L. Organic thin film transistors for large area electronics. Adv. Mater. 14, 99–117 (2002).
12.	 Forrest, S. R. The path to ubiquitous and low-cost organic electronic appliances on plastic. Nature 428, 911–918 (2004).
13.	 Talapin, D. V., Lee, J. S., Kovalenko, M. V. & Shevchenko, E. V. Prospects of colloidal nanocrystals for electronic and optoelectronic 

applications. Chem. Rev. 110, 389–458 (2010).
14.	 Eda, G. & Chhowalla, M. Chemically derived graphene oxide: towards large-area thin-film electronics and optoelectronics. Adv. 

Mater. 22, 2392–2415 (2010).
15.	 Du, H. W., Lin, X., Xu, Z. M. & Chu, D. W. Electric double-layer transistors: a review of recent progress. J. Mater. Sci. 50, 5641–5673 

(2015).
16.	 Pu, J. et al. Highly flexible MoS2 thin-film transistors with ion gel dielectrics. Nano Lett. 12, 4013–4017 (2012).
17.	 Yuan, H. T. et al. High-density carrier accumulation in ZnO field-effect transistors gated by electric double layers of ionic liquids. 

Adv. Funct. Mater. 19, 1046–1053 (2009).
18.	 Kim, B. J. et al. High-performance flexible graphene field effect transistors with ion gel gate dielectrics. Nano Lett. 10, 3464–3466 

(2010).
19.	 Shao, F., Yang, Y., Zhu, L. Q., Feng, P. & Wan, Q. Oxide-based synaptic transistors gated by sol-gel silica electrolytes. ACS Appl. Mater. 

Inter. 8, 3050–3055 (2016).
20.	 Liu, Y. H., Zhu, L. Q., Shi, Y. & Wan, Q. Proton conducting sodium alginate electrolyte laterally coupled low-voltage oxide-based 

transistors. Appl. Phys. Lett. 104, 133504 (2014).
21.	 Zhu, L. Q., Sun, J., Wu, G. D., Zhang, H. L. & Wan, Q. Self-assembled dual in-plane gate thin-film transistors gated by nanogranular 

SiO2 proton conductors for logic applications. Nanoscale 5, 1980–1985 (2013).
22.	 Kuzum, D., Yu, S. M. & Philip Wong, H. S. Synaptic electronics: materials, devices and applications. Nanotechnology 24, 382001 

(2013).
23.	 Spruston, N. & Kath, W. L. Dendritic arithmetic. Nat. Neurosci. 7, 567–569 (2004).
24.	 Shi, J., Ha, S. D., Zhou, Y., Schoofs, F. & Ramanathan, S. A correlated nickelate synaptic transistor. Nat. Commun. 4, 2676 (2013).
25.	 Yang, J. J., Strukov, D. B. & Stewart, D. R. Memristive devices for computing. Nat. Nanotechnol. 8, 13–24 (2013).
26.	 Yu, S. et al. A low energy oxide-based electronic synaptic device for neuromorphic visual systems with tolerance to device variation. 

Adv. Mater. 25, 1774–1779 (2013).
27.	 Ohno, T. et al. Short-term plasticity and long-term potentiation mimicked in single inorganic synapses. Nat. Mater. 10, 591–595 

(2011).
28.	 Jo, S. H. et al. Nanoscale memristor device as synapse in neuromorphic systems. Nano Lett. 10, 1297–1301 (2010).
29.	 Ha, S. D. & Ramanathan, S. Adaptive oxide electronics: a review. J. Appl. Phys. 110, 071101 (2011).
30.	 Yang, Y. et al. Observation of conducting filament growth in nanoscale resistive memories. Nat. Commun. 3, 732 (2012).
31.	 Jeong, D. S., Kim, I., Ziegler, M. & Kohlstedt, H. Towards artificial neurons and synapses: a materials point of view. RSC Adv. 3, 

3169–3183 (2013).
32.	 Zhong, C. et al. A polysaccharide bioprotonic field-effect transistor. Nat. Commun. 2, 476 (2011).
33.	 Wunsche, J. et al. Protonic and Electronic Transport in Hydrated Thin Films of the Pigment Eumelanin. Chem. Mater. 27, 436–442 

(2015).
34.	 Deng, Y. X. et al. H+-type and OH–-type biological protonic semiconductors and complementary devices. Sci. Rep. 3, 2481 (2013).
35.	 Josberger, E. E., Deng, Y. X., Sun, W., Kautz, R. & Rolandi, M. Two-Terminal Protonic Devices with Synaptic-Like Short-Term 

Depression and Device Memory. Adv. Mater. 26, 4986–4990 (2014).
36.	 Judeinstein, P. & Sanchez, C. Hybrid organic–inorganic materials: a land of multidisciplinarity. J. Mater. Chem. 6, 511–525 (1996).
37.	 Stein, A., Melde, B. J. & Schroden, R. C. Hybrid inorganic-organic mesoporous silicates-nanoscopic reactors coming of age. Adv. 

Mater. 12, 1403–1419 (2000).
38.	 Sessolo, M. & Bolink, H. J. Hybrid Organic-Inorganic Light-Emitting Diodes. Adv. Mater. 23, 1829–1845 (2011).
39.	 Zhao, L. & Lin, Z. Crafting semiconductor organic-inorganic nanocomposites via placing conjugated polymers in intimate contact 

with nanocrystals for hybrid solar cells. Adv. Mater. 24, 4353–4368 (2012).
40.	 Haraguchi, K. & Takehisa, T. Nanocomposite hydrogels: a unique organic-inorganic network structure with extraordinary 

mechanical, optical, and swelling/de-swelling properties. Adv. Mater. 14, 1120–1124 (2002).
41.	 Dreyer, D. R., Park, S., Bielawski, C. W. & Ruoff, R. S. The chemistry of graphene oxide. Chem. Soc. Rev. 39, 228–240 (2010).
42.	 Zhu, Y. et al. Graphene and graphene oxide: synthesis, properties, and applications. Adv. Mater. 22, 3906–3924 (2010).
43.	 Loh, K. P., Bao, Q., Eda, G. & Chhowalla, M. Graphene oxide as a chemically tunable platform for optical applications. Nat. Chem. 

2, 1015–1024 (2010).
44.	 Zhuang, X. D. et al. Conjugated-polymer-functionalized graphene oxide: synthesis and nonvolatile rewritable memory effect. Adv. 

Mater. 22, 1731–1735 (2010).
45.	 Fernandes, S., Freire, C., Silvestre, A., Neto, C. & Gandini, A. Novel materials based on chitosan and cellulose. Polym. Int. 60, 

875–882. (2011).
46.	 Palla, B., Pacheco, C. & Carrin, M. Preparation and modification of chitosan particles for Rhizomucor miehei lipase immobilization. 

Biochem. Eng. J. 55, 199–207 (2011).
47.	 Liu, Y. H., Zhu, L. Q., Feng, P., Shi, Y. & Wan, Q. Freestanding Artificial synapses based on laterally proton-coupled transistors on 

chitosan membranes. Adv. Mater. 27, 5599–5604 (2015).
48.	 Chao, J. Y., Zhu, L. Q., Xiao, H. & Yuan, Z. G. Oxide electric double layer transistors gated by a chitosan-based biopolymer 

electrolyte. IEEE Electron Dev. Lett. 36, 799–801 (2015).
49.	 Zhou, J. M., Liu, Y. H., Shi, Y. & Wan, Q. Solution-processed chitosan-gated IZO-based transistors for mimicking synaptic plasticity. 

IEEE Electron Dev. Lett. 35, 280–282 (2014).
50.	 Dou, W., Zhu, L. Q., Jiang, J. & Wan, Q. Flexible dual-gate oxide TFTs gated by chitosan film on paper substrates. IEEE Electron Dev. 

Lett. 34, 259–261 (2013).
51.	 Barsoukov, E. & Macdonald, J. R. Impedance Spectroscopy: Theory, Experiment, and Applications, Second Edition, John Wiley & Sons, 

Inc., Hoboken, NJ, USA doi: 10.1002/0471716243.refs (2005).
52.	 Casalbore-Miceli, G. et al. Investigations on the ion transport mechanism in conducting polymer films. Solid State Ionics 131, 

311–321 (2000).
53.	 Chang, B. Y. & Park, S. M. Electrochemical impedance spectroscopy. Ann. Rev. Anal. Chem. 3. 207–229 (2010).
54.	 Jin, Y. G. et al. Hydrolytically Stable Phosphorylated Hybrid Silicas for Proton Conduction. Adv. Funct. Mater. 17, 3304–3311 (2007).
55.	 Kim, B. et al. Ion-implantation modification of lithium–phosphorus oxynitride thin-films. J. Power Sources 109, 214–219 (2002).
56.	 Khodagholy, D. et al. High transconductance organic electrochemical transistors. Nat. Commun. 4, 2133 (2013).
57.	 Herlogsson, L. et al. Downscaling of Organic Field-Effect Transistors with a Polyelectrolyte Gate Insulator. Adv. Mater. 20, 

4708–4713 (2008).
58.	 Bubnova, O., Berggren, M. & Crispin, X. Tuning the Thermoelectric Properties of Conducting Polymers in an Electrochemical 

Transistor. J. Am. Chem. Soc. 134, 16456–16459 (2012).



www.nature.com/scientificreports/

9Scientific Reports | 6:34065 | DOI: 10.1038/srep34065

59.	 Shimotani, H. et al. Insulator-to-metal transition in ZnO by electric double layer gating. Appl. Phys. Lett. 91, 082106 (2007).
60.	 Ueno, K. et al. Electric-field-induced superconductivity in an insulator. Nat. Mater. 7, 855–858 (2008).
61.	 Ueno, K. et al. Discovery of superconductivity in KTaO3 by electrostatic carrier doping. Nat. Nanotechnol. 6, 408–412 (2011).
62.	 Saito, Y. & Iwasa, Y. Ambipolar insulator-to-metal transition in black phosphorus by ionic-liquid gating. ACS Nano. 9, 3192–3198 

(2015).
63.	 Panzer, M. J., Newman, C. R. & Frisbie, C. D. Low-voltage operation of a pentacene field-effect transistor with a polymer electrolyte 

gate dielectric. Appl. Phys. Letts. 86, 103503 (2015).
64.	 Ren, Y. et al. Direct imaging of nanoscale conductance evolution in ion-gel-gated oxide transistors. Nano Lett. 15, 4730–4736 (2015).
65.	 Robertson, J. High dielectric constant oxides. Eur. Phys. J. Appl. Phys. 28, 265–291 (2004).
66.	 Owens, R. M. & Malliaras, G. G. Organic Electronics at the Interface with Biology. MRS Bull. 35, 449–456 (2010).
67.	 Simon, D. T. et al. Organic electronics for precise delivery of neurotransmitters to modulate mammalian sensory function. Nat. 

Mater. 8, 742–746 (2009).
68.	 Ghezzi, D. et al. A hybrid bioorganic interface for neuronal photoactivation. Nat. Commun. 2, 166 (2011).
69.	 Abidian, M. R. & Martin, D. C. Multifunctional Nanobiomaterials for Neural Interfaces. Adv. Funct. Mater. 19, 573–585 (2009).
70.	 Fortune, E. S. & Rose, G. J. Short-term synaptic plasticity as a temporal filter. Trends Neurosci. 24, 381–385 (2001).
71.	 Abbott, L. F. & Regehr, W. G. Synaptic computation. Nature 431, 796–803 (2004).

Acknowledgements
This work was supported in part by the National Science Foundation for Distinguished Young Scholars of China 
(Grant No. 61425020), in part by the National Natural Science Foundation of China (51502131), in part by a 
Project Funded by the Priority Academic Program Development of Jiangsu Higher Education Institutions, and in 
part by the Opening Project of Key Laboratory of Microelectronic Devices & Integrated Technology, Institute of 
Microelectronics, Chinese Academy of Sciences.

Author Contributions
P.F. and Q.W. designed the experiments. P.F. and Q.W. wrote the paper. P.F. and P.D. carried out the experiments 
and analyzed the data. All authors discussed the results and commented on the manuscript. Q.W. and Y.S. 
directed the projects.

Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Feng, P. et al. Proton Conducting Graphene Oxide/Chitosan Composite Electrolytes as 
Gate Dielectrics for New-Concept Devices. Sci. Rep. 6, 34065; doi: 10.1038/srep34065 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2016

http://creativecommons.org/licenses/by/4.0/

	Proton Conducting Graphene Oxide/Chitosan Composite Electrolytes as Gate Dielectrics for New-Concept Devices

	Results and Discussion

	Conclusions

	Methods

	Preparation of GO/Chitosan Composite Electrolyte Films. 
	Fabrication of the Devices. 
	Electrical Measurement of the Transistors. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ From GO sheets and cihtosan to GO/chitosan composite and the characterization of the composite electrolyte film.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ AND logic demonstrated in a two-gate IZO-based EDL transistor using GO/chitosan composite as gate dielectrics.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Two-terminal operation of the device.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Synaptic behavior emulation and the dependence of the transition efficiency on stimulation rate.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Synaptic-like high-pass filtering characteristics.



 
    
       
          application/pdf
          
             
                Proton Conducting Graphene Oxide/Chitosan Composite Electrolytes as Gate Dielectrics for New-Concept Devices
            
         
          
             
                srep ,  (2016). doi:10.1038/srep34065
            
         
          
             
                Ping Feng
                Peifu Du
                Changjin Wan
                Yi Shi
                Qing Wan
            
         
          doi:10.1038/srep34065
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep34065
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep34065
            
         
      
       
          
          
          
             
                doi:10.1038/srep34065
            
         
          
             
                srep ,  (2016). doi:10.1038/srep34065
            
         
          
          
      
       
       
          True
      
   




