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Abstract 

Memories based on graphene that could be mass produced using low-cost methods have not yet 

received much attention. Here we demonstrate graphene ferroelectric (dual-gate) field effect transistors. 

The graphene has been obtained using electrochemical exfoliation of graphite. Field-effect transistors 

are realized using a monolayer of graphene flakes deposited by the Langmuir-Blodgett protocol. 

Ferroelectric field effect transistor memories are realized using a random ferroelectric copolymer 

poly(vinylidenefluoride-co-trifluoroethylene) in a top gated geometry. The memory transistors reveal 

ambipolar behaviour with both electron and hole accumulation channels. We show that the non-

ferroelectric bottom gate can be advantageously used to tune the on/off ratio.  
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1. Introduction 

Graphene holds great promise for microelectronic applications.
1–5

 Digital memories based on graphene 
have been proposed and different graphene memory concepts based on charge trapping

6–9
 and ferroelectric 

gating
10–16

 have been demonstrated. There have been many efforts to integrate ferroelectrics (both organic 
and inorganic) with graphene for non-volatile memory applications.

17
 In all cases a transistor is used with a 

planar structure. The ferroelectric memories have been realized using graphene obtained from either 
mechanical exfoliation or chemical vapour deposition (CVD).  

Due to good mechanical properties and flexibility, graphene has been suggested for low-cost, flexible 
electronics. Mechanically exfoliated graphene, however, does not meet the up-scaling and industrial 
production demand. CVD growth wherein an organic precursor is decomposed at elevated temperatures 
on a Cu or Ni foil,

18
 requires post-growth transfer of graphene to a target substrate using a sacrificial 

transfer layer and wet etching of the metal foil.
19–21

 The etching process is typically done in an aqueous 
acidic environment. As a result, transferred CVD graphene is usually highly doped and exhibit a large 
uncontrolled shift in the Dirac voltage. The lack of control over the Dirac voltage results in typically 
absence of electron channel in the transistor, as well as the reliability and irreproducibility issues in the 
performance of discrete graphene memories. Moreover, the thermal budget (process temperature and time) 
for CVD-grown graphene is incompatible with low-cost and low-temperature technologies.

22–25
 For low-

cost, flexible electronic applications, a low-temperature solution-based graphene production technology is 
still needed, which eventually enables solution-processed graphene ferroelectric transistors. Viable 
solution processed memories based on low-cost graphene have not been demonstrated yet.  

Recently, low-cost graphene mass production methods have been proposed that yield high-quality 
graphene sheets at low temperatures particularly suitable for applications in disposable and printed 
electronics. Electrochemical (EC) exfoliation of graphite sheets in aqueous solutions has been 
demonstrated as an effective and high yielding route toward up-scaled graphene fabrication.

26–29
 It has been 

shown that EC-exfoliation in electrolytes leads to flakes with large lateral size of up to 44 μm and 
typically less than 3 layers. EC-exfoliated graphene flakes have a low oxidation degree (a carbon/oxygen 
ratio of 17.2). The reported hole mobility in EC-exfoliated graphene is about 300 cm

2
/Vs, much lower 

than that of CVD graphene however suitable for low-cost printed electronic applications.
30

 Despite the 
potential of EC-exfoliated graphene for micro-electronic applications, functional devices such as 
memories have not been reported so far. 

Here, we describe the fabrication of ferroelectric memories based on electrochemically exfoliated 
graphene. By adjusting the processing parameters, a layer of connected graphene flakes that bridges the 
gap between the source and drain electrodes can be obtained using Langmuir-Blodgett thin-film 
deposition. Graphene transistors are realized by deposition of the flakes on a substrate with pre-patterned 
source and drain electrodes. The fabrication process yields reproducible metal/graphene contacts that are 
on par with previously reported metal/graphene contacts using the conventional methods, e.g. 

photolithography, contact deposition, followed by etching or lift-off.
31–35 

The ferroelectric field-effect 
transistors display ambipolar behaviour, i.e. both electron and hole accumulation channels can be realized. 

We demonstrate the basic hysteretic transfer characteristics of a ferroelectric transistor. The remanent 
ferroelectric polarization modulates conductance of the graphene layer. Bistable conductance at zero gate 
bias can be achieved using the two different polarization states of the ferroelectric layer. We further show 
that memory on/off ratio can be tuned by introducing a second control gate electrode. The performance of 
the ferroelectric transistors presented in our work is comparable with those realized with mechanically 
exfoliated or CVD grown graphene.

36
 Therefore, electrochemically exfoliated graphene can be suggested 

as a low-cost solution-processed alternative for application of graphene in digital memories. 
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2. Experimental 

The exfoliation of graphene from graphite was carried out in a dual-electrode system, thereby employing 
graphite foil as an anode and platinum foil as cathode. To prepare the electrolyte solution, ammonium 
sulphate was dissolved in deionized water (0.1 mol/L). The exfoliation was initiated by applying a positive 
voltage (+10 V) to the graphite anode. Exfoliated graphene flakes finally floated on the surface of the 
electrolyte and the exfoliation process lasted for 15 minutes. The resultant exfoliated graphene flakes were 
then collected by vacuum filtration with a polytetrafluoroethylene (PTFE) membrane filter and washed 
three times with water to remove any salt traces. The graphene dispersion was obtained by treating the 
flakes in dimethylformamide (DMF) via mild sonication in an ice bath. The dispersion was then kept for 
12 hours to eliminate un-exfoliated flakes or aggregates. Details of the exfoliation process have been 
reported previously.

30
 The supernatant graphene dispersion (ca. 0.2 mg/mL) was subsequently mixed with 

chloroform (1:3 v/v). 100 µL of the mixture were carefully dropped onto the water surface in the 
Langmuir-Blodgett (LB) trough. The thin graphene film was compressed by the LB barrier. The surface 
tension was monitored using a tensiometer. The EC-exfoliated graphene layer was finally transferred onto 
the substrate through vertical dip-coating. Transistor structures were fabricated on 150 mm highly doped 
p-type Si wafers with 250 nm of thermally grown SiO

2
. Au/Ti (150 nm/2 nm) source and drain electrodes 

were obtained by conventional photolithography. Ti was used as an adhesion layer. The electrode spacing 
was varied from 5 μm to 40 μm. The ferroelectric random copolymers of poly(vinylidenefluoride) with 
trifluoroethylene (P(VDF-TrFE)) (65/35 mol %)   were spin-coated from butanone on top of the graphene 
layer and acted as the ferroelectric gate dielectric.

37–39
 The P(VDF-TrFE)  layer thickness amounted to 1 

μm. No change in the optical images were observed upon spin-coating of the P(VDF-TrFE) layer. Detailed 
SEM imaging could not be performed after P(VDF-TrFE) deposition due to charging issues. The top gate 
Au electrode was evaporated through a shadow mask following a vacuum annealing step at 140 °C to 
enhance the crystallinity of the P(VDF-TrFE) layer.

40
 It is well-established that the annealing step is 

crucial to enhance the ferroelectric response of the P(VDF-TFE) layer.
41,42

 Presence of graphene does not 

influence crystallization of the P(VDF-TrFE) over layer.
43 Furthermore we probed P(VDF-TrFE) 

morphology after annealing using AFM. Typical needle/star-shaped crystallites were observed. 

Devices were measured in ambient condition and in vacuum (10
-6
 mbar), but no significant differences 

were observed. We note that all measurements were performed under dark condition at a constant 
temperature (T= 293 K) to minimize sporadic effect of ambient light absorption and temperature 
variations. The device layout and the chemical structure of the compounds are given in figure 1. 
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Figure 1. a) Schematic description of the dual-gate ferroelectric transistor with electrochemically 
exfoliated graphene flakes in the channel. b) Schematic representation of the chemical structure of P(VDF-
TrFE). c) Optical image of a transistor with interdigitated finger electrode geometry. The FET surface 
covered with EC-exfoliated graphene flakes appeared as orange spots on the surface. The insets show an 
SEM image of dark grey graphene flakes on the light grey SiO

2
 surface (left), the corresponding Raman 

spectra (middle) and on the right, a typical SEM image of the EC-graphene flakes between two gold 
electrodes (the horizontal strips) on the transistor substrate.  
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3. Results and discussion 

The morphology and quality of the EC-exfoliated graphene were evaluated using scanning electron 
microscopy and Raman spectroscopy. Figure 1c shows a typical SEM image of the EC-exfoliated flakes. 
It is known that for 80% of the flakes the lateral size is larger than 5.0 μm (figure 1c), and 85% of EC-
graphene flakes comprise thin graphene (≤3 layers), where single and bilayer graphene are the dominant 

products (together ∼72%). A typical Raman spectrum (also given in figure 1c) was recorded near the 
center of a graphene flake using a 532 nm excitation laser incident on the flake deposited SiO

2
 surface. 

The spectrum gave an I
D
/I

G
 ratio of 0.42, which is much smaller than for chemically or thermally reduced 

graphene oxide (∼1.1−1.5) and suggests the formation of graphene flakes with relatively low degree of 
defects.

44
 We have previously published an extensive analysis of the exfoliated flakes using Raman 

spectroscopy.
30

 The flakes were subsequently transferred onto a pre-patterned transistor structure using LB 
thin-film deposition. An optical image of the device is given in figure 1c. It is evident that the flakes did 
not fully cover the device area. To arrive at a reliable statistics for graphene flake coverage on the 
substrates, we analysed numerous SEM images taken from different parts of the substrate. The inspected 
area was always larger than 100 μm2. In figure 1c, a typical 10μm x 10μm is shown. The graphene 
coverage on SiO2 surface calculated from the SEM images amount to 50%. The variation in coverage is 
within 5-10% depending on the grayscale threshold used for the image processing. Due to the presence of 
OH bonds, the SiO

2
 surface is likely to trap accumulated electrons and cause an undesirable hysteresis in 

the transfer characteristics. The surface of the SiO
2
 layer was therefore passivated with 

hexamethyldisilazane (HMDS) prior to EC-exfoliated graphene deposition on FET substrates. As a result 
of HMDS treatment hysteresis due to charge trapping disappears from the transfer characteristics thereby 
enabling correct evaluation of the hysteresis caused by the ferroelectric polarization.

45
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The output characteristic of a typical transistor is presented in figure 2. The current reveals a linear 
dependence upon the source drain bias and can be modulated with the applied bottom gate bias. The 
coverage of the substrate by the flakes as shown in the right inset of figure 1c, is incomplete. Hence 
calculating the mobility by taking only the geometrical device dimensions, as defined by the 
photolithography process, leads to a severe underestimation of the mobility (a value of nearly 10

-3
 cm

2
/Vs 

was calculated). To correctly evaluate the mobility, the channel width of the graphene transistor must be 
determined. The flakes are randomly oriented and do not fully cover the substrates. A careful inspection of 
the transistor substrate was performed using SEM to identify the positions where the graphene flakes 
make a bridge between the two Au electrodes. A typical SEM image of the channel is shown in figure 1c. 
The channel width of the transistors was estimated using the following protocol: First the bridging 
positions were identified. Subsequently, the width of the contact between the flake and the drain electrode 
was taken as the channel width at the respective position. The total channel width was obtained by 
summation of the channel width of all connecting bridges. Upon channel width correction, a mobility of 
100 cm

2
/Vs was obtained, which is very close to previously reported values.

30,46
 It has been recently shown 

that graphene deposition onto pre-patterned substrates has minimal adverse effects on the quality of the 
graphene layer and yields high quality reproducible metal/graphene contacts.

35
 Furthermore, upscaling of 

the device fabrication process has been demonstrated. 

 

 

Figure 2. Output characteristics of a bottom-gate EC-exfoliated graphene transistor. The inset shows the 

FET layout. The channel length and width are 5 m and 10000 m, respectively. 
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Next, a layer of the ferroelectric polymer P(VDF-TrFE) was spin coated onto the graphene film. The 
FeFETs were completed by deposition of a gold top gate electrode. A low bias of 100 mV was applied to 
the drain electrode. The source was grounded, and the gate bias was swept from -50 V to 50 V and back. 
A typical transfer curve of the FeFET is given in figure 3. At -50 V gate bias, P(VDF-TrFE) is fully 
negatively polarized. The negative polarization is stabilized by accumulated holes in the EC-graphene 
layer, which leads to formation of a hole channel in the graphene layer. As the gate voltage increases 
towards positive values, at about +30  V, the coercive field is reached and the polarization of the 
ferroelectric switches its direction. The hole current suddenly drops, and the gate leakage, displacement 
current shows a switching peak. Due to polarization reversal, the channel is depleted from holes. Electrons 
are then accumulated to stabilize and compensate for the positive ferroelectric polarization. As a result, an 
electron channel is formed; the current shows a sudden rise, and the transistor is back to the on-state albeit 
in the electron accumulation regime. Upon a reverse sweep, when the gate bias reaches the coercive field 
at -30 V, the ferroelectric polarization is reversed. The displacement current exhibits a peak, and the 
polarization is again negative and stabilized with accumulated holes. The EC-exfoliated FeFETs reveals 
typical ambipolar behaviour. It should be noted that SiO

2
 substrate usually p-dopes the graphene layer.

9
 

Hence the hole current is slightly higher than the electron current. It should be noted that since graphene is 
a zero band gap semiconductor, it can never be depleted; hence there is no threshold voltage for graphene 
FeFETs. Instead, the position of the Dirac point is sensitive to the gate bias.

10,13
 In EC-graphene FeFETs, 

the Dirac point is doubled due to the polarization switching of the gate dielectric and coincides with the 
coercive voltage of the ferroelectric gate. It is well-known that surface treatment of SiO

2
 with self-

assembled monolayers such as HMDS promotes electron conduction in the semiconductor atop layer due 
to effective hindrance of electron trapping by the SiO

2
 layer.

45
 Observation of the ambipolar behaviour in 

the FeFETs can be attributed to the surface treatment of the SiO
2
 layer with HMDS.  

 

Figure 3. Output characteristics (blue) and the displacement gate leakage current (red) of a top-gate 
ferroelectric field-effect transistor based on EC-exfoliated graphene flakes. The device layout is shown in 

figure 1a. The channel length and width are 5 μm and 10000 μm, respectively. 
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It has been demonstrated that the on/off ratio at zero top gate bias in FeFETs can be controlled using the 
bottom gate.

47
  Hence, we introduced a second gate and characterized the performance of the dual-gate 

FeFET. The device layout is schematically presented in figure 1a. The drain bias was fixed at 100 mV and 
the gate bias on the ferroelectric top gate was swept from −50  V to +50  V and back. The source electrode 
was grounded. The transfer curves for three different bottom gate biases of 0 V, and ±40  V are displayed 
in figure 4. Application of 0 V on the non-ferroelectric bottom SiO

2
 gate has no influence on the FeFET 

transfer characteristics, and the device shows a performance similar to figure 3. Next, a negative bias of -
40 V is applied on the bottom gate. Application of a negative bias has two effects; firstly, the current for 
the hole accumulation regime is increased. Secondly, the current for the electron accumulated channel is 
reduced. The hole current is due to formation of two hole accumulation layers due to negative polarization 
of both the ferroelectric top and non-ferroelectric bottom gates. For the electron accumulation channel, the 
ferroelectric is positively polarized whereas the bottom gate is negative. The graphene layer cannot 
effectively screen the top and bottom potentials by supplying holes and electrons for the top and bottom 
channels, respectively. As a result, the bottom gate bias slightly depolarizes (by less than 10%) the 
ferroelectric layer.

47 
Hence, the density of the accumulated electrons is reduced, and a lower electron 

current is measured. A similar trend, but opposite, is observed for positive bottom gate bias of +40 V; the 
current for the electron channel increases whereas for the hole accumulated channel the current is reduced. 
As a result, the on/off ratio in an EC-graphene FeFET can be controlled by applying a bias to the bottom 
gate, as shown in figure 4b. Moreover, despite the large voltages on the bottom gate, the displacement 
current peak of the ferroelectric gate remains intact, and no splitting or reduction of the peaks are 
observed, indicating that the bottom gate does not influence the switching voltage of the top ferroelectric 
gate.

48  

The time that the FeFETs can retain data in the absence of power, hence data retention time, is of 
particular importance for any practical applications. The FeFETs realized with electrochemically 
exfoliated graphene and P(VDF-TrFE) gate typically show robust retention time, as shown in figure 5. 
There was no significant deterioration of the on/off ratio after 10

4
 seconds. The exact mechanism for slight 

drop in the on/off ratio over time is not clear yet. Nevertheless we speculate that polarization induced 
accumulated charges in the channel may also compensation of dopant anions leading to less compensation 
charges to stabilize polarization. As a result, the P(VDF-TrFE) layer slightly depolarizes hence leading to 
the observed drop in the on/off ratio. 

 

4. Conclusions 

In conclusion, we have demonstrated ferroelectric field-effect transistors based on a low-cost 
electrochemically exfoliated graphene flakes. The LB-film of graphene flakes shows a hole field-effect 
mobility of 100 cm

2
/Vs. The device fabrication is compatible with low temperature processing on foils. 

The EC-graphene ferroelectric transistors reveal ambipolar hysteretic transfer characteristics. The single 
gated transistors possess robust memory characteristics. A second non-ferroelectric gate has been 
introduced which can advantageously control the current level in either of the electron or hole charge 
accumulation regimes. Biasing the bottom gate has limited influence on the polarization status of the top 
ferroelectric gate. FeFETs realized with P(VDF-TrFE) typically show robust performance in terms of 
retention time and cycle endurance.

49–51
 The ferroelectric transistors with EC-exfoliated graphene are 

characterized by highly reproducible and well-defined hysteretic response, and can be a good candidate 
for non-volatile memory applications in low-cost printable electronics. 
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Figure 4. a) Output characteristics (top) and the displacement gate leakage current (bottom) of a dual-gate 
ferroelectric field-effect transistor based on EC-exfoliated graphene flakes. The current in the channel can 
be manipulated using a bias applied on the bottom non-ferroelectric gate. Depending on the polarity of the 
non-ferroelectric gate bias, electron or hole current is enhanced, as indicated by arrows in the figure. The 
channel length and width are 5 μm and 10000 μm, respectively. b) On/Off ratio as function of the non-

ferroelectric bottom gate bias. 
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Figure 5. Retention time of the on/off ratio at zero gate bias.  
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Highlights 

 

Solution processed graphene ferroelectric field-effect transistor memories have been 

demonstrated based on electrochemically exfoliated graphene, and ferroelectric polymers.  

 

The on/off ratio in the graphene FeFET can be tuned by a second non-ferroelectric gate.  

 

Graphene ferroelectric field-effect transistors showed good memory performance such as 

long retention time.  

 

 


