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Abstract
Demonstration of high-performance, all-printed transistors fabricated only from networks of two-dimensional nanosheets would represent a significant advance in printed electronics. However, such devices have only been shown to work via electrolytic gating. Under those circumstances, both channel-electrolyte and gate-electrolyte interfaces show significant capacitances which, when unoptimized, lead to reduced device performance. Here, we fabricate a range of printed TFTs with WSe2 and graphene nanosheet networks acting as channel and gate electrodes. We find that transistor operation depends sensitively on the ratio of gate electrode to channel volume such that effective mobility is only maximised when the gate volume is >10 times larger than the channel volume. These results indicate that all-printed, all-nanosheet stacked heterostructure TFTs will require relatively thick gates to operate effectively. 
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Introduction
The field of printed electronics is one that has experienced a surge in the past decade due to the advent of new active materials as well as enhanced printing technologies with improved resolution. Direct printing of electronic devices using nanomaterials is of particular interest due to the broad range of properties available and the possibility of combining a range of materials into functional heterostructures. One class of nanomaterials that has seen growing utilisation in printed1 devices is the growing family of 2D materials whose members including graphene, boron nitride and MoS2.2 Printing of 2D nanosheets results in the formation of a porous network consisting of a highly disordered arrangement of platelets. In recent years, various types of printed device have been fabricated from such networks including strain sensors,3 gas sensors,4 solar cells,5 and transistors.6-10 
Liquid-phase exfoliation is a versatile method that can produce high-concentration, stable dispersions of a wide range of 2D materials.11-16 Such exfoliation, combined with techniques such as size-selection and concentration by liquid cascade centrifugation14 as well as transfer into alternative solvents such as isopropanol,17 yields nanosheet inks which can be printed in a number of ways.1, 3, 18, 19 Of particular interest is using these nanosheet inks to fabricate electronic devices such as thin film transistors (TFTs).6, 17, 20-23 
However, it has proven quite difficult to fabricate high performance dielectrically gated transistors using printed networks of nanosheets. Effective switching is only observed when inter-nanosheet junction resistance is aggressively minimised allowing the formation of very thin current-carrying networks.24 Otherwise, only the nanosheets very close to the gate switch resulting in very low on/off ratios.25 As a result, attention has shifted somewhat to the study of electrolytic (i.e. electrochemical) gating26, 27 of nanosheet network TFTs. This gating method is quite effective, largely because the electrolyte can penetrate into the porous interior of the nanosheet network, creating a large area nanosheet/electrolyte interface which allows every nanosheet to be effectively switched.6 In addition, such devices have the advantage that large on currents and transconductances can be achieved, simply by increasing the network thickness.6, 28
In addition to 2D materials,6, 20, 29 electrolytically gated printed transistors have previously been demonstrated using a range of organic and nano-materials including carbon nanotubes30, colloidal nanocrystals31, and organic compounds26, 32, 33 as the active channel material. However, much less attention is given to the gate electrode, which can be fabricated from a number of materials including lithographically-patterned metal,21 PEDOT:PSS7 and porous nanosheet networks6. Once difference between dielectrically- and electrolytically-gated transistors is the nature of the gate capacitance. In a dielectrically gated TFT, the capacitance is simply that associated with the gate dielectric which is sandwiched between the channel and the gate electrode. However, in an electrolytically gated transistor, the dielectric is replaced with an electrolyte. Application of a gate voltage results in migration of ions to both channel/electrolyte and electrolyte/gate electrode interfaces.26, 27 These ions are then balanced by complementary charge in the channel and gate electrode respectively. This means there are two capacitors in series to consider, associated with the channel/electrolyte and electrolyte/gate electrode interfaces. Generally, the smaller capacitance will dominate the overall behaviour of the device, with the system usually designed such that the channel/electrolyte interfacial capacitance dominates.27 This means the dimensions of both channel and gate must be carefully considered. Previous work has shown transfer characteristics can depend on the size of the gate electrode, due to its effect on the electrolyte/gate interfacial capacitance.34, 35 This shows that the properties of the overall transistor can be changed by varying the area of the gate. 
These effects are particularly important when considering transistors fabricated from nanosheet networks, especially when both channel and gate electrode consist of such networks. Such networks are highly porous and contain considerable amounts internal surface. As such, it is necessary to consider the volumetric capacitance, which depends on both porosity and mean nanosheet thickness.36 Then the areal capacitance of the network is equal to the product of volumetric capacitance and the network thickness. This thickness-dependent capacitance can be the source of significant problems. If the channel is made thick to maximise transconductance, this has the side effect of increasing the capacitance associated with the channel/electrolyte interface, perhaps up to the point where this capacitance no longer dominates, and normal device operation is compromised. If printed TFTs with nanosheet-based channels and gate electrodes are to be optimised, it will be important to identify design rules to inform the choice of gate electrode dimensions.
Here we analyse the variation in transfer characteristics of a WSe2-based channel with changes in the volume of a gate electrode fabricated from a network of graphene nanosheets. The gate volume was controlled by inkjet printing electrodes with a range of areas and thicknesses to give a gate electrodes with volumes varying from much less than to much larger than the channel volume. We found that the TFT performance varied strongly with gate electrode volume, with performance maximisation occurring when gate volume was more than ten times the channel volume. 

Results & Discussion
Dispersions of graphene and WSe2 nanosheets (figure 1A) were produced via liquid-phase exfoliation in N-methyl pyrrolidinone (NMP) followed by transfer into isopropanol (IPA) via solvent exchange as described in methods. Extinction spectra measured for these dispersions (Figure 1B) show the characteristic features expected for both materials. The graphene spectrum shows the expected relatively flat plateau at higher wavelengths, and the Van Hove singularity present at ~ 300 nm 37. Similarly, the WSe2 spectrum shows the characteristic A exciton peak at ~775 nm.38 Transmission electron microscopy (TEM) measurements (figure 1C-D) showed the dispersions to contain quasi-2D nanosheets with no non-planar objects observed. The lengths of graphene (Figure 1C) and WSe2 (Figure 1D) nanosheets display lognormal distributions, with average lengths of 360 ± 20 nm and 185 ± 9 nm respectively. Because of the well-defined relationship between length and thickness in LPE nanosheets, these nanosheet lengths imply a mean nanosheet thickness of 5-6 layers for both materials.39
These dispersions were printed into thin (~1 m thick) networks for structural investigation via scanning electron microscopy (SEM). As shown in Figures 1E and 1F, the graphene and WSe2 films consist of loosely packed nanosheets with some in-plane alignment. Previous studies have shown such networks to have porosities of 40-60%.6 Reasonably high porosities are critical for electrolytically gated TFTs to allow a liquid electrolyte to permeate the entire network volume, as discussed in previous work 6, 21, 26. Figures 1G and 1H show the characteristic Raman spectra of graphene and WSe2 films, with the 250 cm-1 peak corresponding to the degenerate E1g and A1g WSe2 modes and the D, G and 2D graphene peaks at 1351 cm-1, 1580 cm-1 and 2717 cm-1 respectively 40, 41. The D/G ratio obtained was 0.27 indicating the graphene to be relatively defect free. 
The WSe2 and graphene dispersions described above were used as inks to print channels and gates in arrays of 4 TFTs at a time. For each individual TFT, a WSe2 film of dimensions 3mm1mm1.5m was first spray-deposited to act as the channel. Interdigitated source and drain electrodes were then deposited on top of each channel by e-beam evaporation. Finally, for each TFT a side-gate was deposited by inkjet printing a film of graphene nanosheets. The gate electrode of each TFT had a different volume which was achieved by varying both the area (0.1-450 mm2) and thickness (0.5-2 m) of the film. Figure 2A shows a schematic of the printed TFTs. A micrograph of one of the TFTs is shown in Figure 2B. We note that the films making up both channel and gate electrode consisted of porous networks of nanosheets similar to those in figure 1 E-F.
Figure 2C shows representative transistor output curves from the range of gate volumes in the “dry” state, i.e. before the addition of the ionic liquid. From this, we extract an average channel conductivity of ~ 1.3 ± 0.6 mS/m, in line with previous measurements for WSe2 networks.42 Figure 2D shows the same measurements following the addition of the ionic liquid where an increase in the conductivity of two orders of magnitude is seen, with the average wet conductivity found to be 130 ± 70 mS/m. This conductivity increase arises from the accumulation of ions at the nanosheet network/electrolyte interface which results charge accumulation within the nanosheet network. This is likely also the source of the non-linearity observed in the “wet” state, due to an increase in the carrier density in the channel at higher source-drain voltages as ions are drawn into the channel from the electrolyte, even at VG = 0 V. This “self-doping” effect has been observed in previous work 6. In addition, neither the wet nor dry conductivities exhibited a systematic dependence on gate volume.
Figure 2E shows representative transfer curves for various gate volumes ranging from 10-5 to 1 mm3. The transfer curves are normalised by the channel thickness to provide an accurate cross-device comparison. In all cases, we see effective current switching as the gate voltage is varied with most devices showing ambipolar behaviour. The principle of operation in liquid-electrolyte gated TFTs is well described in the literature at this point.6, 21, 27 As described above, applying a voltage to the gate electrode results in ions of a particular charge being drawn to the electrolyte/gate electrode interface, with counter-ions driven to the channel/electrolyte interface. This results in the formation of electrical double layers (EDL) at both interfaces. Most importantly, charge carriers are drawn into the channel from the source and drain electrodes to balance the charge. This results in a significant increase in the channel conductivity while the device is in the “on” state. What is most interesting from figure 2E is that we observe significant variations in output characteristic as the gate volume is varied relative to the channel volume. These variations can be quantified in terms of changes in both the transconductance and the on:off ratio.



We can understand the thickness dependence of the transconductance by modifying the standard source-drain current equation.6, 28 At low source-strain voltages, Ohm’s law gives the source-drain current in the channel as  where  is the network mobility, Q is the free carrier charge density (C/m3) and w=16 mm, L=120 m and t1.5 m are the interdigitated channel width, length and thickness. Modelling the electrolytically-gated network as a supercapacitor electrode gives the induced free charge density in the channel as  where C is overall capacitance associated with the electrolyte (a combination of the channel/electrolyte interface and the electrolyte/gate interface capacitances), Ch=Lwt is the channel volume and VT is the threshold voltage which is related to the trap density. Combining these equations gives 

							(1)

Here,  can be obtained from the slope of the transfer curve just above the threshold voltage. Previously, it has been argued that this quantity is a figure of merit which described the performance of the TFT.6, 28 More generally, this quantity is used in combination with the volumetric capacity of the channel to obtain the mobility. However, great care must be taken here. As we demonstrate below, the mobility obtained in this way is only representative of the network mobility under the appropriate conditions.



It is well known that C is approximately equal to the channel/electrolyte interface capacitance, CCh, only when this capacitance is dominant, i.e. is much smaller than the capacitance associated with the gate electrode/electrolyte interface, CG. This is the normal operating condition for an electrolytically gated TFT and under these conditions C/Ch is equivalent to the channel volumetric capacitance, . However, when the electrolyte/gate interface capacitance is dominant (i.e. the smaller capacitance), then C is controlled by the electrolyte/gate interface and is no longer equal to . This is particularly important in nanosheet network transistors. Their large internal surface area36 can yield large values of CCh, resulting in CCh>CG such that the normal condition of  no longer applies.








[bookmark: MTBlankEqn]To show this, we extracted by fitting the transfer curves (figure 2E) in both electron and hole doping regimes. This is plotted in figures 3A and 3B which show the evolution of  with gate volume (expressed as the ratio of gate to channel volume, ) for electrons and holes. For large values of , CCh<<CG, and so the capacitance at channel/electrolyte interface dominates leading to constant , i.e. normal behaviour. However, for small values of , CCh>>CG, and so the capacitance at gate/electrolyte interface dominates. Under such circumstances,  is no longer constant but falls off with decreasing .





We can model this behaviour in its entirety by expressing C in terms of a series combination of channel/electrolyte interface capacitance (CCh) and electrolyte/gate interface capacitance (CG):  . Then, writing each capacitance in terms of electrode volume (i.e. Ch and G),  and , ( and  are the volumetric capacitances of channel and gate) yields an equation which can be combined with mobility to give:

   							 (2)


Eq. (2) can be used to fit C/Ch versus G/Ch (or alternatively G) data such as that in figures 3 A-B. Using the fit represented by the solid lines in Figure 3A and 3B, we can extract values of  for both electrons and holes. Using the previously reported value of  =1.3 F/cm3 for WSe2 networks,6 we obtain the following values for : e = (2.51)10-2 cm2 V-1 s-1 and μh = (1.30.4)10-2 cm2 V-1 s-1. This can be compared to similar nanosheet networks using both WSe2 and WS2 nanosheets, ranging from 810-2 cm2 V-1 s-1 for a WSe2 nanosheet network6 to 10-2 cm2 V-1 s-1 and 10-1 cm2 V-1 s-1 for WS2 nanosheet networks.21, 43 The fact that mobility values are similar for different nanosheet types indicates that the inter-flake junctions are the limiting factor in the mobility. Although these values are low compared to the state of the art, they are similar to values obtained for some organic electrochemical transistors32 of 1.710-2 cm2 V-1 s-1. 






We can also extract a value for the ratio of the channel and gate volumetric capacitances:  = 0.90.5 and 0.50.25 for electrons and holes respectively. We can test the validity of these values as follows. The volumetric capacitance of a porous electrode is given by  , where  is the accessible internal surface area per unit electrode volume and  is the double layer thickness.36 This allows us to link the capacitance ratio to an area ratio: . All other things being equal, the fact that ~1 implies that the internal surface area per volume () is similar for both channel and gate.
Assuming the entire internal surface area is accessible to the ions, the volumetric capacitance of a nanosheet network is given by:36

 									(3)


where P is the network porosity,  is the mean number of layers per nanosheet and d0 is the monolayer thickness. Assuming the double layers at the graphene and WSe2 interfaces are similar and noting that  is similar for both materials (see above) yields:

									(4)



Taking =0.7 and =0.35/0.6 yields: . If PG0.6, this gives PCh0.5 which would be consistent with previously reported networks.6



As mentioned above when the gate volume is large enough, Eq. (2) can be rearranged to give . Ideally, an electrochemically gated transistor is designed with a large enough gate (i.e. CCh<<CG) to enable this approximation. However, if this approximation is not true, then the mobility will not match that of the material but will be an effective mobility, Eff. With this in mind, we can divide the experimental values of  data by =1.3 F/cm3 to obtain an effective mobility, Eff, which should be reasonably accurate at large gate volume but fall off as gate volume is reduced. We have plotted Eff versus G/Ch in Figure 3C and 3D for both electrons and holes. Overall, the dependence of effective mobility on gate volume can be found my modifying equation 2: 

 				 (5)

This equation has been plotted on figure 3 C-D using the values of  and  given above. Here, we see that the effective mobility is only independent of gate volume for values of G/Ch>10. This condition is consistent with the rule of thumb suggested by Rivnay et al.27 that the gate capacitance should be at least ten times larger than the channel capacitance. This demonstrates that the gate capacitance must remain above this threshold for the device characteristics to be evaluated in a reliable manner. 
It is worth noting that, in line with the analysis above we can write

 					(6)


As shown above, for these materials, () is similar for both channel and gate, meaning that the condition, G/Ch>10, is equivalent to  >10. This means that a correctly designed, all printed, all nanosheet transistor will have a gate electrode internal area which is ten times that of the channel.
Finally, the on:off ratios and maximum on current were also observed to depend on gate volume, as seen in Figure 3E-F. Both quantities tend to increase with increasing gate volume, with no sign of saturation at high gate:channel volume ratio. As the gate volume is increased, the quantity of ions accumulating within the gate electrode increases with increasing gate voltage. This will therefore increase the number of counter-ions introduced into the channel thereby increasing the channel conductivity by a greater magnitude for a larger gate volume than a smaller gate volume.  This effect was previously reported by A.T. Wong et al. 35 in a study on varying the area of the gate electrode. We speculate that low gate volume may have been the reason for poor on:off ratios in our previously reported all-printed, all-nanosheet TFTs.6

Conclusions
In conclusion, we have found that the geometry of the gate electrode has a significant effect on the operation of printed TFTs, where both gate and channel are fabricated from nanosheet networks. Both the effective mobility of the device and magnitude of the on and off currents are significantly affected by the volume of the gate electrode. We find that the gate:channel volume ratio must be kept above ~10 for the effective mobility to be maximised. Alternatively, the effective mobility can be detuned away from its maximum value by reducing the gate volume. TFTs with gate electrodes consisting of porous nanosheet networks have a significant advantage in that their volume can be controlled via electrode area and thickness rather than only via area as is the case for solid electrodes. These results are particularly relevant for future vertically stacked, all-nanosheet transistors, where it is likely that gate thickness will be an important parameter.

Materials & Methods
Ink Preparation: The inks used were prepared using liquid phase exfoliation. Pristine powders (WSe2 from Alfa Aesar CAS: 12067-46-8 , graphene from Asbury Carbon, grade 3763) were dispersed in 80mL of N-methyl pyrrolidinone (NMP) (HPLC grade, Sigma Aldrich) with a starting concentration of 40 mg/mL. These dispersions were sonicated using a horn tip sonicator (Sonics Vibra-cell VCX-750 ultrasonic processor) for 1 hour, followed by a 1 hour centrifugation step at 3220g to remove impurities. The remaining material was redispersed in a further 80mL of NMP and sonicated for 5 hours (WSe2) and 6 hours (graphene). Liquid cascade centrifugation was then used to size-select the dispersions. This is a two-step process that involves one 2-hour centrifugation step at a lower rpm (26.6g for WSe2, 665g for graphene) in order to remove very large nanosheets and any unexfoliated material. The supernatant was kept and the sediment discarded. The second centrifugation step is at a higher rpm (106.4g for WSe2 and 3830g for graphene), after which the sediment was kept and the supernatant discarded. The nanosheets were redispersed in isopropanol in order to facilitate deposition. This was done by taking the size-selected dispersions and centrifuging them at high speed (3830g) until the vast majority of the material has precipitated out. The supernatant was removed and isopropanol added until the sediment was able to completely redisperse in the new solvent.
Optical Spectroscopy: Once prepared and transferred into isopropanol, the inks were analysed using UV-vis spectroscopy to obtain their extinction spectra and determine their concentration. A Varian Cary 6000i spectrometer with an optical glass cuvette with path length of 4mm were used to carry out these measurements. For WSe2, the value of ϵ at 486nm is known to be 3000 L g-1 m-1, and for graphene the value of ϵ at 750nm is known to be 5450 L g-1 m-1.
Raman spectroscopy was performed on the printed devices prior to IL deposition with a Horiba Jobin Yvon LabRAM HR800 with 532 nm excitation laser in air under ambient conditions. The Raman emission was collected by 100x objective lens (N.A. = 0.8) and dispersed by a 600 line/mm grating using 10% of the laser power (~2mW) for graphene, and 1% of the laser power for WSe2 (~0.2mW). 20 spectra, collected at different positions, were averaged to characterize each device.
Channel preparation: The WSe2 ink was diluted to a concentration of 1 mg/mL. An aerosol spray gun was used to deposit the WSe2 ink onto Al2O3-coated polyethylene terephthalate (PET), with shadow masks used to define the dimensions of the channel. The nanosheet network thickness was measured using mechanical profilometry yielding a mean over all devices of t=1.56 m. Gold interdigitated electrodes were then deposited on top of the channel using e-beam evaporation. This provided a transistor channel with length L=120µm, width W = 16mm and thickness t 1.5μm. 
Gate printing: The graphene ink was diluted to a concentration of 0.5 mg/mL. The gates were printed using a Dimatix Materials Printer 2800. This printer utilises a single printhead with sixteen 21 µm piezoelectric nozzles, resulting in droplets approximately 10 pL in size. The gate area and the number of print passes per gate were varied in order to obtain a wide range of gate volumes. The gate areas ranged from 0.3mm  0.3mm to 30mm  15mm, while the thicknesses ranged between 0.5 µm and 2 µm.
Electrical Measurements: An ionic liquid (1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, Sigma Aldrich) was used to gate the devices. It was first heated under vacuum at 80C in order to remove any absorbed water, which would affect the electrochemical window of the IL. A drop was then pipetted onto each device such that the channel and gate were completely covered. The devices were then annealed overnight at 70C in a Janis probe station under high vacuum in order to remove any water that had been absorbed during the transfer into the Janis. A Keithley 2612A was used to perform the measurements, cycling the gate voltage from 0V to +2.5V to -2.5V to 0V. Scan rates of 36 mV/s were used throughout. The source-drain voltage was kept constant at 1V throughout the experiment.
TEM counts: A JEOL JEM-2100 LaB6 transmission electron microscope operating at 200kV was used to provide images of individual nanosheets. The inks were diluted to low concentrations and drop cast onto an ultrathin carbon film TEM grid provided by Ted Pella, Inc. The TEM grid was placed on a piece of filter paper in order to wick away any excess solvent, and then dried overnight in a vacuum oven. The images were used to obtain a statistical analysis of the nanosheet lengths, here defined as the longest axis of each nanosheet.
SEM imaging: High-resolution images of the prepared nanosheet films were obtained using a Zeiss Ultra Plus scanning electron microscope, using an accelerating voltage of 2-3 kV and a 30 µm aperture at a distance of 3-5 mm.
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Figure 1: Material properties.  A) A photograph of graphene (left) and WSe2 dispersions (right) both in isopropanol. B) UV-Vis extinction spectra for graphene and WSe2 normalised to the value of the largest peak. C-D) Histograms for graphene (C) and WSe2 (D) nanosheet lengths, obtained using TEM imaging. The insets show sample images of individual nanosheets. E-F) SEM images of a printed graphene (E) and WSe2 (F) film, showing the porous nature of the networks. G-H) Raman spectra for graphene (G) and WSe2 (H), where both spectra have been normalised with respect to the highest peak.
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Figure 2: Electrical characteristics. A) Graphic showing a cross-section of an electrolytically gated TFT. The schematic illustrates the gate electrode being printed with different volumes by varying both the thickness and area. B) A photograph of a printed device. The source and drain electrodes are interdigitated with the channel printed on top. C) A set of representative output curves for various gate/channel volume ratios before the addition of the ionic liquid (the “dry” state), normalised with respect to the device thicknesses. The average conductivity value was 1.5 mS/m. D). A set of output curves after the addition of the ionic liquid. E) Transfer curves for several devices, normalised with respect to the device thicknesses.

 
Figure 3: Gate volume dependence. A-B) A graph of the figure of merit, µC/Ch, plotted versus the ratio of gate to channel volume with gate volume shown on the top axis (Ch310-3 mm3), calculated for both electrons (A) and holes (B). The solid lines represent fits to Equation 2. C-D) Plots of effective carrier mobility in the channel versus the ratio of the gate and channel volumes, calculated for electrons (C) and holes (D). The solid lines represent the fits to Equation 3. The dashed lines in 3C and 3D indicate the approximate threshold above which the values for µEff reach a plateau. E-F) The evolution of both the on:off current ratio (E) and maximum on-current (F) against gate volume for both electrons and holes.
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