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ABSTRACT: Mixed networks of conducting and non-conducting nanoparticles show promise
in a range of applications where fast charge transport is important. While the dependence of
network conductivity on the conductive mass fraction (Mys) is well understood, little is known
about the M¢-dependence of mobility and carrier density. This is particularly important as the
addition of graphene might lead to increases in the mobility of semiconducting nanosheet-
network transistors. Here, we use electrolytic gating to investigate the transport properties of
spray-coated composite networks of graphene and WS, nanosheets. As the graphene Mg is
increased, we find both conductivity and carrier density to increase in line with percolation
theory with percolation thresholds (~8 vol%) and exponents (~2.5) consistent with previous
reporting. Perhaps surprisingly, we find the mobility increases modestly from ~0.1 cm?/Vs (for
a WS; network) to ~0.3 cm?/Vs (for a graphene network) which we attribute to the similarity
between WS,-WS; and graphene-graphene junction resistances. In addition, we find both the
transistor on- and off-currents to scale with Mt according to percolation theory, changing
sharply at the percolation threshold. Through fitting, we show that only the current in the WS;
network changes significantly upon gating. As a result, the on-off ratio falls sharply at the
percolation threshold from ~10* to ~2 at higher Ms. Reflecting on these results, we conclude
that the addition of graphene to a semiconducting network is not a viable strategy to improve

transistor performance as it reduces the on:off ratio far more than it improves the mobility.

Keywords: Printed electronics, thin film transistor, graphene, WS, composite, ionic liquid,

carrier density, mobility.

Introduction



Over the last few years, advances in solution processing have facilitated the mixing of
various combinations of nanomaterials, allowing the investigation of hitherto inaccessible
composite materials.> Such mixtures are often referred to as nano:nano composites and differ
greatly to standard nanocomposites.?2 Nano:nano composites can, for example, be extremely
porous which lends them to specific applications such as electrochemical devices where the
electrolyte can be introduced into the pore volume.® These composites can also be composed
of mixed dimensionalities leading to useful combinations of properties; the addition of a small
amount of carbon nanotubes to an MoSz nanosheet network results in very large improvements
in electrical conductivity as well as mechanical toughness.? It has also been shown that the
lithium storage capacity of silicon nanoparticles can be maximised via the addition of small
amounts of graphene to increase the electrode conductivity.* Such graphene-silicon
nanoparticle composites combine zero-dimensional and two-dimensional materials and are
labelled 2D:0D nano:nano composites. Recently, a number of papers have reported composites
of various combinations of dimensionalities such as 2D:2D,>’ 1D:2D#%° 2D:0D,'**2 and
1D:0D.%3*1* These composites have been utilised in a range of applications such as transparent
conducting coatings,® energy storage devices®*° and photo/electro-catalytic systems.6-18

In stark contrast with other types of composite, the basic properties of these nano:nano
composites are still not well studied. Many of the nano:nano composite applications involve
improving the conductivity of one nanomaterial through the addition of a second conducting
nanomaterial (e.g. graphene or carbon nanotubes). While a number of papers have studied how
the resultant composite conductivity scales with the loading level of the conductor, and
analysed the results using percolation theory, to the author’s knowledge no papers have gone
beyond this. It is therefore not known how basic quantities such as mobility and carrier density
scale with volume fraction in such composites (in fact, very few papers have measured these

properties, even in the more well-known polymer-based nanocomposites'®??).

This lack of information about mobility and carrier density in nano:nano composites is
a barrier to the development of these materials in new applications. We have previously
suggested, based on photoconductivity data, that the mobility of 2D:2D composites might
increase significantly upon the addition of graphene nanosheets.?* This would be an important
development which would be of use in the area of printed electronics using 2D materials.??-2
A number of papers have described printed electronic devices such as photodetectors,?
switches,?® memory elements? and transistors?> 2’ which are predominately based on networks

of 2D nanosheets. However, nearly all such devices are limited by relatively low mobilities



which tend to be ~0.1 cm?\Vs for printed networks of transition metal dichalcogenide
nanosheets.?’ If, as suggested,?* the addition of graphene to a semiconducting nanosheet
network does indeed increase the mobility, this would represent a very simple way to enhance
the mobility in such devices. On the other hand, if the addition of graphene does not enhance
the mobility in such networks, it would still be important to understand how carrier density and
mobility depend on conductor content as this information will shed light on the factors limiting

carrier transport.

In this work, we fabricated a set of nano:nano composites based on mixtures of WS,
and graphene nanosheets. We measured the electrical conductivity as a function of graphene
content both before and after an ionic liquid was added to the network. The presence of an ionic
liquid coupled with the addition of a gate electrode allows the system to function as an
electrolytically-gated transistor. The analysis and fitting of the transfer curves vyields the
mobility which is then assessed as a function of graphene content. Combining conductivity and
mobility yields the carrier density, thus giving a complete description of how the primary
conductivity parameters depend on graphene content. In addition, this work also sheds light on
the performance of electrolytically gated transistors based on 2D:2D composites.

Results & Discussion
Materials and network formation

Both WS; and graphene powders were produced by liquid phase exfoliation? via sonication in
the solvent N-Methyl-2-pyrrolidone (NMP) followed by centrifugation to optimise the
nanosheet size distributions by removing very thin nanosheets which tend to have thickness-
dependent bandgaps?® (Methods). To facilitate deposition, the nanosheets were transferred to
isopropanol (IPA) prior to deposition. This process yielded graphene and WS inks as shown

in the inset of Figure 1A.

Extinction spectra measured on these inks are plotted in Figure 1A. The main spectral features
of WS; are clearly visible such as the A-exciton at ~630 nm.?*-% |t has been shown that the A-
exciton position can be used to estimate the mean nanosheet thickness in suspended
ensembles.?® This method is thought to be reasonably accurate, giving mean nanosheet
thicknesses which are accurate to within a monolayer or so. Analysis of the data in Figure 1A

yields a mean thickness of ~9 monolayers per WS, nanosheet. This fulfils our main thickness-



requirement which is to predominately obtain nanosheets with more than 6 monolayers to avoid

variations in bandgap for nanosheets of different thicknesses.®!

The graphene spectrum exhibits a flattish plateau at high wavelength with the characteristic
Van Hove singularity present at ~300 nm.3? From the ratio of extinction at 550 nm to that at
325 nm, we estimate the mean nanosheet thickness to be ~12 monolayers.®* We also performed
a comprehensive TEM analysis in the nanosheets found in both inks with sample images shown
in the insets of Figures 1B and C. The nanosheet length distributions are plotted as histograms
in Figures 1B and C and show the expected lognormal distribution with average lateral lengths

of 470 and 680 nm for WS, and graphene, respectively.

Inks such as those described above can easily be formed into films through spray coating. Here
we sprayed a range of films from both the graphene and WS inks as well as from composite
inks formed by mixing the WS, and graphene inks in various ratios. Deposition of such

composite inks results in the formation of composite films formed from mixtures of WS; and

graphene nanosheets at various graphene mass fractions, M¢ (M = Mg, /(M,,s +Mg,)).

To investigate the electrical behaviour of these composites, gold electrodes were deposited on
top of the sprayed network by evaporation. Shown in Figure 1D is a representative SEM image
of a typical WSz-graphene composite network showing the interface between the electrode and
the network. The film clearly consists of a disordered array of nanosheets. This image also
shows the gold contact follows the topography of the rough surface of the film, suggesting an
intimate contact. The randomness of the nanosheet alignment means the film is not densely
packed, with previous work having shown such networks to have a porosity of ~40-60%.% 2’
Such a large internal free volume allows nano:nano networks such as these to be filled with
electrolyte or ionic liquid (IL) facilitating a number of applications such as battery*® or

supercapacitor? electrodes, solar cells** and sensors.®

These composite networks can be characterised further using Raman spectroscopy which can
be used to confirm the quality of the material after deposition and to assess the distribution of
the graphene in the composites. Figure 1E shows a representative Raman spectrum from the
M=0.5 network which shows modes from both WS, (E2g and Aig) and graphene (D, G and
2D). As the intensity of the Raman signal depends on the quantity of material under
illumination, the relative intensities of WS> and graphene modes will vary with M. This will
be valid so long as the films thicknesses are roughly constant (as is the case here) and the
surface morphology (e.g. roughness and uniformity) are similar across all mass fractions. We

expect the latter point to be approximately true because the similarity in dimensions between
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the WS, and graphene nanosheets should result in Ms-independent network structure. It was
previously shown that the intensity ratio of any WS, mode (e.g. Exg) to that of any graphene

mode (e.g. the G band) should scale linearly with the WS,-to-graphene mass ratio as 2 3:

I
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where lgzg and g are the intensities of the WS, Exg-mode and the graphene G-mode,
respectively. As shown in Figure 1F, we find the expected scaling which indicates that the
average composite composition scales with mass fraction. However, we note that Raman
mapping (see SI) showed the graphene to be not perfectly homogeneously dispersed with some

clumping observed, an issue which is quite common in nanocomposites.
While the constituents of such composites are often described in terms of mass fraction, the
composite properties are always analysed in terms of volume fraction, ¢. In nano:nano

composites it is especially important to include porosity when converting Ms to ¢. With this in

mind, the graphene volume fraction can be expressed as:?

1—
¢= ( ?fM (2)
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P, M,

where ¢, is the porosity (the fraction of pore volume) and p,=2200 kg/m?® and Pws, = 7500

kg/m? are the graphene and WS, densities, respectively. Here, we assume ¢, =0.5, as porosities
of 0.4-0.6 have been reported for a range of solution-processed nanosheet networks.?” We
assume ¢, is roughly independent of Mt because the network porosity should be predominately
determined by nanosheet dimensions. As both nanosheet types have similar sizes and
thicknesses, we do not expect significant variations in porosity with Mr. We further justify this

by noting that detailed measurements on MoS2/SWNT nano:nano composites showed porosity

variations of no more than 5% from the mean over the whole compositional range.? Assuming
@ =0.5, WS;-only networks are represented by ¢ =0, while ¢ =0.5 represents a graphene-only
network.

Electrolytic gating: TFT characterisation

We performed a full volume-fraction-dependent electrical characterisation of WS,-graphene
composites including WS»-only and graphene-only networks. The conductivity of the as-

produced networks was measured in the “dry” state i.e. before filling the porous interior with



ionic liquid to facilitate mobility measurement through electrolytic gating. The conductivity
was then measured in the “wet” state i.e. after ionic liquid addition. In addition to conductivity,
in the wet state we can obtain data on mobility and carrier density as well as electrolytically
gated transistor data, all as a function of graphene volume fraction.

The device fabrication and characterisation protocols are described in detail in the methods
section where the process follows that reported in Ref?’. Figure 2A shows a schematic of an
electrolytically gated nanosheet-network transistor while a photograph of the electrode array is
given in Figure 2B. When a voltage is applied to the gate electrode, ions of a given charge are
driven to the nanosheet-IL surfaces within the porous interior of the network. This results in
electrons/holes being drawn into the nanosheet network to compensate the ionic charge leading

to accumulation mode behaviour.

Figure 2C shows output curves (drain-source current, Ips, as a function of the drain-source
voltage, Vps) for films with graphene mass fractions ranging from 0 wt% (WS:-only) to 100
wit% (graphene-only). These output curves are measured in the “dry” state, i.e. prior to addition
of the ionic liquid, and show the expected increase in conductance with graphene content.
Figure 2D shows the same measurements in the “wet” state, i.e. after the addition of the ionic
liquid. Here we see the addition of the ionic liquid causes an increase in the zero-gate-voltage
conductivity, especially at low M. This has previously been observed and may be caused by
the non-uniform distribution of ions at the basal planes of the nanosheets causing localised

carrier accumulation.?’

Figure 2E shows the family of transfer curves (drain-source current, Ips, as a function of the
gate voltage, Vg) for a range of nano:nano composite networks with Mt ranging from 0 wt% to
100 wt%. This graph clearly demonstrates the channel transition from semiconducting (low
My) to semimetallic (high Ms), with the suppression of the on:off ratio associated with the
increasing off-currents shown in Figures 2C and D. The transfer curve of the ¢ =0 TFT (Figure
2F) shows a high on:off ratio (~10*) and relatively low on-current (~1 mA). This is a
significantly higher on:off ratio than in our previous report?” and is due to refinement in the
measurement technique where a dynamic Ips range was used, instead of a fixed Ips range or
autorange, allowing us to better characterize both lon and los. The transfer curve of the

graphene-only TFT (¢ =0.5, Figure 2G) is typical of a semi-metal, with an on:off ratio below
2 and much larger on- and off-currents.
It is clear from the data in Figure 2 F-G that application of a given gate voltage has a much

greater relative effect on the WS»-only film compared to the graphene-only network. We
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believe this is simply due to the fact that graphene has a much larger carrier density than WS>

in the absence of gating. Application of a gate voltage should induce a carrier density of ~C,V

where the volumetric capacitance of the network, Cv, depends on the nanosheet thickness.®’ As
the WS> and graphene nanosheet have very similar thicknesses, we expect the induced carrier
densities to be similar for all compositions. This will result in a much greater relative change
in current for WS; networks, which have much lower charge densities to start with.

The results of the electrolytic gating experiments are shown in more detail in Figure 3. The
“wet” electrical conductivity (measured at Ve = 0 V) of the nanosheet network in the presence
of IL generally increases with graphene content as shown in Figure 3A. Despite a slight
apparent fall-off in conductivity at low mass fractions, the conductivity undergoes a sharp
thousand-fold increase between ¢=0.08 and 0.11, followed by a more gradual increase
thereafter. This is consistent with percolation theory®® which predicts a sharp increase in
conductivity at the percolation threshold, the volume fraction where the first continuous
conductive network appears (see below for more detailed analysis). Above ¢~0.25, the network
characteristics are completely dominated by the graphene and the conductivity saturates at a
value of ~500 S/m.

As was shown in Figure 2C and D, the conductivities in the presence of the IL are much larger
than those in the dry state. The ratio of wet:dry conductivity is shown in the inset of Figure 3A.
This ratio is ~1000 for the WS,-only network but falls off rapidly with ¢, reaching ~1 at ¢~0.08.
It is likely that the presence of IL results in inadvertent doping of the WS, perhaps due to an
imbalance in the cationic and anionic population at the nanosheet basal planes even in the
absence of gating. As the graphene nanosheets have a much higher carrier density than those
of WSy, this effect should fall with ¢. Indeed, we would expect it to disappear at the percolation
threshold where conduction becomes dominated by the graphene, in line with observations.
Such inadvertent doping has already been observed in MoSz, WS», MoSe; and WSe; TFTs (see
ref?” S1). In agreement with the suggestion above, for those materials the relative increase in
conductivity, once the IL is added, is lower in those materials with larger density of charge

carriers (WSe; in that case).
The evolution of both on-current (current at Ve = -2.5 V) and off-current (minimum current)
with ¢ is shown in Figure 3B. At low ¢, the off-current is relatively small, ~0.1 pA, but

undergoes a sharp increase at ¢~0.07 before increasing more gradually in a manner similar to



the data in Figure 3A. The on-current behaves in a similar manner, although starting from a

much higher value at low ¢.

We explain this behaviour using percolation theory which can be used to describe the
conductivity of conductor/insulator mixtures. Within this framework, as the conductor volume
fraction is increased the conductivity first increases slowly until the percolation threshold — the
volume fraction where the first continuous conductive path is created — is reached, after which
the conductivity increases rapidly. Although effective-medium models can describe the
conductivity versus volume fraction data over the whole ¢-range,*® it is generally simpler to
use separate equations for the conductivity above and below the percolation threshold. Above

the percolation threshold, the conductivity is often written as:

oc=0,(¢-4,) (3a)

where oo is a constant related to the conductor conductivity, ¢c is the percolation threshold and
n is the percolation exponent. However, we have pointed out®® that in electrochemical devices,
the insulator (here, WS: in the wet state) conductivity cannot be neglected and the data fits well

to

c=0,+0,(p—4.) (3b)

where oins IS the insulator conductivity and can be thought of as representing the contribution
to the conductivity of current flowing through the WS»-only sub-network. Due to the
proportionality between current and conductivity, we propose that this equation can be used to
describe the current flowing in both the on and off states. Rewriting this equation to describe

the current data in Figure 3B yields

Ion = Ion,WSZ + Ion,Gra 2n (¢_¢c )” (48)
and
Ioff = Ioﬁ,WSZ + Ioff,Gra 2n (¢_¢c )” (4b)

where we treat the on and off states separately. In these equations, the factor of 2" accounts for
the fact that the graphene-only film occurs at ¢=0.5. Fitting both on- and off-current data to
these equations yields lonws2=1.3 MA, lon,cra=130 MA, ¢.=0.08 and n=2.6 for the on-state and
lofws2=0.1 HA, lofr.cra=76 MA, ¢.=0.08 and n=2.5 for the off-state.

Figure 3C shows the on:off ratio plotted as a function of graphene volume fraction. As in Figure

3B, we can identify two regimes of behaviour either side of the percolation threshold (¢.=0.8).
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Below the percolation threshold, the on:off ratio is roughly constant at ~10* This contrasts
sharply with the post-percolation regime where the current flows predominantly through the
graphene sub-network and the lon/loff falls sharply, approaching 1.5 for loading levels above

$=0.08. The data in Figure 3C can be described by a combination of Equations 4A and 4B:

Iﬂ _ Ion,WSZ + Ion,Gra 2" (¢_¢c )” (5)
IOff Ioff,WSZ + Ioff,Gra 2n (¢ - ¢c )“

This function is plotted in Figure 3C using the fit parameters described above but using n=2.5

in both denominator and numerator. From these fit parameters, we can estimate the on:off ratio

for WS;-only and graphene-only networks as (lon/loff)ws2=1.3x10* and (lon/loff)cra=1.7.

The model described above confirms that electrolytic gating modulates the conductivity of WS;
and graphene nanosheets to vastly different degrees as discussed above. The properties of the
composite network are given by a combination of both sub-networks as described by
percolation theory. As a result, the switching properties of 2D:2D composite TFTs are strongly
influenced by percolation theory and are quite sensitive to the percolation threshold. However,
it is clear from the fit parameters above that the electrical properties of the WS, nanosheet are
much more sensitive to gate activation and it is those properties which dominate the switching
behaviour of the composite at all graphene loadings, especially below the percolation threshold.

In general, although the conductivity increases significantly with graphene content, it is not
clear whether this is due to changes in carrier density, mobility or both. Photoconductivity
measurements in MoS,-graphene composites have suggested that mobility and carrier density
are affected more or less equally?® while Hall effect measurements on polymer-nanotube
composites have suggested that it is solely the carrier density that is affected by the addition of

a conductor.®

For electrolytically gated nanosheet networks, the mobility can be found using the following

equation:?’

Ol 5 W

o8 — G t=V 6
8VG ,UCV | oS (6)

where Cy is the volumetric capacitance of the network, t is its thickness and the other symbols
have their usual meaning. For each transfer curve (lps versus Vg), there is a linear region where
Ol s / OV, can be found by fitting. In all cases, fitting was carried out on the “p” side of the
transfer curve so all u-values are hole mobilities. It is then possible to obtain the volumetric

capacitance-mobility product, uCy, as the figure of merit for such transistor systems. This
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parameter is plotted versus ¢ in Figure 3D and shows only a small variation from 0.1 to 0.6
Fem™V-1st over the entire ¢-range. To extract , we measured the volumetric capacitance for
a subset of volume fractions, calculating the remaining values through interpolation (SI). The
resultant mobility data is plotted versus ¢ in Figure 3E. The mobility increases steadily with
increasing graphene content from 0.11 cm? V! st for the WSz-only network to 0.35 cm? V1 s

! for the graphene-only channel.

The WS;-only mobility is broadly in line with previous results.?” “° However, the graphene
value is much lower than the reported (electrostatically gated) mobilities for inkjet-printed
graphene networks.?? 28 This discrepancy can likely be attributed to morphological differences
between inkjet-printed and sprayed networks which lead to different distributions of inter-
nanosheet junctions, leading to higher junction resistances and lower mobilities in the networks
reported here. For example, basal plane-basal plane junctions would be expected to have much
lower resistances than plane-edge or edge-edge junctions. It is likely that inkjet printing and
spraying give different populations of the various junction types, resulting in large mobility
variations. Indeed the dry conductivity of the graphene-only network reported here was 300
S/m, roughly x70 lower than typical graphene networks.*! This is consistent with the graphene
networks fabricated here having lower than normal mobility. In addition, this idea is supported
by a recent report by Lin et al.*> which showed a highly aligned MoS; network with
predominately plane-plane junctions to have a very high mobility of ~5-10 cm?/Vs. This
strongly highlights the importance of optimising network morphology for electronic devices.
The low mobility found here may also be compounded by the lack of an annealing step during
device fabrication. The performance of the WS> devices was found to decline after an annealing

step (SI) and hence was omitted from our fabrication protocol.

High performance transistors require high values of both the mobility and on:off ratio.
However, as shown in Figure 3F, these two parameters are negatively correlated in these 2D:2D
composites meaning the improvement of one leads to a reduction in the other. Thus, the
addition of graphene to semiconducting nanosheet networks does not appear to be a valid

strategy for improving transistor performance.

A key strength of electrolytically gated TFTs is their low voltage operation made possible by
the high capacitance associated with the double layer. One way to characterise the operating

voltages is via the threshold voltage. The threshold voltage can be found using the same linear

regression used to obtain ol o / AV, in Equation 6 and Figure 4A plots the threshold voltages,
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Vi, extracted from the transfer curves for each composite for both p- and n-regions. In both

cases, the threshold voltage decreases strongly with increasing ¢ . The difference in n and p
threshold voltages, AV,,, is plotted versus ¢ in Figure 4B. This parameter has been associated

with the electrical bandgap, especially in electrolytically gated devices where the capacitance
is high.**-** While Figure 4B implies a bandgap of ~3 eV for the WSz-only network, this value
is relatively high compared to the reported optical bandgap of ~2 eV for bulk WS,.*®> While
some of this difference may be attributed to an exciton binding energy of ~0.5 eV it is
likely that the obtained value of 3 eV contains significant inaccuracy due to hysteresis effects

which are omnipresent in electrolytically gated TFTs.*® Interestingly, AV, , falls with

increasing volume fraction scaling in proportion to ¢~*. While the reason for this particular ¢-
dependence is unclear, it is likely that AV, represents an effective bandgap which approaches

zero for the graphene-only network.

We complete the transistor analysis by measuring the temporal current response to a step
increase in gate electrode from V=0 V to -2.5 V for a subset of volume fractions. As shown
in Figure 4C, the WS,-only network shows a relatively slow response with the current increase
becoming more rapid with increasing graphene content. These non-instantaneous responses are
due to the non-negligible time taken for both ions and electronic charge carriers to respond to
the gate voltage. Adding graphene to the composite increases the electrical conductivity and
reduces the time taken for gate-induced carrier accumulation to occur. These data are best fitted
by a bi-exponential expression where two lifetimes have been extracted from the fits (Figure

4D). Each of these lifetimes shows a similar evolution with ¢ suggesting that both are affected

by the electronic conductivity of the network. We hypothesise that the presence of two
characteristic times is related to the ionic diffusion under a gate potential. In ionic liquids, the
electric double layer is composed of 2 sublayers; the first is a densely packed layer of ions that
are strongly adsorbed at the interface, and the second is a diffuse outer layer characterised by
a monotonic, long-range attraction.>® This second interaction is rather weak as the surface
charge is strongly screened by the compact surface layer resulting in a delayed interaction with
the diffuse layer. We thus posit that the interplay between these two ionic layers is the origin

of the two lifetimes present in the temporal data.

Electrical properties of 2D;2D composites
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We can use the electrolytically gated transistor characterisation described above to assess the
dependence of the conductivity, mobility and carrier density on ¢ in these 2D:2D composites.
The composite electrical properties in the presence of ionic liquid, as described above, are
useful in the context of electrolytic devices. However, from a materials characterisation
perspective, it is the properties of the dry networks (never having been exposed to ionic liquid)
which are most relevant. Shown in Figure 5A is the dry electrical conductivity, extracted from
Figure 2C, plotted versus ¢. This data has been fitted to percolation theory using Equation 3A
(as we expect oins to be small in the dry samples), with the percolation plot shown in the inset.
Fitting yielded 5p=9000 S/m, #=0.09 and n=2.5. We note that the latter two parameters are
very similar to those found for the wet networks shown in the Figure 3B fits. This is as expected
as both these parameters® are associated with either the nanosheet properties® (&) or the
structure of the emerging graphene network? (n) and should be insensitive to the presence or
absence of ionic liquid. We note that the percolation threshold is quite high compared to values
of <1% often reported in polymer-graphene composites.>* However, the values reported here
are consistent with values of >10% found previously in graphene-filled nano:nano composites.

Such large values are expected where the graphene sheets are largely oriented in-plane.3®

While the dependence of conductivity on conductor loading level has been reported for a
number of nano:nano composites,® % to our knowledge mobility and carrier densities have
never been directly measured as a function of loading level. In fact, mobility and carrier density
values have hardly ever been reported, even for polymer-based nanocomposites, a very heavily
studied class of materials.

To address this deficit, we assume that the network mobility is not significantly impacted by
the presence of ionic liquid. This allows us to approximate the dry mobility from the mobility
measured in the presence of the ionic liquid, shown in Figure 3E. Such an approximation has
been previously demonstrated® and can be explained by noting that the addition of ionic liquid
is expected to predominately affect the carrier density through residual doping due to
unbalanced interfacial ionic populations even in the absence of gate voltage. We expect the
mobility to be limited by junction resistances in such nanosheet networks.>*® While junction
resistance may be modified by the effect of ionic liquid on inter-sheet tunnelling, we expect
this to be a relatively small effect. Indeed, if junction resistances (and hence network mobility)
were significantly modified by the presence of IL, we would expect the graphene-dominated
networks ($=0.5) to show significant conductivity differences between dry and wet states as

the graphene networks are heavily junction limited due to the low resistance of the nanosheets.
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Conversely, under these circumstances, the WSz-dominated networks (below the percolation
threshold) should be less impacted by the presence of IL because the high inter-sheet resistance
makes the junctions less important. This is the opposite of what is observed in Figure 3A (inset),
strongly implying the addition of IL enhances the effective carrier density.

The discussion above allows us to use the mobility in the presence of ionic liquid as an
approximate representation of the intrinsic hole mobility of the dry network (as shown in Figure
5B). This mobility changes very little with graphene content, changing only by x3 over the
entire compositional range. However, it undergoes an increase in the vicinity of the percolation
threshold (¢~0.08) before largely saturating above ¢~0.2. Such a small variation cannot be
explained by differences in intrinsic intra-sheet mobility. Rather, we believe this is a
manifestation of small differences in tunnelling resistances at WS,-WS;, WS;-graphene and
graphene-graphene junctions. Below the percolation threshold, charge transport is
predominately via WS2-WS; junctions while at high ¢-values graphene-graphene junctions are
dominant. We can model the network conductivity by noting that transport is a combination of
intra-sheet transport accompanied by inter-sheet tunnelling. This means that current paths are
made up of a series of nanosheet resistance/junction resistance combinations. This allows us to
model the network mobility, p, via the contributions from nanosheet mobility, pns, and inter-

nanosheet tunnelling (represented by puun):

1 1 1
P R 9)
H Hys  Hyn

For both graphene and WS,, the nanosheet mobility is much larger than the values of p

presented in Figure 5B, allowing us to approximate u = u,,,, i.e. that network mobility is

dominated by junctions in all cases. Then, comparing the low-¢ mobility data to the data for
#—0.5 implies the graphene-graphene junction resistance to be ~x3 lower than the WS,-WS;

junction resistance.

We can combine the “dry” conductivity and hole mobility data shown in Figures 5A and B to
yield an effective “dry” hole density for WSz-graphene composites as shown in Figure 5C. In
each case, the data has been expressed on a per unit area of nanosheet basis by correcting for
network porosity and nanosheet thickness. Here we see a significant increase from ~10% cm
for the WS;-only network to ~10%* cm for the graphene-only network. The latter value is
consistent with reported levels for graphene (10'3-10'° cm?),%6-5" however, the density of

charge carriers in the WS,-only network is 5 orders of magnitude lower than those reported for
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a heavily doped few-layer WS, transistor (10 cm).%® Interestingly, because of the small
variation in mobility with graphene content, the carrier density varies with ¢ in a manner similar
to the conductivity, displaying a sharp rise around ¢~0.08, followed by a more gradual increase.
This is consistent with previous reports'® on polymer-nanotube composites which show
conductivity and carrier density follow nanotube content in very similar ways, coupled with
relatively small increases in mobility. It addition, it contradicts our previous results which
suggested mobility and carrier density both increase strongly with graphene content in 2D:2D

composites.?

Here we found the carrier density data above the percolation threshold to be consistent with

percolation-scaling:

p= po(¢_¢c)n (10)

where p is the hole density and po, ¢ and n play similar roles to the parameters in Equation 3a.
Equation 10 fits the data in Figure 5C (percolation plot in inset) very well, yielding po=2.3x10%°

cm, %=0.09 and n=2.46 where we note that the latter two parameters are very close to those

reported above.

It is worth noting that the value of po obtained from the percolation fit is similar to values
measured for graphene sheets.>®>" This suggests the intriguing possibility that percolation of
carrier density is more fundamental than percolation of conductivity because po may represent
a property of the conductive nanoparticles (here, the carrier density which in this case is
probably set by environmental doping) rather than the conductive network. In contrast, oo never
represents the nanoparticle (i.e. in our case a graphene nanosheet or for example in nanotube-
filled composites an individual nanotube) conductivity as it always includes the effect of inter-

particle junctions.®

Conclusions

In conclusion, we have characterised the electrical properties of WS»-graphene nano:nano
composites formed by spray-coating networks of liquid-exfoliated nanosheets. In addition to
performing conductivity measurements, through transistor analysis it was possible to extract
information on mobility and carrier density as well as transistor properties, all as a function of
graphene content. As expected, the composite network conductivity followed percolation
theory with a percolation threshold of ~8 vol%. The on- and off-currents, measured during

electrolytic gating, showed strong graphene content dependence, increasing sharply at the
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percolation threshold. Interestingly, the loading dependence of both on- and off-currents are
fitted well by percolation theory with the current flowing through the WS, network the only fit
parameter which varied significantly under gate activation. The transistor measurements
allowed us to estimate the network mobility. We found very slight (x3) mobility increase over
the whole range of graphene content, suggesting only small differences between WS>-WS;,
WS;-graphene and graphene-graphene junction resistances. The dependence of the carrier
density on graphene content was found by combining the network mobility with the network
conductivity measured in the absence of electrolyte. We found the carrier density to increase
sharply at the percolation threshold (8 vol%) before increasing by six orders of magnitude as
the graphene content was increased. Interestingly, the carrier density followed percolation

theory in a manner similar to the conductivity.

Methods
Ink preparation

Liquid phase exfoliation was the chosen method to produce the inks due to its versatility and
production yield. All solvents used in this work are of HPLC grade. Pristine powders (WS>
from Sigma Aldrich, CAS: 12138-09-9 Ref:243639, and graphene from Asbury, grade 3763)
were poured in 80 mL of N-Methyl-2-pyrrolidone (NMP) at an initial concentration of
Co=40g/L and sonicated using a horn tip sonicator (Sonics Vibra-cell VCX-750 ultrasonic
processor) at 60% amplitude, pulsed (6s on, 2s off) for an hour. The resulting dispersion was
centrifuged at 3218 g in a Hettich Mikro 220R centrifuge for an hour. The supernatant was
discarded and the sediment redispersed in 80 mL of fresh NMP and sonicated for 5 and 6 hours
for WS, and graphene respectively, under the same conditions. After the exfoliation, the

resulting dispersion is polydisperse in terms of flake’s thickness (N) and lateral size (L).

The dispersions were homogenised with a two-step centrifugation protocol. The stock was
centrifuged at a low centrifugation speed (500rpm) for an hour, in this step the unexfoliated
material was removed. The supernatant was centrifuged at a higher speed (1000 rpm) and the
resulting supernatant discarded. The sediment of this last centrifugation was redispersed in 50
mL IPA. A fraction of this last IPA dispersion was filtered and weighed, obtaining its
concentration. If needed, the dispersion was diluted again to obtain concentrations below 1.5
g/L prior to spraying them.

Device fabrication
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Al>,Oz-coated PET (Mitsubishi Paper Mills) was chosen as the substrate. The substrate was
masked and placed below our sprayer (see SI) with ~30 cm separating substrate and spraygun
and the N. gas flow was controlled by setting its pressure to 4 bars. Once the mask was
removed, a set of sixteen 1x3xt mm? rectangular films of active material remained in the
substrate. The thickness (t) of the film was measured with a mechanical profilometer. Gold
interdigitated electrodes were deposited on top of the active material using shadow masks and
a Temescal FC2000 metal evaporation system, defining a LxWxt (L=16mm, W=120 um)
transistor active channel. By depositing ~20 mL of WS; in IPA at 1.5 g/L concentration, ~1um
thick films were obtained. The thickness of all tested TFTs were measured by profilometry and
found to be in the range 0.8-1.2 um. The thickness of the channel has an impact on a number
of parameters, such as mobility, conductivity, lon and losr. Mobility and conductivity were
calculated using the measured thickness. lon and lofr Were rescaled to compensate for channel

thickness variation and are presented as the values expected for a nominal thickness of 1 pum.

1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide from Sigma Aldrich (EMIM-
TFSI) was used as the ionic liquid. It was kept inside glovebox since first use and was degassed

(80°C overnight) before a drop was gently pipetted on top of the devices.
Electrical measurements

The electrical measurements were performed in a Janis probe station under high vacuum. This
is to prevent water uptake in the ionic liquid, which would reduce the electrochemical window.
To remove any water which may have been absorbed while placing the device into the chamber,
the device was heated to 70 °C for 12 hr at ~10"° mbar. A Keithley 2612A was used to perform
the measurements. Scan rates of 10mV/s were used. The effect of scan rate on the Ips values is

shown in the SI.

Sixteen devices were printed for each volume fraction. Typically, all 16 functioned as expected
but some sets of samples contained 1 or 2 non-functional devices which were discarded. The
las-V G curves shown in Figure 2 are the curves for a single, representative device. However, all
the data shown in Figures 3, 4 and 5 are the averages for a minimum of 14 devices.

Optical Spectroscopy

A Perkin Elmer Lambda 1050 spectrometer was used to measure the extinction spectra. The
samples were diluted to a suitable optical density and measured using a quartz cuvette with an

optical path length of 2 mm.

Ips dynamics.
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Measurements were performed as follows. Vps=1V was applied once Ips measurements began,
5 seconds later a -2.5 V potential step was applied to the gate electrode. In order to make a fair
comparison Fig 4C shows the normalized Ips (Ips(t)-loff)/Imax, Where lost is the minimum Ips
value before the gate electrode is biased and Imax is the Ips value once Ips has reached the

saturation plateau (present at long delay times).

Raman spectroscopy

Raman spectroscopy was performed on 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 (~2 mW). 20 spectra, collected at different
positions, were averaged to characterize each composite.

TEM Characterization

Bright-field transmission electron microscopy (TEM) was performed using a JOEL 2100
operated at 200 kV. Samples were diluted to a low concentration and drop cast onto a
continuous carbon film TEM grid purchased from Agar Scientific. The TEM grid was placed
on a filter membrane to wick away excess solvent and dried overnight at 150 °C in a vacuum
oven. Statistical analysis was performed on the nanosheets dimensions by measuring the

longest axis and defining it as the nanosheet length.
Supporting Information

An online document with supporting information that completes the data reported in this
manuscript is available. The Supporting Information document includes data about annealing
process, a detailed SEM imaging of the devices, cyclic voltammograms on different graphene
loading levels, evolution of the volumetric capacitance with graphene loading level, and a
scheme of the spraying set-up.
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Figure 1. A, Inset) Photograph of size-selected graphene (left) and WS; (right) dispersions.
Main panel) Extinction spectra of the dispersions shown in inset. B) Nanosheet length
histogram of the graphene dispersion and (inset) a representative TEM image of a nanosheet.
C) Nanosheet length histogram of the WS dispersion and (inset) a representative TEM image
of a nanosheet. D) SEM image of a WS> network following the deposition of gold electrodes
with the bare WS; on the right and the gold-covered WS; on the left. E) Raman spectrum for
WS,-Gr composite (M=0.5). The two low frequency modes (E2g and A1g represent WS while
the D, G and 2D modes represents graphene. The portion of the spectrum containing the
graphene modes has been magnified in intensity by x2.5. F) A plot of the ratio of intensity of
WS; to graphene peaks versus Ms ™ -1, where Mg is the graphene mass fraction. This plot is

expected to be linear for a uniform mixture.
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Figure 2. A) Schematic of an electrolytically gated TFT. B) Photograph of electrode array
showing interdigitated source and drain (bottom right) and side gate (top left). C) Output curves
before the ionic liquid is deposited on top of the devices (“dry”). D) Output curves after the
ionic liquid is deposited on top of the devices (“wet”). E) Selected transfer curves for various

graphene volume fractions. F-G) Transfer curves for (F) a purely WS, channel and (G) a purely

graphene channel.
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Figure 3. A) Conductivity in the presence of ionic liquid, owet, versus graphene volume fraction.

As the porosity of the deposited film is 0.5 this is also the possible maximum graphene volume
fraction. Inset: Ratio of the network conductivity before and after adding the ionic liquid. B)

Dependence of the on-current (black) and off current (red) on graphene volume fraction. C)

Dependence of the on:off current ratio on graphene volume fraction. D-E) Product of the

volumetric capacitance and hole mobility (D) and resultant hole mobility (E) plotted versus

graphene volume fraction. F) Mobility as a function of on:off ratio.
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