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Abstract 

We report the observation of the Hall effect at hole densities up to 6 × 1013 cm-2 (0.3 

holes/molecule) on the surface of electrolyte-gated rubrene crystals. The perplexing peak in 

conductance as a function of gate voltage is confirmed to result from a maximum in mobility, 

which reaches 4 cm2V-1s-1 at 2.5 × 1013 cm-2. Measurements to liquid helium temperatures reveal 

that this peak is markedly asymmetric, band-like and hopping-type transport occurring on the 

low density side, while unconventional, likely electrostatic-disorder-affected transport dominates 

the high density side. Most significantly, near the mobility peak the temperature coefficient of 

resistance remains positive to as low as 120 K, the low temperature resistance becomes weakly 

temperature dependent, and the conductance reaches within a factor of 2 of e2/h, revealing 

conduction unprecedentedly close to a two dimensional (2D) metallic state.     
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Tuning transitions among electronic ground states (e.g., semiconducting, metallic, 

superconducting) in molecular crystals is an active research area [1]. Of the techniques to control 

carrier density in such systems, chemical doping has perhaps facilitated most advances, including 

superconductivity in alkali-metal-doped C60 [2] and linear hydrocarbons such as picene [3]. 

Solid-state charge transfer between an electron acceptor and donor to form charge-transfer 

complexes has also been successful, the quasi-one-dimensional metal TTF-TCNQ [4] and the 

superconductor (TMTSF)2PF6 [5] being good examples. Electrostatic gating in the field-effect 

transistor (FET) geometry is an attractive complementary approach, enabling reversible fine-

tuning of carrier density, in a single sample, while minimizing structural/chemical disorder [6]. 

An important recent breakthrough in this direction is the observation of band-like transport [7] 

on the surface of electrostatically-gated crystals such as rubrene, as evidenced by thermal 

disorder-limited conduction [8–10], and equivalence of Hall and FET mobilities [11]. This was 

restricted to high temperatures though (close to 300 K), and to a vacuum-gap architecture with 

the crystal surface unperturbed by dielectric-induced disorder [12]. Due to the modest hole 

densities achieved (~ 1010 cm-2) the sheet resistances remain high (MΩ range [9]), despite 

mobilities μ > 10 cm2V-1s-1. Such resistances significantly exceed the two-dimensional (2D) 

quantum value (h/e2 ≈ 25.8 kΩ) [13], meaning that a wide potential regime of transport remains 

unexplored at molecular semiconductor surfaces. Probing high charge density 2D transport at the 

surface of rubrene is thus of great interest, provided relatively high mobilities can be preserved.  

 

In inorganic 2D semiconductor systems, such as Si metal-oxide-semiconductor FETs 

(MOSFETs) and GaAs-based heterostructures, a startling observation enabled by attainment of 

carrier densities ∼ 1011 cm-2, while maintaining high mobility, was the 2D metallic state 
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previously thought forbidden [14,15]. While the origin of this state remains unclear, electron-

electron (e-e) interactions are considered critical [15]. Although mobilities in molecular 

semiconductors remain far lower than Si and GaAs, hindering attainment of conductances ∼e2/h 

at low densities (where e-e interactions are strongest), factors such as low dielectric constants 

and high effective masses do favor strong correlations. There is thus strong motivation to probe 

high density, high mobility transport at rubrene surfaces, as the ultimate limits on 2D molecular 

semiconductor conductance, which could conceivably involve a metallic state, remain unclear.  

 

In this work, we use electrolyte gating [16,17] in the electric double layer transistor 

(EDLT) geometry to probe transport at the surface of rubrene crystals at hole densities, p, up to 6 

× 1013 cm-2, i.e., 0.32 holes per molecule, three orders of magnitude larger than in vacuum-gap 

devices. The conductance is found to decrease at the highest p, a phenomenon emerging as 

common in organic EDLTs but incompletely understood  [18–20]. Hall effect measurements 

across this conductance peak (the first of their kind) establish that it is in fact a maximum in 

mobility at μHall = 4 cm2V-1s-1, p = 2.5 × 1013 cm-2, band-like transport  [7,21] being retained 

despite the large p. Cryogenic resistance-temperature (R-T) measurements down to 8 K reveal 

that the transport is asymmetric across this peak, being conventional at low p but suggestive of 

electrostatic-disorder at high p. Most significantly, around the peak conductance we obtain weak 

R(T), positive dR/dT over a substantial T range, and minimum R of 50-60 kΩ, within a factor of 2 

of h/e2. We thus significantly extend the regime of probed conductance at the surface of rubrene 

crystals, demonstrating transport remarkably close to a 2D metal.  
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Rubrene EDLTs were constructed on poly-dimethylsiloxane (PDMS) stamps by first 

fabricating vacuum-gap transistors [22], using a bottom-contact Hall-bar geometry as shown in 

Figs. 1(a),(b) (see Section 1 in Supplemental Material for further details [23]). The ionic liquid 

(IL), [1-butyl-1-methylpyrrolidinium] [tris(pentafluoroethyl)trifluorophosphate] ([P14][FAP], 

Fig. 1(a)) was then introduced into the gap via capillarity-assisted filling. Different ILs have 

been used to accumulate carrier densities up to 1014 cm-2 in a variety of semiconductors [24,25]. 

This specific IL was employed here because it yields EDLTs with high mobility and large gate 

voltage (VG) window, as shown previously [26]. The latter is important since the electrochemical 

window of ILs can limit the maximum VG [16]. Both the IL composition and the temperature 

range to operate the device have been optimized to achieve large hole densities [26]. p-dependent 

measurements were made by applying VG at 240 K (and measuring transfer curves), then cooling 

to < 220 K where the IL froze. T-dependent four-terminal sheet resistance (DC) and Hall 

measurements (AC, 13.7 Hz) were then performed, with careful checks for non-Ohmicity. 

Notably, measurements were possible down to 8 K, limited only by contact resistance. Such 

cryogenic measurements are challenging with vacuum-gap devices [9,27], and we deduce that 

ILs in the gate-crystal gap mechanically stabilize the devices with respect to thermal expansion 

mismatch, an important advance.  

 

The transfer characteristic of a typical rubrene EDLT (Device #1) at 240 K is shown in 

Fig. 1(c). The device turns on at VG = 1.1 V, has an ON/OFF ratio > 103, and displays gate 

leakage current much smaller than the drain current, ID. Clearly, ID(VG) exhibits a pronounced, 

reversible peak. As discussed above, conductance peaks of this type are emerging as common in 

electrolyte-gated organic crystals and polymers [26,28,29], although they are incompletely 
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understood [18,20]. Importantly, Fig. 1(d) suggests that the peak arises from a maximum in μ. In 

this figure the μ values shown are calculated as μgate = 1/(pgateeR), where pgate is the hole density 

extracted from the gate displacement current, as in Ref [26]. pgate increases linearly with 

increasing |VG|, reaching 3 × 1013 cm-2 at -1.0 V. Due to the peak in ID(VG) (Fig. 1(c)), a peak in 

μgate occurs near -0.25 V (Fig. 1(d)). Note that the maximum μgate exceeds 4 cm2V-1s-1 at 240 K, a 

decrease from vacuum-gap devices of only a factor of 3 ~ 5, despite the three orders of 

magnitude increase in p.    

 

To probe whether the transport remains band-like [7], and to directly confirm the 

maximum in μ(VG), we performed VG-dependent Hall measurements. Fig. 2(a) shows the time 

evolution of the Hall voltage (VHall, black points) in Device #1 in response to a time-varying 

applied magnetic field (μoH, solid line), at VG = -0.5 V and T = 200 K. A clear Hall signal is 

observed with negligible drift; similarly robust Hall effect is obtained over the entire operational 

window, from VG = 0.3 V to -1.0 V. In Fig. 2(b) these results are presented in more familiar form 

by plotting the H = 0 background-subtracted Hall resistance, RHall, vs. μoH, at VG’s of 0.2 V and -

0.75 V, i.e., straddling the conductance peak (Fig. 1(c)). We find RHall to be linear with H, with a 

positive Hall coefficient consistent with holes. The significant magnitude of the Hall effect, and 

the correspondence with the expected carrier type, are consistent with band-like transport [7,21], 

as opposed to hopping [30,31].  

 

More quantitative verification of band-like transport is enabled by Fig. 2(c), where the VG 

dependence of the hole densities measured from gate displacement current (pgate) and Hall effect 

(pHall) are compared. Out to -0.5 V, Hall and FET measurements agree closely, consistent with 
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band-like transport at this T (200 K). Although prior work on rubrene EDLTs probed p via 

displacement current and capacitance [17,26], Fig. 2(c) provides the first direct Hall-effect-based 

confirmation of free hole densities ∼1013 cm-2. Reassuringly, a linear fit to pHall(VG) in this range 

gives a specific capacitance ≈ 2.5 μF/cm2, in accord with the double layer capacitance [19,26]. 

For VG’s more negative than -0.5 V, however, Hall and FET measurements disagree, pHall 

becoming progressively larger than pGate. Generally this could indicate a diminishing Hall 

coefficient [32] due to the onset of a crossover from band-like to hopping transport, but we 

demonstrate below that the situation here may be more complex. In any case, Fig. 2(d) shows 

that the Hall data indeed confirm the mobility peak suggested by Fig. 1(d), an important finding. 

In fact, μHall(pHall) plots for five devices studied are quantitatively similar, with peak μHall between 

3.1 and 4.1 cm2V-1s-1, occurring at pHall from 2.0 × 1013 to 2.6 × 1013 cm-2 (Fig. S1, Supplemental 

Material [23]). This Hall mobility peak further confirms, at least in our devices, that the widely-

observed ID peak is not due to VG-dependent contact resistance [33]. We also note that we clearly 

observe a peak in μ and ID rather than the ID saturation shown in Ta2O5-gated rubrene transistors 

by Fratini et al [34], at somewhat lower p and μ. Fig. 2(e) shows that, as anticipated from Fig. 

1(c), the 200 K R values reach a minimum at -0.5 V, before exhibiting an upturn at more 

negative VG’s. R falls as low as 60 kΩ at this T, within a factor of 2 of h/e2.     

 

In order to more deeply probe the nature of the mobility peak, the issue of band-like vs. 

hopping transport, and the high conductance at the peak, T-dependent measurements were made 

(Fig. 3). To illustrate these, we first show (Fig. 3(a)) a representative μHall – pHall relation (from 

Device #2), with each of the measured pHall values labeled a to h. These span from pHall = 1.0 × 

1013 to 6.0 × 1013 cm-2 (conversion to holes/molecule is shown on the top axis), encompassing 
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the peak. The three insets to Fig. 3(a) show μHall(T) at points c, e, and g, i.e., before, at, and 

beyond the peak. At point c, μ decreases slowly on cooling, from 2.5 cm2V-1s-1 at 200 K to 0.4 

cm2V-1s-1 at 60 K, and Arrhenius fits result in an activation energy of only 14 meV. Although the 

200 K transport is band-like at this p (based on equivalence of Hall and FET mobilities (Fig. 

2(c)), and the absolute magnitude of 2.5 cm2V-1s-1), the decrease to only 0.4 cm2V-1s-1 at low T 

suggests a possible crossover to hopping, as confirmed below. At hole densities such as point e 

on the other hand (near the peak), where band-like transport is again implicated by Fig. 2(c) and 

the absolute mobility magnitude (3.6 cm2V-1s-1), μHall instead remains constant at 3 - 4 cm2V-1s-1 

upon cooling, indicating that band-like transport is preserved to lower T. At point g however, 

which is beyond the peak but has 200 K mobility similar to c, μHall falls rapidly on cooling, the 

activation energy (48 meV) being 3× larger than at c. The asymmetry of the mobility peak is thus 

apparent not only from the shape of μHall(pHall) (Fig. 3(a), main panel), but also from μHall(T) 

around the peak (Fig. 3(a) insets).        

 

This asymmetry is further highlighted in Fig. 3(b) where R(T) is plotted on a log-linear 

scale at points a-h. As shown in the left panel, R(T) evolves from a monotonic increase on 

cooling at point a (clearly insulating), to a situation at c where R first decreases down to 190 K, 

before increasing at lower T. This continues at d and e (middle panel), dR/dT remaining positive 

to lower T as p increases. At point e (near the mobility peak) we obtain positive dR/dT to as low 

as 120 K, a minimum R under 60 kΩ, and an increase on cooling to the lowest T of only a factor 

of six. The positive dR/dT at high-T from b-e clearly indicates a contribution from thermal 

disorder, [8] further evidence that band-like transport is maintained in this region, despite the 

large p. Going beyond this, to point f, results in little change in high-T resistance, but a rapid 
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increase at low T. Eventually, at g and h (right panel) we obtain low, weakly T-dependent R at 

high T, but with remarkably rapid increases below 100-150 K, i.e., reentrance of a strong 

insulator.     

 

The left and right panels of Fig. 3(b) suggest different functional forms for R(T) before 

and after the mobility peak. This is borne out by Fig. 4, where R(T) at points a-f (i.e., up to and 

slightly beyond the peak) are plotted as log10R vs. T -1 (Fig. 4(a)), while R(T) at points g and h 

(beyond the peak) are plotted as log10R vs. log10T (Fig. 4(b)). At points a and b (Fig. 4(a)), 

simple activated behavior is observed over a wide range, i.e., nTTRR )/exp( 00= , with n = 1, R0 a 

prefactor, and EA the activation energy. This continues at c and d, albeit with increasing 

deviations from linearity at low T. Logarithmic derivative analysis [35,36] (see Fig. S2 in 

Supplemental Material  [23]), illustrates that this is due to a transition from simple activation (n 

= 1) at higher T to Efros-Shklovskii variable range hopping [37] (VRH, n = ½) at lower T, as is 

common in semiconductors, including organics [38]. Magnetoresistance was also measured at c, 

the analysis of which (see Fig. S3, Supplemental Material [23]) further confirms VRH. This 

situation changes at point e however (near the mobility peak), where R(T) becomes so weak (Fig. 

4(a)) that logarithmic derivative analysis reveals no regime of any exponential T dependence 

(Fig. S2 in [23]). Continuing to f, and eventually g and h (Fig. 4(b), beyond the mobility peak) 

the form of R(T) again changes. As illustrated in Fig. 4(b), and confirmed by the logarithmic 

derivative (Fig. S2 in [23]), R(T) in fact follows a power-law over a considerable range, i.e., 

mTRR −= 00 with R00 a pre-factor, and m an exponent that increases from 4.0 at g to 7.0 at h. This 

is clearly different to low p, and represents an unusual observation, multi-phonon hopping in 

certain specific situations [39,40] being the only mechanism we are aware of following this form.  
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Further insight is provided by the inset to Fig. 4(a), where EA is plotted vs. pHall, showing 

a rapid decrease from points a to d. At point e (near the peak), as already emphasized, R(T) 

becomes weakly T-dependent, a force-fit to an activated form at low T yielding EA of only 1.1 

meV, essentially identical to kBT at the lowest T (dashed line in the inset to Fig. 4(a)). The 

transport is thus so weakly insulating that an exponential fit in this T range is not meaningful. 

Further increase in p to points f - h results in a rapid increase in EA from a force-fit to an 

Arrhenius form (Fig. 4(b)), again highlighting the reentrant strongly insulating state. As a final 

comment on the weak T dependence at point e, note that R(T) also does not adhere to ln(T), 

meaning that a crossover to 2D weak localization is not apparent. Similarly, while the 

conductance (G) vs. T at point e does not yet suggest an obviously finite T = 0 value, the 

extrapolated G is remarkably close to the origin (Fig. 4(b), inset), again highlighting the 

proximity to a metallic state. G(T) at d and f are shown for comparison, and are clearly insulating.   

 

Two main issues warrant further discussion: the prospect of a 2D metal on the surface of 

rubrene, and the origin of the mobility peak. Regarding the former, we first summarize that at the 

peak mobility in our EDLTs we have demonstrated band-like transport to at least as low as 70 K, 

positive dR/dT to 120 K, non-exponential R(T) to 8 K, R within a factor of 2 of h/e2, and close to 

finite G (T → 0). As already mentioned, in inorganics e-e interactions are thought essential for 

2D metallicity. The parameter rs, simply the ratio of the e-e interaction (Ee-e) to Fermi energies 

(EF) has proven useful for quantifying these electronic correlations [14]. Using Ee-e = 

2/1

0

2

)(
4

pe

r

π
επε

 and EF = *

2

2 hm
phπ

, where εr and ε0 are relative and vacuum permittivities and mh* is 

the hole mass, we estimate rs ≈ 10 for our rubrene EDLTs at p = 2.5 × 1013 cm-2. This is 
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significant, as 2D metallic states emerge in inorganic semiconductors at rs ∼ 10, considered a 

threshold for strongly correlated electronic liquids [11]. This not only rationalizes the G ∼ e2/h 

we observe here, but suggests an insulator-metal transition on the surface of rubrene could be 

within reach with EDLT improvements. Turning to the mobility peak, note that explanations 

based both on the structure of the organic conductor valence band [41], Coulombic interactions 

between holes [34], and Coulombic interactions between holes and the EDL have been discussed. 

The latter has been analyzed in detail recently [18,20], suggesting that the non-uniform potential 

from the EDL leads to VG-dependent hole-trapping. We propose that this provides qualitative 

rationalization for our observations, the suppressed μ and anomalous R(T) at the highest p’s 

resulting from inhomogeneous percolative 2D semiconducting transport due to EDL-induced 

electrostatic disorder [42]. This could potentially be alleviated by smoothing the disorder 

potential, perhaps by simply increasing the size of the IL ions; this could improve μ at the 

expense of p, a strategy that could also help to realize the aforementioned 2D metallic state.         

 

In summary, we have explored transport on the surface of electrolyte-gated rubrene 

crystals at charge densities up to 0.3 holes/molecule via T-dependent resistance and Hall 

measurements. As a function of p the transport first evolves in a conventional manner from 

strongly insulating to conductive, then to a reentrant strongly insulating state ascribed to gate-

induced electrostatic disorder. Around the peak mobility, where band-like transport is maintained 

despite the large p, all measurements and analyses point to a state remarkably close to a strongly 

correlated 2D metal, which may well lie within reach with further innovations in EDLTs.   
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Figure 1. (a) Cross-sectional device structure with molecular structures of rubrene and 
[P14][FAP]. (b) Optical micrograph of a rubrene EDLT in a Hall-bar configuration. (c) Transfer 
characteristics of Device #1 at 240 K; sweep rate is 50 mV/s; (left axis, squares) ID-VG on linear-
linear scale at VD = -0.1 V; (right axis, lines) same ID-VG on log-linear scale. (d) 240 K VG-
dependent hole density pgate (red, left axis) and mobility μgate (black, right axis). pgate is measured 
from gate displacement current.  
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Figure 2. (a) Hall voltage (VHall) (black circles) and μ0H (red lines) as a function of time at VG = -
0.5 V and a source current of 100 nA. (b) Hall resistance (RHall) versus field (μ0H) for VG = 0.2 V 
(black circles) and  -0.75 V (red triangles). RHall has been bin-averaged and the zero-field value 
has been subtracted; solid lines are linear fits. (c) Hole density measured from Hall effect (pHall) 
and displacement current (pGate), (d) Hall mobility (μHall) and (e) four-terminal channel sheet 
resistance (R) as a function of VG. All results are measured on Device #1.  
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Figure 3. (a) μHall - pHall relation in Device #2 at 200 K. Each pHall is labeled a through h. Insets: 
μHall(T) before the mobility peak (c), at the peak (e) and after the peak (g).  (b) Temperature 
dependence of the sheet resistance R at each pHall shown in (a).  
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Figure 4. (a) log10(R) versus T-1 for pHall from a to f. Inset: Low-T activation energy EA as a 
function of pHall. Horizontal dashed line is kBT at the minimum temperature probed. (b) log10(R) 
versus log10(T) for pHall from g to h. Inset: Sheet conductance, G, as a function of T for d, e, and f.  
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