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Abstract: A new superconducting field-effect transistor (FET) in the vicinity of bandwidth-controlled
Mott transition was developed using molecular strongly correlated system κ-(BEDT-TTF)2Cu[N(CN)2]Br
[BEDT-TTF = bis(ethylenedithio)tetrathiafulvalene] laminated on CaF2 substrate. This device
exhibited significant cooling-rate dependence of resistance below about 80 K, associated with glass
transition of terminal ethylene group of BEDT-TTF molecule, where more rapid cooling through glass
transition temperature leads to the decrease in bandwidth. We demonstrated that the FET properties
such as ON/OFF ratio and polarity can be controlled by utilizing cooling rate. Our result may give a
novel insight into the design of molecule-based functional devices.

Keywords: molecular conductor; strongly correlated electron system; superconductivity; Mott
insulator; field-effect transistor

1. Introduction

Molecular conductors κ-type (BEDT-TTF)2X [BEDT-TTF = bis(ethylenedithio)tetrathiafulvalene
(Figure 1a), X = anion] are interesting materials in terms of unconventional superconductivity
neighboring Mott insulating state, which is similar to high critical temperature (TC) cuprate
superconductors [1,2]. They have two-dimensional (2D) conducting layers with strongly dimerized
BEDT-TTF molecules (Figure 1b,c) to form an effectively half-filled band structure, affording strong
electron correlation. Due to their flexible molecule-based crystal lattices, slight physical pressure or
anion variation can control transfer integrals, thus, bandwidth (that is anti-proportional to the electron
correlation), to induce superconductivity. For example, κ-(BEDT-TTF)2Cu[N(CN)2]Cl (abbreviated
as κ-Cl hereafter), which is one of the most typical Mott insulators in this series of compounds,
shows superconductivity under pressure of ca. 40 MPa [3]. The compound formed by replacing
Cl with Br in κ-Cl, namely κ-(BEDT-TTF)2Cu[N(CN)2]Br (abbreviated as κ-Br hereafter) is also
superconductor at ambient pressure [4]. Therefore, κ-type BEDT-TTF system has been typically studied
as bandwidth-controlled superconductor.

Recently, it has also become possible to induce band-filling controlled Mott transition [5–9] or
superconducting (SC) transition [10–15] in κ-BEDT-TTF salts, since our research group has developed
field-effect transistors (FETs) utilizing the thin (~100 nm) single crystals [16,17]. Furthermore, flexible
FETs [11] and electric-double-layer transistors (EDLTs) [15] enabled simultaneous control of band-filling
and bandwidth in κ-BEDT-TTF salts. Based on the experimental results, we constructed a ground
state phase diagram of strongly correlated system against band-filling and electron correlation [10,15].
However, an unexplored room still remains, particularly in the vicinity of bandwidth-driven Mott
transition, where SC and Mott-insulating phases coexist [18]. Such a situation might allow one to find
a novel physical phenomenon or device property.
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In this paper, we describe a band-filling-controlled conductivity measurement near the
bandwidth-controlled SC phase in a novel FET. This FET is using thin κ-Br crystal laminated on
Al2O3/Au/CaF2 substrate (Figure 1d, see Materials and Methods), where one can fine-tune the
bandwidth by cooling rate across a glass transition [19–22] and can control band-filling by gate voltage
simultaneously in a single device. In the present κ-Br FET, we found a remarkable cooling-rate
dependence of FET properties such as ON/OFF ratio and field-effect polarity, which was not observed
in previous FETs based on κ-BEDT-TTF salts.

2. Results and Discussion

We laminated a κ-Br thin crystal on an Al2O3/Au/CaF2 substrate to fine-tune its bandwidth in the
vicinity of insulator-to-superconductor transition by considering the thermal expansion coefficients α
for κ-Br [23] and CaF2. Because the thin (~ 100–200 nm) κ-Br crystal is tightly bound on the substrate by
van der Waals or dipole–dipole interactions, its lattice contraction is governed by that of the substrate.
When the α value of the substrate is smaller than that of κ-Br, 2D negative pressure is effectively applied
to the κ-Br during the cooling process [5]. In order to make moderate negative pressure, we utilized a
CaF2 substrate which has larger α value compared to the substrates previously used to obtain the Mott
insulating ground state of κ-Br (Table S1) [5–7,10,12,13].

The temperature dependence of resistance for a FET using thin κ-Br crystal on Al2O3/Au/CaF2

substrate (only that of device1) is shown in Figure 1e, where the data for both bulk κ-Br and device1
with various cooling rates are indicated. Though κ-Br is an organic superconductor with TC = 12 K [4],
the thin crystal laminated onto the inorganic substrate becomes an insulator at low temperature
by tensile strain from the substrate. Insulating nature becomes prominent with faster cooling rate.
However, device1 did not show monotonic insulating behavior but showed incomplete SC transition
with non-zero residual resistance below TC ~ 9 K. It suggests the percolative SC (PSC) state, where
phase-separated SC and Mott insulating domains coexist in the vicinity of first-order pressure-induced
Mott transition [18].

To consider the low-temperature state of device1 more carefully, a pressure–temperature (P–T)
phase diagram of κ-BEDT-TTF salts is presented in Figure 1f [3,24,25]. It is believed that κ-Br, κ-Cl,
and κ-(BEDT-TTF)2Cu(NCS)2 (κ-NCS) can be mapped in an identical P–T diagram with chemical
pressure difference. The cooling trajectories of device1 with 0.3 K min−1, 1 K min−1, and 10 K min−1

cooling rates can be speculated (Figure 1e) as indicated by red, green, and blue arrows, respectively.
The metal–insulator transition (or upturn of the resistance) around 15 K suggests that device1 has
the electronic state on the border of Mott transition. We also note that magnetic field suppressed the
partial SC transition, and an insulating nature of normal state became apparent (Figure S1).

The resistance difference due to the cooling rate control is seen below ca. 80 K, which is confirmed
to be reproducible using different samples (device2, device3 in Figure S2). Similar significant
cooling-rate dependence of resistivity has been reported in the partially deuterated κ-Br on the border
of bandwidth-driven Mott transition, attributed to the glass transition of terminal ethylene group of
BEDT-TTF molecule at ~80 K (Figure 1a) [26–28]. The glass transition refers to the freezing of vibration
modes of BEDT-TTF terminal ethylene group, where the configuration of two ethylene end groups
in BEDT-TTF aligns parallel (eclipsed) or canted (staggered) [22]. In κ-Br, the eclipsed configuration
is energetically preferred, but more rapid cooling is considered to increase the population of the
staggered configuration [29]. This conformational disorder is suggested to narrow the bandwidth by a
theoretical study [30], providing one possible explanation for negative pressure effect by rapid cooling.
In addition, the anisotropic changes of lattice parameters at glass transition are affected by cooling
rate [22], which might play a role in the narrowing of the bandwidth upon rapid cooling [18]. In order
to clarify the negative pressure effect by varying cooling rate, we display a color plot of resistance
of device1 against cooling rate and temperature, and it is compared with P–T phase diagram near
the Mott transition (orange frame in Figure 1g). Although the low-temperature region below 8 K is
difficult to describe due to limited data points, the insulator–metal phase boundary and PSC phase in
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the P–T phase diagram are well reproduced in the color plot. It demonstrates that increasing cooling
rate effectively produces negative pressure in device1.
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are alternating. (c) BEDT-TTF layer viewed along the long axis of BEDT-TTF molecule. Purple circle 
shows the dimer. (d) Device structure of a novel FET using κ-Br. (e) Temperature dependence of 
resistance of device1 at cooling rate of 0.3, 1, and 10 K min–1 and bulk κ-Br. Resistance is normalized 
by the resistance value at 300 K for clarity. Glass transition temperature of terminal ethylene groups 
is shown by Tglass. (f) P–T phase diagram of κ-BEDT-TTF salts, constructed by previous reports 
[3,24,25]. Bottom and top axes indicate physical pressure relative to ambient-pressure state of κ-Cl 
and chemical pressure by anion variation, respectively. Decreasing pressure P strengthens the 
electron correlation U/W, where U and W represent on-site Coulomb repulsion and bandwidth, 
respectively. d8-κ-Br represents fully deuterated κ-Br. PI, PM, AFI, SC, and PSC denote paramagnetic 
insulator, paramagnetic metal, antiferromagnetic insulator, superconductor, and percolative 

Figure 1. (a) BEDT-TTF molecule. The part surrounded by dotted line is terminal ethylene group.
(b) Side view of crystal structure of κ-Br. Two-dimensional BEDT-TTF layer and insulating anion layer
are alternating. (c) BEDT-TTF layer viewed along the long axis of BEDT-TTF molecule. Purple circle
shows the dimer. (d) Device structure of a novel FET using κ-Br. (e) Temperature dependence of
resistance of device1 at cooling rate of 0.3, 1, and 10 K min−1 and bulk κ-Br. Resistance is normalized
by the resistance value at 300 K for clarity. Glass transition temperature of terminal ethylene groups is
shown by Tglass. (f) P–T phase diagram of κ-BEDT-TTF salts, constructed by previous reports [3,24,25].
Bottom and top axes indicate physical pressure relative to ambient-pressure state of κ-Cl and chemical
pressure by anion variation, respectively. Decreasing pressure P strengthens the electron correlation
U/W, where U and W represent on-site Coulomb repulsion and bandwidth, respectively. d8-κ-Br
represents fully deuterated κ-Br. PI, PM, AFI, SC, and PSC denote paramagnetic insulator, paramagnetic
metal, antiferromagnetic insulator, superconductor, and percolative superconductor, respectively. Red,
green, blue, and black arrows indicate the cooling trajectories of device1 at the cooling rate of 0.3, 1,
10 K min−1, and κ-Br bulk, respectively, expected from the data in Figure 1e. Orange box indicates the
parameter region measured in 1e. (g) Color plot of resistance against cooling rate and temperature of
device1, which is comparable to the region surrounded by orange frame in Figure 1f. The S-shaped
phase boundary between PI and PM seems to be reproduced as shown by broken curve.

We also note that disorder introduction into strongly correlated system can often induce Anderson
localization [31]. It has been reported that continuous X-ray irradiation into κ-type BEDT-TTF salt
causes structural defects in anion layers, leading to dramatic conductivity changes attributed to
Anderson localization [32]. X-ray irradiation onto Mott-insulator such as κ-Cl decreases resistance
because of softening of Coulomb gap. In the present result, however, we found only increase of
resistance by rapid cooling (device3 in Figure S2b, for example). Therefore, a disorder effect or
Anderson localization is not likely to be a primary cause for the resistance changes in our device.

Now we show the results of field-effect measurements in device1. Figure 2a is a summary of
the gate voltage VG dependence of resistance at 10 K, just above TC, at different cooling rates. The
resistance was decreased with increasing VG, indicating n-type FET operations. The monotonic n-type
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behavior in device1 suggests that the initial state (VG = 0 V) is slightly negatively charged compared to
the half-filled state. Such a situation is often the case with κ-Br FET, the Fermi level of which interface
seems to be located just below the upper Hubbard band [5–7]. The ON/OFF ratio remarkably increased
by rapid cooling, which can be attributed to the enhancement of Mott insulating nature. Furthermore,
we found strong influence of cooling rate on the field effect below TC in device1. Figure 2b shows the
VG dependence of resistance at 4 K with different cooling rates, indicating a clear polarity change from
n-type to p-type with decreasing cooling rate. The reproducibility of the results was confirmed with
different samples (device3 in Figure S3, device4 in Figure S4).
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Figure 2. Gate voltage VG dependence of resistance of device1 at 10 K (a) and 4 K (b) with different
cooling rates. Temperature dependence of resistance of device1 below 20 K under various VG at cooling
rates of 0.3 K min−1 (c), 1 K min−1 (d), and 10 K min−1 (e). Color plots of resistance below 20 K against
VG and temperature at cooling rates of 0.3 K min−1 (f), 1 K min−1 (g), and 10 K min−1 (h).

In order to interpret this strange field effect below TC, the temperature dependence of logarithmic
resistance below 20 K at fixed VG with the cooling rates of 0.3, 1, and 10 K min−1 are plotted in
Figure 2c–e, respectively. It is found that the p-type field effect was only observed below TC at cooling
rate of 0.3 K min−1 (Figure 2c). At 1 K min−1, VG dependence of the resistance was not large below
TC (Figure 2d), and only n-type behavior was observed in whole temperature range at 10 K min−1

(Figure 2e).
For further discussion, contour maps were depicted in Figure 2f–h, which corresponds to the

datasets of Figure 2c–e, respectively. In Figure 2f, very low resistance state was observed in the
region with VG < 0 V and T < 8 K, as indicated by deep blue color. Because this deep blue region
shrunk under magnetic field (Figure S5), the p-type behavior is considered to be derived from the
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enhancement of superconductivity at negative VG range. In the similar VG–T region (VG < 0 V and
T < 8 K), high resistance derived from Mott insulating state was observed in Figure 2h, as shown in the
green region. These results indicate the enhancement of superconductivity in Figure 2f is observed at
exactly half-filled state.

We display the schematic electronic phase diagram of κ-BEDT-TTF-based FET against electron
correlation and band-filling at fixed temperature well below TC (Figure 3a), constructed from our
previous experiments [10,15]. Considering the present field-effect measurements in device1 at
different cooling rates, we present a revised version of this FET phase diagram in the vicinity of
bandwidth-controlled Mott transition, as shown in Figure 3b. A novel finding is the particular
enhancement of superconductivity at half filling observed at cooling rate of 0.3 K min−1, which is
indicated by reddish violet region. Taking into account that the carrier doping here is very small
(~a few % of band-filling) and takes place only at the first monolayer at FET interface [15], the current
superconductivity enhancement should be difficult to understand in terms of the electron–phonon
scattering [33] or the peculiar charge ordered state observed in cuprates [34]. At this stage, the
mechanism behind this strange SC transition is an open question owing to the lack of appropriate
experimental methods or theories.
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Figure 3. (a) Schematic phase diagram of κ-BEDT-TTF salts around Mott insulator against electron
correlation and band-filling at fixed temperature well below TC [10,15]. Half-filled state is emphasized
with highlight. Here PSC phase is omitted for simplicity. (b) Expanded figure of the region surrounded
by broken line in Figure 3a and the field effects in device1 at different cooling rates. Double-headed
arrows indicate observed ranges. Reddish violet region indicates SC state stabilized at half filling that
we newly found here.
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3. Materials and Methods

Device Fabrication. Gold layer (50 nm) was deposited onto CaF2 substrate (Pure Optics,
Tatebayashi, Japan) by DC magnetron sputtering (Quorum technologies, East Sussex, U.K.) for gate
electrode. Alumina gate dielectric layer (50 nm) was fabricated by RF magnetron sputtering (Cryovac,
Osaka, Japan) and/or atomic layer deposition (ALD; Picosun, Espoo, Finland). When using the
sputtered (non-ALD) alumina layer, self-assembled monolayer (SAM) modification of the alumina
surface using octadecylphosphonic acid (ODPA) was performed in order to reduce gate leakage
current [35]. We synthesized a thin (~100–200 nm) κ-Br single crystal and laminated it onto the freshly
prepared substrate as previously reported [10].

Measurements. Gold wires were attached to the κ-Br channel by carbon paste for conductivity
measurement. Resistance was measured by conventional DC four-probe method (Keithley instruments,
Solon, U.S.A.) under helium atmosphere in PPMS (Physical Property Measurement System; Quantum
Design, San Diego, U.S.A.). Cooling rate was changed below 100 K, which is well above the glass
transition temperature (~80 K) of terminal ethylene group of BEDT-TTF in κ-Br [22]. Magnetic field
was applied perpendicular to the conducting plane.

4. Conclusions

A novel organic SC FET in the vicinity of bandwidth-controlled Mott transition has been developed
using strongly correlated electron system κ-Br. We used CaF2 substrate for the first time, which has
a slightly smaller thermal expansion coefficient than κ-Br, in order to fine-tune the bandwidth of
κ-Br in FET structure. We succeeded in controlling the FET characteristics such as ON/OFF ratio and
field-effect polarity by fine-tuning the bandwidth via cooling rate at glass transition of ethylene end
groups of BEDT-TTF molecule. We found that the superconductivity is particularly stabilized at exactly
half-filled state, which had not been known in κ-BEDT-TTF-based FET.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/9/11/605/s1,
Table S1: Thermal expansion coefficients α of substrate materials and κ-Br at room temperature, Figure S1:
Low-temperature resistance of device1 under magnetic field, Figure S2: Temperature dependence of resistance
in device2 (a) and device3 (b) at different cooling rate, Figure S3: Cooling-rate dependence of low-temperature
resistance (a) and FET properties above TC (b) and below TC (c) in device3, Figure S4: Cooling-rate dependence
of low-temperature resistance (a) and FET properties above TC (b) and below TC (c)–(e) in device4, Figure S5:
Color plots of resistance of device1 below 12 K against VG and temperature at cooling rates of 0.3 K min−1 at 0 T
(left) and 1 T (right).
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