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Ambipolar field-effect transistor characteristics of (BEDT-TTF)(TCNQ) crystals and metal-like
conduction induced by a gate electric field
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Ambipolar carrier conduction has been observed in a metal-insulator-semiconductor field-effect transistor
made using (BEDT-TTF)(TCNQ) crystals. The temperature dependence of the source current with the applied
positive gate voltage exhibits metal-like behavior at around room temperature. The metal-like conduction
transforms into thermal-activation-type behavior below 240 K. The I5-Vpg curve for an applied gate voltage of
80 V exhibited a corresponding change in the curvature below 240 K.
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I. INTRODUCTION

The effect of the gate electric field on a metal-insulator-
semiconductor field-effect transistor (FET) has attracted con-
siderable interest since it is expected to be an effective tool
in materials science. The active layer of the FET is formed at
the interface of the semiconductor and insulator due to the
increase in the local carrier concentration induced by the gate
electric field. In conventional semiconductors, the channel
conductivity between the source and drain increases because
of the gate electric field; this phenomenon has been em-
ployed in electrical switching devices. Since the effect of the
gate electric field is insufficient for a large modulation of the
carrier density and is effective only in the active layer of the
FET, the modulation of the macroscopic properties of mate-
rials is impossible. However, the effects of the gate electric
field have been observed in Si devices,! undoped cuprates,’
VO,,} and ferromagnetic thin films.* To study the effect of
gate electric field, semiconducting materials at around their
electronic phase boundary need to be investigated. In par-
ticular, there are many bis(ethylenedithio)tetrathiafulvalene
(BEDT-TTF)-related complexes that commonly have a two-
dimensional BEDT-TTF sheet structure. This group of mate-
rials exhibits various electronic phases as the temperature,
pressure, and magnetic field are varied.’~!¢

BEDT-TTF and 7,7,8,8-tetracyanoquinodimethane
(TCNQ) form both segregated (triclinic phase) and mixed
(monoclinic phase) stacking crystals of the (BEDT-
TTF)(TCNQ) charge transfer complex, which are known to
be semiconductors at room temperature.'!!? In particular, the
triclinic phase of (BEDT-TTF)(TCNQ) undergoes a metal-
insulator phase transition at 330 K.'>!3 The electrical resis-
tivity of the triclinic crystal along the ¢ axis shows a mini-
mum at 330 K and ambient pressure. Further, it is known
that the metal-insulator transition temperature (Tyg) de-
creases with increasing hydrostatic pressures,'®> which is due
to the modulation of the intermolecular transfer integral and
band filling.!*!> In addition, anisotropic thermoelectric
power experiments have revealed that holes are the main
carrier below Ty, while electrons are dominant in the total
conductivity above Ty;.'> However, no anomaly is seen at
around Ty in the electron spin resonance, '3 13C—NMR, and
'"H.NMR measurements.'6 Furthermore, the BEDT-TTF
layer is a two-dimensional Mott-Hubbard system; this was
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revealed in a >C—NMR experiment.'® The localized spin on
the BEDT-TTF molecule exhibits antiferromagnetic ordering
below 20 K. In addition, one-dimensional TCNQ columns
also exhibit antiferromagnetic ordering below 3 K.'3 Then,
both BEDT-TTF layer and TCNQ columns act as Mott insu-
lators.

In this paper, we present ambipolar FET characteristics
and the temperature dependence of the source current using
(BEDT-TTF)(TCNQ) crystals grown by a cast method. The
crystal orientation of the grown crystals is characterized by
x-ray diffraction. We observed the temperature variation in
the I5-Vpg curves at various applied gate voltages.

II. EXPERIMENTAL DETAILS

Source materials of BEDT-TTF and TCNQ powder with
98% purity were purchased from Tokyo Chemical Industry
Co., Ltd. A highly doped n-type Si substrate with thermally
oxidized SiO, with a thickness of approximately 300 nm
was used as the substrate. Au/Cr source and drain elec-
trodes were formed on the SiO, substrate using standard
vacuum evaporation and photolithographic techniques. The
gap between these parallel electrodes was approximately
13 um. A chloroform solution of (BEDT-TTF)(TCNQ) (1.0
X 10 mol/€) was prepared by mixing the TCNQ and
BEDT-TTF solutions. The solution was dropped on the sub-
strate surface and dried in a nitrogen atmosphere at room
temperature. It has been reported that triclinic crystals were
predominantly obtained by means of a solution process.'?
Many needlelike crystals of (BEDT-TTF)(TCNQ) with peri-
odic and parallel ordering of the crystal arrangement grew on
the surface of the SiO,/Si substrate. The typical dimensions
of the grown crystal were 0.4X300X0.1 um?. The long
axis of the needlelike crystals directly bridged the source and
drain electrodes.

III. RESULTS AND DISCUSSION

The x-ray diffraction patterns of the (BEDT-TTF)(TCNQ)
powder and crystals grown on the Si0,/Si surface are shown
in Fig. 1. The diffraction peaks of the (100), (200), (300),
(010), (001), and (400) planes were observed in the diffrac-
tion pattern of the powder sample. The observation of the
high-order (h00) diffraction peaks suggests high crystallinity.

©2007 The American Physical Society
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FIG. 1. (Color online) X-ray diffraction patterns of (a) (BEDT-
TTF)(TCNQ) powder and (b) crystals grown on the SiO,/Si sur-
face. Inset: atomic force microscope image of the crystals grown
around the source and drain electrodes.

The crystal structure of the triclinic phase has been reported
to consist of two-dimensional BEDT-TTF sheets parallel to
the (100) planes and one-dimensional TCNQ columns along
the ¢ axis.!> However, in the diffraction patterns of the crys-
tals grown on the SiO, surface [Fig. 1(b)], the (001) and
(010) diffraction peaks were not observed; this indicates that
the (100) plane of the crystals is parallel to the substrate
surface. In addition, the needlelike crystals whose long axis
corresponds to the ¢ axis of the crystal structure bridge the
source and drain electrodes, as shown in the inset of Fig.
1(b). Therefore, the BEDT-TTF and TCNQ layers of the tri-
clinic crystals are parallel to the substrate surface and are
continuous between the source and drain electrodes.'> For
this orientation, the density of the BEDT-TTF or TCNQ mol-
ecule in the (100) plane at the interface of the gate insulator
is 3.98 X 10'® m~2, which is estimated from the lattice pa-
rameters of (BEDT-TTF)(TCNQ).!? Although few mono-
clinic crystals may coexist, their contribution to the electrical
conductance will be low, because the resistivity of the mono-
clinic phase is 107 times higher than that of the triclinic
phase.

Figure 2 shows the ambipolar FET characteristics of
(BEDT-TTF)(TCNQ) crystals measured at room tempera-
ture. FET characteristics in Fig. 2(a) show the n-channel
accumulation-mode operation when the drain voltage (Vpg)
is lower than the gate voltage (V). The main carrier for this
operation is the electrons injected from the source electrode.
The source current (Ig) gets saturated when Vig is equal to
or slightly greater than Vgg. When Vg is greater than Vg,
I5 abruptly increases, indicating that the injection of holes
into the (BEDT-TTF)(TCNQ) crystal from the drain elec-
trode becomes effective. Thus, both electrons and holes are
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FIG. 2. Ambipolar FET characteristics of (BEDT-TTF)(TCNQ)
crystals at room temperature. Inset: Transfer characteristics at Vpg
=5 and -5 V, respectively.

simultaneously injected into the (BEDT-TTF)(TCNQ) crys-
tals from the Au electrodes. The ambipolar FET characteris-
tics with a negative Vg value also appear in the negative
Vps region as shown in Fig. 2(b). Transfer characteristics
shown in the inset of Fig. 2 indicate that hole is dominant
carrier at Vgg=0 V and the electron mobility is greater than
the hole mobility. Although a precise estimation of the car-
rier mobility is difficult because the effective channel width
and length of all the crystals are indeterminable, the esti-
mated electron and hole mobilities are (0.6—3)X 1072 and
(0.4-2) X 1072 cm?/V s, respectively.

Ambipolar carrier conduction in organic FETs has
been observed in carrier-injection improved FETs,!’-26
double-layered thin films of p- and n-type organic
semiconductors,2’3®% and Mott insulators.?® For the double-
layered thin films,?’~3® the conduction paths of the electrons
and holes are separated into acceptor and donor layers, re-
spectively, because the interaction between the acceptor and
donor layers is very weak. On the other hand, for Mott
insulators,® both the donor and acceptor bands are half filled
because of dimerization and charge transfer from the donor
to the acceptor; as a result, carrier transport is dominated by
Coulomb interactions. However, in the case of the FET using
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FIG. 3. Temperature dependence of /g for various gate voltages
and a drain voltage of 50 V. The dashed lines are included as a
guide to the eyes.

Mott insulators, Newns et al. demonstrated that the excess
carriers injected into the Mott insulator are undisturbed by
Coulomb repulsion.? Furthermore, according to the theoreti-
cal calculation,*® ambipolar carrier injection is incidental in a
Mott insulator even if the Fermi energy of the crystal is quite
different from that of the electrodes. In substance, ambipolar
FET characteristics were also observed in the (BEDT-
TTF)(TCNQ) crystalline FET when we used Al as the source
and drain electrodes.

The temperature dependence of the source current at a
drain voltage of 50 V and various gate voltages of —60, 0,
20, 40, 60, and 80 V is shown in Fig. 3. The source current
decreased with decreasing temperature at a gate voltage of
0 V, exhibiting semiconducting behavior; the estimated acti-
vation energy was 0.25 eV. Although it is not shown in Fig.
3, the thermal activation energy of 0.070 eV is also estimated
below 210 K. These values correspond to a previous obser-
vation of bulk (BEDT-TTF)(TCNQ).'> The temperature de-
pendence of /g at a gate voltage of 20 V also exhibited ther-
mal activation behavior for an activation energy of 0.25 eV.
On the other hand, the source currents for gate voltages of 60
and 40 V decreased as the temperature decreased at around
room temperature. Nevertheless, these source currents began
to increase below 270 and 260 K, exhibiting a maximum at
240 and 220 K, respectively. The Ig value for an applied gate
voltage of 80 V increased with decreasing temperature; it
then decreased with decreasing temperature below 240 K.
The estimated thermal activation energies for a gate voltage
of 80 V are approximately 0.14 eV from 230 to 170 K and
0.035 eV below 170 K. While the source current decreases
with decreasing temperature at a negative gate voltage of
—60 V, two different activation energies exist: 0.17 eV from
280 to 220 K and 0.030 eV below 220 K.

When a drain voltage of 50 V and gate voltages of 0 or
20 V were applied, bulk conduction dominated the total elec-
trical conductance of the FET because the local conductance
of the channel region (Gganner)> Which is limited by the gate-
drain voltage (Vgp), was lower than the bulk conductance
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(Gpui)- When gate voltages of 40 and 60 V were applied,
Gy becomes greater than G e at around the room tem-
perature. However, Ggpanner €xceeded Gy, with decreasing
Gy at lower temperatures. When a gate voltage of 80 V
was applied, G e Was greater than Gy, because of the
high carrier concentration in the channel. Thus, the local
conduction in the channel dominated the total conductance.
Since a continuous electron accumulation layer from the
source to drain is necessary for metal-like conduction, a
metal-like behavior does not appear in the saturation region
of the FET operation (see V3g=20 V in Fig. 3). Thus, the
temperature variation in the source current with a fixed drain
voltage of 20 V and applied gate voltages of 20, 40, 60, and
80 V (not shown) has only a single maximum at around
240 K, because the continuous electron accumulation layer
through the channel exists in the linear region of the FET
operation (Vgp=0). In addition, the observed metal-like
conduction exhibits a certain amount of sample dependence
because the G pannel/ Goulk ratio depends on the crystal thick-
ness. If a thick crystal is used, metal-like conduction is
hardly observed even for a gate voltage of 80 V because
Gpuk exceeds Gopanmel, Which suggests that the observed
metal-like conduction is a local phenomenon in the channel
region.

The thermal activation energies of 0.070 and 0.25 eV cor-
respond to a thermal generation of two types of carriers in
the bulk because they vanish under a fixed carrier concentra-
tion due to the applied gate electric field. Since thermoelec-
tric power measurements'? have revealed that the dominant
carrier in the bulk in the low-temperature region are holes,
and the total conductivity is dominated by electrons above
T\, the thermal activation energy of 0.070 eV corresponds
to the temperature dependence of the hole concentration
(Pthermar)- Further, we tentatively assign that the thermal ac-
tivation energy of 0.25 eV mainly corresponds to the tem-
perature dependence of electron concentration (7germa). ON
the other hand, thermal activation energies under positive
and negative gate operations depend on the applied gate volt-
ages. Since the carrier density in the channel region is fixed
by the gate electric field and exceeds that of the bulk, the
thermal activation energies arise from the temperature de-
pendence of the carrier mobility or carrier injection. To dis-
cuss the origin of these activation energies, we investigate
the temperature variation in the /5-Vpg curves for a fixed gate
voltage.

Figure 4 shows the temperature variation in the Ig-Vpg
curves at an applied gate voltage of 80 V. The Ig value in-
creases with decreasing temperature from 280 to 236 K.
These Ig-Vpg curves are proportional to the Vpg value at
around zero Vpg, indicating an Ohmic junction in the
n-channel operation of the FET. However, the curvature of
the I5-Vpg curve at around zero Vpg becomes a non-Ohmic
junction below 236 K, which indicates the formation of an
energy gap or abrupt change in the carrier conduction to
thermal-activation-type mobility; both of them would arise if
a structural phase transition occurred. In substance, the cor-
responding thermal activation behavior with an activation
energy of 0.14 eV was observed between 170 and 230 K in
Fig. 3. In addition, the curvature of the Ig-Vpg curves at
around zero Vpg at an applied negative gate voltage of —60 V
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FIG. 4. Temperature variation in the /5-Vpg curve for an applied
gate voltage of 80V (a) from 280 to 236 K and (b) from
225 to 158 K.

(not shown) also exhibits a similar temperature variation
showing a change from an Ohmic to a non-Ohmic junction at
around 270 K with the corresponding activation energy of
0.17 eV. On the other hand, the Ig-Vpg curves at an applied
gate voltage of 0 V shown in Fig. 5, which indicate bulk
conduction, exhibit no anomaly with respect to the curvature.
Comparing these results for zero and nonzero gate voltages,
it is speculated that the origin of these transitions arise from
the conduction paths of the accumulated electrons and holes,
and not in the bulk. However, the origin of this change is still
an open question because it is difficult to perform x-ray dif-
fraction, magnetic experiments, and other measurements to
detect the channel region of the FET.

On the other hand, in the metal-like region above 240 K
under a gate voltage of 80 V, electrons are the dominant
carrier in the linear region of the positive gate operation. The
bulk conductivity (ot,,) and channel conductivity (0,..c1)
in this region are

e _ e
Obulk = €Mthermal Mbulk

e _ e
O channel = €"linducedMchannel »

where g and ug. ... are the electron mobilities in the
bulk and channel regions, respectively. nyemato decreases
with decreasing temperature at an activation energy of
0.25 eV. On the other hand, n;,4,..q 1S the local density of
electrons induced by the gate electric field in the channel

PHYSICAL REVIEW B 76, 045111 (2007)

100F

50F

500

Source Current (nA)
o
!

-100f

50 50
Drain - Source Voltage (V)

s Y U U —

FIG. 5. Temperature variation in the /5-Vpg curve for an applied
gate voltage of 0 V from 274 to 169 K.

region; it is independent of temperature and fixed by the
distribution of the electric field in the channel region. There-
fore, we propose that the metal-like behavior observed above
240 K is due to the temperature dependence of ©, e

One possible explanation for this phenomenon is the
gate-induced shift in Ty By using a simple capacitor
model, the density of electrons at a gate voltage of 80 V
was estimated to be 5.6X10'® m™2; this corresponds to
0.014 electrons/molecule in the (100) plane determined us-
ing the estimated density of molecules. This excess electron
density will be generally insufficient for the gate-induced
Mott transitions due to the modulation of band filling. How-
ever, the lower shift in 7 may be promoted by the small
number of induced carriers. For example, the Ty, value of
bulk (BEDT-TTF)(TCNQ) is reduced by the application of
hydrostatic pressures.'? In this case, a large reduction in Tyy
can be attributed to the changes in both intermolecular trans-
fer and band filling. Another possible explanation for the
metal-like temperature dependence is that the genuine Ty
value of (BEDT-TTF)(TCNQ) bulk is 240 K. In substance,
one can observe an anomaly at around 240 K in the aniso-
tropic thermoelectric power.'? According to this assumption,
the discrepancy between Ty defined by o (330 K) and
Mehannel (240 K) can be explained by the large difference in
the temperature dependence of nypema and U nel-

In summary, the ambipolar carrier conduction induced by
a gate electric field is observed in (BEDT-TTF)(TCNQ) crys-
tals. The temperature dependence of /g exhibited a metal-like
behavior in the electron accumulation mode above 240 K.
The temperature dependence of Ig transforms into thermal-
activation-type behavior below 240 K with a corresponding
change in the curvature of the I5-Vpg curve. Although the
origin of this change has still not been investigated, it has
been proposed that this phenomenon occurs in the channel
region of the FET.
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