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ABSTRACT: An organic field-effect transistor was fabricated using an anthracene–tetracyanoquinodimethane (AN–
TCNQ) single-crystal charge-transfer (CT) complex as the semiconductor material. The CT complex showed molecular 
dynamics related to reorientational motion of AN molecule at room temperature. The transfer characteristics drastically 
changed when the temperature decreased from room temperature to 90 K: n-type → ambipolar-type → p-type → ambi-
polar-type. From thermal analysis, AN–TCNQ underwent two phase transitions when the temperature decreased from 
room temperature to 120 K. To clarify the mechanism of the drastic changes of the transfer characteristics, the crystal and 
electronic structures of AN–TCNQ at various temperatures were investigated by X-ray structure analysis, optical meas-
urements, and magnetic measurements. It was found that the drastic changes of the transfer characteristics originated 
from changes in the electronic structure accompanied by the molecular dynamics. 

1. INTRODUCTION 

Recently, a wide variety of organic-based field-effect tran-
sistors (FETs) have been fabricated and investigated.1-6 
Their performance has been improved in various studies, 
and many organic-based devices exceeding the perfor-
mance of amorphous silicon have been reported.7-16 Some 
of them show high performance even in thin film transis-
tors, having attractive features for ubiquitous network 
such as low-cost, flexibility, or large area.3-12 In general, 
the performance of organic FETs depends on the crystal 
and band structures of the semiconductor layers. The 
mobility of devices is dominated by electronic structures 
of the semiconductor materials, which depend on the 
intermolecular interaction. Therefore, FETs sense the 
change of electronic structure of semiconductor layer. For 
example, the transfer characteristics of FETs change 
largely by a slight change of the electronic or band struc-
ture of semiconductor layers by contacting and adsorbing 
the gases.17-21 FETs can detect slight change of electronic 
structure of semiconductor materials by external stimuli 
and the device property change largely. In this study, we 
fabricated FET using charge-transfer complex crystal as 
semiconductor layer, which showed switching between n-

type and p-type in transfer characteristics by decreasing 
temperature. 

Charge-transfer (CT) complexes consist of an electron 
donor and acceptor. The crystals of CT complexes are of 
great interest and importance in the field of molecular 
materials, showing high electronic conductivity and su-
perconductivity.22-24 These properties are observed in CT 
crystals with segregated-stacks of donor and acceptor 
molecules, forming independent π-electron systems based 
on each component. On the other hand, a CT complex 
whose donor and acceptor are alternately stacked with 
face-to-face stacking is classified as a mixed-stacked CT 
complex. Although crystals with such a molecular ar-
rangement are unable to be a molecular conductor, these 
complexes can be used as semiconductor layer of FETs.25-

27 In this study, we designed a molecular electronic sys-
tem in which molecular dynamics in a mixed-stack CT 
complex is closely connected with the property of FET.  

In mixed-stack CT complexes, molecular dynamics 
such as in-plane reorientation occurs with using planer 
molecules as donor such as anthracene–
tetracyanobenzene, pyrene–tetracyanobenzene and py-
rene–pyromellitic-dianhydride.28-30 It is known that these 
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complexes undergo phase transitions at low temperature, 
which are related to the order–disorder behavior of mo-
lecular orientation of these molecules.31 The reorienta-
tional motion causes change of relative orientation of 
donor and acceptor molecules. The relative orientation is 
important in CT crystals since the CT interactions occur 
by overlap of π-orbitals of these molecules. In such crys-
tals, it is expected that the CT interactions and electronic 
structures change by reorietational motion. We consider 
that FETs can detect the changes of electronic structure 
and reorientational motion in CT complex crystals caused 
by phase transition. 

 

Figure 1. Schematic of the FET (top) and reorientation in the 
AN–TCNQ crystal (bottom). 

In this work, a FET was fabricated utilizing anthracene–
tetracyanoquinodimethane (AN-TCNQ) single crystal and 
tetrathiafulvalene–TCNQ (TTF–TCNQ) metallic thin 
films as the semiconductor layer and the source and drain 
electrodes, respectively (Figure 1). AN–TCNQ is a classical 
CT complex whose crystal structure at room temperature 
was first reported in 1968.32 Observed molecular structure 
of AN showed large atomic displacement parameters 
(temperature factors), which interpreted as orientational 
disorder.31 We have found that the transfer characteristics 
of the device show drastic changes with decreasing the 
temperature; n-type → ambipolar-type → p-type → am-
bipolar-type from room temperature to 90 K. The drastic 
changes can be explained by molecular dynamics and two 
structural phase transitions. The results and discussion 
presented in this paper might give a hint to fabricating 
the devices that can be switching between n-type and p-
type. This study also showed that the measurement of 
FET characteristics of semiconductor materials is useful 
to investigate their band and electronic structures. 

2. MATERIALS AND METHODS 

2.1. Materials. AN, TCNQ and TTF were purchased from 
Tokyo Chemical Industry Co., Ltd. and purified by vacu-
um sublimation. Single crystals of the AN–TCNQ complex 

(black blocks and sticks with a typical size of 0.2 × 0.4 × 
1.0 mm3) were prepared by a co-sublimation method in a 
sealed vacuum glass tube. The crystal structure of the 
crystals at room temperature was the same as that in a 
previous report.32 TTF–TCNQ polycrystallites were ob-
tained by mixing of each acetone solution of TTF and 
TCNQ. 

2.2. Device Fabrication. Devices with gold or silver as 
the source and drain electrodes were fabricated, but their 
transfer characteristics could not be measured at low 
temperature because of their large contact resistance. To 
improve the interfacial electrical contact for electron in-
jection into the AN–TCNQ crystals, we used TTF–TCNQ 
metallic thin films as the source and drain electrodes 
(Figure 1). By thermal evaporation through shadow masks, 
metallic thin films were deposited on the (110) plane of a 
bulk single crystal of AN–TCNQ whose thickness was 200 
μm. The channel width and length (W and L) of the ob-
tained device were 675 and 50 μm, respectively. The two 
electrodes were arranged for the current to flow parallel 
to the molecular stacking axis of the AN–TCNQ crystal (c 
axis). A 0.5-μm layer of Parylene C was deposited as the 
gate dielectric layer (Ci = 5.1 nF/cm2). Gold gate electrodes 
were then formed on the top of the insulator layer.  

2.3. Crystallographic Study. All of the diffraction 
measurements were performed on a Bruker SMART APEX 
II ULTRA diffractometer with a TXS rotating anode (Mo 
Kα radiation, λ = 0.71073 Å) and multilayer optics. The 
data collection was carried out using a DX-CS190LD N2-
gas-flow cryostat (Japan Thermal Engineering, Sagamiha-
ra, Japan). The temperature in the nozzle was kept con-
stant within ±0.2 K during the measurement. Low-
temperature measurements were performed at cooling 
process using the same crystal. The structures were solved 
by direct methods (SHELXT) and refined by full-matrix 
least-squares on F2 using SHELXL-2014.33 All of the H at-
oms were refined using a riding model. For the crystal 
structures without disorder, all of the non-H atoms were 
refined anisotropically. For the crystal structures with 
disorder, details of the refinement are provided in the 
Supporting Information as CIF files embedding the 
SHELXL-2014 res files. The crystal and experimental data 
are summarized in Table 1. 

2.4. Calculation. The overlap integrals between the 
highest occupied molecular orbital (HOMO) and next 
HOMO (nHOMO) of AN and the lowest unoccupied mo-
lecular orbital (LUMO) of TCNQ for each phase were cal-
culated under the extended Hückel approximation34, 35 
using the CAESAR program package.36 The optimization 
and energy calculations of isolated single molecules were 
performed using Gaussian 09W at the B3LYP/6-31G(d,p) 
level.37 

2.5. Measurements. The device properties of the AN–
TCNQ single-crystal FET were measured using a dual 
channel system source meter (Keithley 2636A). Tempera-
ture was controlled using a closed cycle cryostat system. 
Thermal analyses were performed by differential scanning 
calorimetry (DSC, Mettler Toledo Thermal Analysis  
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Table 1. Crystallographic Data for Each Phase of AN–TCNQ 

 300 K 155 K 100 K 

formula C26 H14 N4 

formula weight 382.41 

crystal size (mm3) 0.30 × 0.20 × 0.20 

crystal system monoclinic monoclinic triclinic 

space group C2/m P21/a P−1 

a (Å) 11.5276(3) 11.5730(15) 11.370(3) 

b (Å) 12.9749(4) 12.8479(16) 12.818(3) 

c (Å) 7.0126(2) 6.9092(9) 6.9180(17) 

α (°) 90 90 90.884(4) 

β (°) 105.5838(14) 107.053(2) 107.171(4) 

γ (°) 90 90 94.998(4) 

V (Å3) 1010.31(5) 982.2(2) 958.8(4) 

Z 2 2 2 

Rint 0.0166 0.0317 0.0312 

goodness-of-fit on F2 1.069 1.094 1.061 

R1 [I > 2σ(I)] 0.0452 0.0413 0.0449 

Rw (all reflection) 0.1477 0.1331 0.1174 

 

Table 2. Temperature Dependence of the Mobility in the AN–TCNQ FET 

 300 K 250 K 220 K 200 K 150 K 100 K 

μn (cm2/(V∙s)) 4.5 × 10−5 2.4 × 10−6 3.2 × 10−7 7.1 × 10−7 - 6.2 × 10−8 

μp (cm2/(V∙s)) - 1.5 × 10−6 5.7 × 10−7 5.3 × 10−7 5.0 × 10−7 1.2 × 10−8 

 

System, DSC 1) with a heating and cooling rate of 5 K/min. 
The DSC profile was confirmed to be reproduced in the 
repeated thermal cycles. To obtain the polarized reflectiv-
ity (R) of AN–TCNQ in the ultraviolet–visible (UV/vis) 
and infrared (IR) regions, we used a specially designed 
spectrometer with a 25-cm-grating monochromator 
(JASCO M25-GT) and an optical microscope and a Fourier 
transform IR spectrometer with an optical microscope, 
respectively. In the low-temperature measurements, a 
specially designed conduction-type cryostat was used. 
Magnetic susceptibility measurements were performed on 
a Quantum Design MPMS superconducting quantum 
interference device (SQUID) susceptometer with a stat-
ic field of 1 T in the temperature range 2–300 K using ran-
domly oriented polycrystalline sample. The diamagnetic 
core contribution was estimated based on Pascal’s con-
stants.38 

3. RESULTS AND DISCUSSION 

3.1. Field-Effect Transistor of AN–TCNQ Single Crystal. 
Figure 2 shows the device properties of the AN–TCNQ 
single-crystal FET in variable temperatures. The device 
showed typical n-type behavior at 300 K, where the drain 
current (ISD) is enhanced by positive gate voltage (VG). 
The device exhibited normally on behavior, the threshold 

voltage (Vth) was −20.2 V. The mobility μ was estimated 
4.5 × 10−5 cm2/(V∙s) applying the formula μ = 
(dISD/dVG)×[L/(WCiVD)] to the linear region of transfer 
characteristics. At 250 K, although the dominant carrier 
was electrons, slight p-type behavior was also observed. 
The contribution of the p-type behavior of the device be-
came significant than n-type with decreasing tempera-
ture: The device became clearly ambipolar at 220 K, and 
mostly p-type at 200 K, and exclusively p-type at 150 K. 
However, At 100 K, the device again showed ambipolar-
type behavior with a relatively weak p-type contribution. 
The ambipolar behavior was maintained to the lowest 
temperature available (90 K). Thus, the transfer charac-
teristics of the AN–TCNQ single-crystal FET drastically 
changed from n-type → ambipolar-type → p-type → am-
bipolar-type when the temperature decreased from room 
temperature to 100 K. The μ values of the n-type (μn) and 
p-type (μp) contributions, and the Vth values at each tem-
perature are summarized in Table 2. 

It is well known that organic FETs show that increase 
or decrease of mobility by decreasing temperature, but 
switching between n-type and p-type have never been 
reported to our knowledge. As shown below, the drastic 
changes in transfer characteristics of AN-TCNQ FET are 
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related to the changes of molecular dynamics and elec-
tronic structure by two structural phase transitions. 

 

Figure 2. Transfer characteristics of the AN–TCNQ FET at (a) 
300 K with VSD = 140 V, (b) 250 K with VSD = 200 V, (c) 220 K 
with VSD = 200 V, (d) 200 K with VSD = 200 V, (e) 150 K with 
VSD = 200 V, and (f) 100 K with VSD = 200 V. 

3.2. Phase Transitions of AN–TCNQ. DSC measure-
ments show the presence of two reversible structural 
phase transitions in AN–TCNQ at low temperatures (Fig-
ure 3). Tw0 phase transitions are present in both process-
es (139 K, 160K in heating / 139 K, 161 K in cooling process). 

The transition enthalpy (entropy) values at low and high 
temperatures were calculated by integrating the areas of 
the DSC peaks as ΔH = 0.70 kJ mol−1 (ΔS = 5.0 J K−1 mol−1) 
and ΔH = 0.49 kJ mol−1 (ΔS = 3.1 J K−1 mol−1), respectively. 
We use the following nomenclature for each phase: HT 
phase (high-temperature phase, T > 160 K), IM phase (in-
termediate-temperature phase, 139 K< T <160 K), and LT 
phase (low-temperature phase, T < 139 K). The relation-
ship between the device behavior and the phase transi-
tions of the AN–TCNQ crystal can be summarized as fol-
lows. In the HT phase, with decreasing temperature, the 
FET of the AN–TCNQ single crystal changed from n-type 
to p-type behavior via ambipolar behavior (Figure 2a–d). 
In the IM phase, p-type behavior is maintained (Figure 
2e), and the LT phase showed ambipolar behavior (Figure 
2f). 

 

Figure 3. DSC profile of polycrystalline AN–TCNQ. The inset 
is that around phase transitions. 

3.3. Crystal Structures of AN–TCNQ. The crystal 
structures in the HT (300 K), IM (155 K), and LT (100 K) 
phases were determined by single-crystal X-ray structure 
analysis. In HT phase the space group of the crystal is 
C2/m, and each molecule is located on the 2/m sites (Fig-
ure 4a). The AN molecules were refined as the overlap of 
three different orientations, two of which were related to 
each other by the symmetry of the sites. In these two ar-
rangements (blue and green), the molecular long axes of 
AN significantly deviate from the mirror plane, while both 
AN (gray) and TCNQ (orange) share the same mirror 
plane in another arrangement. The occupancies were re-
fined to be 35.6(17) % (blue and green AN) and 28.8(34) % 
(gray AN). In the HT phase, it is considered that exchang-
ing of these three orientations occur by in-plane molecu-
lar reorientation of AN. All the mixed-stack columns are 
translationally related with each other. 

In IM phase (155 K), the space group of the crystal is P21/a, 
which is lower symmetry than the HT phase (Figure 4b). 
In this space group, mirror symmetry is absent. Although 
orientational disorder was also observed in this phase, the 
number of orientation in the IM phase was different to 
that in the HT phase. There are two orientations of the 
AN molecule, and the occupancies are refined to be 
65.2(13) % (blue AN) and 34.8(13) % (gray AN). The de-
crease of the number of orientation from three to two at  
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Figure 4. Crystal structures of AN–TCNQ at (a) 300, (b) 155, and (c) 100 K. Each top projection is viewed along the c axis, and 
each bottom perspective view indicates the mixed-stack columns at (0, 0, z), (1/2, 1/2, z), and (0, 0, z).  

the phase transition is consistent with the magnitudes of 
transition entropy, ΔS = R ln(1.45) (~R ln(3/2)), where R 
is the gas constant. The mixed-stack column at (0, 0, z) is 
related by the a-glide plane with that at (1/2, 1/2, z). 

In the LT phase (100 K), the symmetry of the space 
group of AN–TCNQ is further lowered to P−1. Two inde-
pendent mixed-stacked columns are present in the unit 
cell (Figure 4c). In Figure 4c, the AN and TCNQ mole-
cules of these columns are either blue AN and orange 
TCNQ or purple AN and yellow TCNQ. In the LT phase, 
there is no orientational disorder of AN, suggesting that 
reorientational motion is suppressed. The magnitude of 
transition entropy also suggest order−disorder phase tran-
sition with two different orientations, ΔS = R ln(1.82) (~R 
ln(2)). The mixed-stack column at (0, 0, z) is no longer 
related with that at (1/2, 1/2, z). They are completely inde-
pendent to each other.  

Thus, the AN–TCNQ complex showed two structural 
phase transitions when the temperature decreased from 
room temperature to 100 K, and the reorientational mo-
tion of AN changed at the phase transition temperatures. 

3.4. Molecular Overlap and CT Degree of AN–TCNQ. 
In this section, the molecular orbitals contributing to car-
rier transport and the CT degree between AN and TCNQ 
are discussed based on the geometry obtained from the X-
ray structure analyses. As shown in Figure 4a, there are 
three overlapping modes (OMs) of AN and TCNQ mole-
cules in the HT phase, two OMs in the IM phase, and two 
OMs in the LT phase. Thus, there are a total of seven 
OMs. These seven OMs are called OM1 to OM7 (Figure 
5b). For these OMs, the overlap integrals between the 
LUMO of the TCNQ molecule and the HOMO or nHO-
MO of the AN molecule were calculated. The three mo-
lecular orbitals are illustrated in Figure 5a. The overlap 

integrals and molecular orbitals are summarized in Table 
3.  

Table 3. Degree of CT and Overlap Integral of Each 
Overlapping Mode (OM) 

 aDegree of CT estimated from the geometry of TCNQ 
bOverlap integral between nHOMO of AN and LUMO of 

TCNQ 

In the HT phase, three OMs are exchanging in the mo-
lecular stacking column by reorientational motion of the 
AN molecule. The two OMs in which the AN molecule is 
located out of the TCNQ mirror plane are called OM1 and 
OM3. In the OM2, both molecules are located in the mir-
ror plane. According to the orthogonality of the HOMO 
of AN and LUMO of TCNQ, there is no CT interaction in 
OM2, which was also suggested by Wright.38 We consid-
ered that the CT interaction in OM2 was generated be-
tween the nHOMO of AN and the LUMO of TCNQ. The 
overlap integral in OM2 is 14.3 × 10−3. However, in OM1 
and OM3, CT interaction occurs between the HOMO of 
AN and the LUMO of TCNQ because the molecular long 
axis of AN is not located on the TCNQ mirror plane. Be-
cause OM1 and OM3 are crystallographically equivalent, 
the overlap integral for both OM1 and OM3 is the same 
(3.5 × 10−3).  

 
overlapping 

mode 
degree of CTa 

overlap integral (10−3) 

HOMO–LUMO 

300 K 

(HT phase) 

OM1, 3 
0.13 

3.5 

OM2 14.3b 

155 K 

(IM phase) 

OM4 
0.08 

5.7 

OM5 0.9 

100 K 

(LT phase) 

OM6 0.05 8.3 

OM7 0.14 8.7 
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Figure 5. (a) HOMO and nHOMO of the AN molecule, and 
the LUMO of the TCNQ molecule, which were calculated at 
the DFT-B3LYP/6-31G(d,p) level. (b) Top views of AN and 
TCNQ overlap at 300, 155, and 100 K. The ellipsoids are 
drawn at the 50% probability level. 

In the IM phase, there are two OMs (OM4 and OM5) in 
the crystal. The two OMs are exchanging in the stacking 
column by reorientation motion of AN. The OM4 is simi-
lar to OM1 and OM3, in which the each molecular long 
axis are crossed. In this OM, a large overlap integral be-
tween the HOMO of AN and the LUMO of TCNQ is ob-
served (5.7 × 10−3). In OM5, the molecular long axes are 
almost parallel. Although this relative arrangement looks 
the same as OM2, a non-zero overlap integral between 
the HOMO of AN and the LUMO of TCNQ is generated 
in OM5 (0.9 × 10−3) since the mirror symmetry was extinct 
in the IM phase. 

In the LT phase, the AN molecule does not show orien-
tational disorder. Two OMs (OM6 and OM7) occur for 
the two crystallographically independent columns. Reori-
entation from OM6 to OM7 does not occur in a column. 
Both of the OMs are similar to OM1, OM3, and OM5. The 
overlap integrals of OM6 and OM7 are 8.3 × 10−3 and 8.7 × 
10−3, respectively. 

It is well known that the degree of CT of TCNQ com-
plexes can be estimated using the length of the C=C bond 
between the dicyanomethylene and quinoid ring in the 
TCNQ skeleton.40 The degrees of CT of the seven OMs are 
also included in Table 3. The degree of CT in the bulk did 
not significantly change through the two phase transi-
tions. It should be noted that AN–TCNQ takes a neutral 
ground state in all the phases. The difference between the 
oxidation potential of AN and the reduction potential of 
TCNQ (ΔE = 1.2 V) indicates that the electronic state of 
the complex situates far from the neutral-ionic boundary 
defined by Torrance.41 Therefore, it is reasonable that the 
degree of CT determined from the structural analysis of 
the balk crystal is nearly zero in all the phases. However, 
as shown below, a small but important ionic contribution 
was found to exist. 

3.5. Ionic Domains in the AN–TCNQ Crystal. Optical 
measurements were taken to investigate the electronic 
state at low temperature. Figure 6a shows the tempera-
ture dependence of the reflectivity in the UV/vis and 
near-IR region with the electric field of light parallel to 
the π-stacking direction along the c axis (perpendicular to 
the molecular planes). The CT transition from the HOMO 
of AN to the LUMO of TCNQ (indicated by ♦ in Figure 
6a) occurs at around 1.5 eV and that from the nHOMO to 
the LUMO (□ in Figure 6a) occurs at around 2.6 eV. The 
intensity of the former peak greatly increases below the 
second phase transition with decreasing temperature. The 
transition from the nHOMO to the LUMO shifts to lower 
energy below the first phase transition with decreasing 
temperature. Figure 6b shows the spectra with light per-
pendicular to the stack (c axis). In the spectra, a weak 
peak corresponding to transition from the single-
occupied molecular orbital to the LUMO of TCNQ−1 
(LUMO to next LUMO of TCNQ) is observed around 2.5 
eV.42 This peak might indicate the existence of ionic do-
mains in the crystal even at room temperature. Below 140 
K, the peak intensity markedly increases. These results 
indicate that the electronic state changes at the phase 
transitions and the ionic character are clearer in the LT 
phase than in the HT phase.  

The degree of CT was investigated by IR spectroscopy. 
Figure 6c shows the temperature dependence of the re-
flectivity around 2200 cm−1 with the electric field of light 
perpendicular to the stack (c axis). The observed peaks 
are caused by the IR-active CN stretching (b1u) mode of 
TCNQ polarized along the long molecular axis. The fre-
quency is known to closely depend on the degree of CT 
(ρ).43 As the temperature decreases below 200 K, the sin-
gle band located at 2218 cm−1 splits into two bands, and 
the lower frequency (higher frequency) band shifts to 
lower (higher) frequency. This indicates that two types of 
TCNQ molecules with different ρ values are generated. 
The blue and red broken lines in Figure 6c show the fre-
quencies of the CN stretching mode for TCNQ0 and 
TCNQ−1 determined from the IR spectra of TCNQ and K-
TCNQ crystals, respectively.43, 44 With lowering tempera-
ture, the CN stretching mode of TCNQ-1 shows a slight 
higher-frequency shift.44 We assumed the same magni-
tude of the temperature-dependent shift for the mode of 
TCNQ0. We determined the ρ values using these two lines 
assuming a linear relationship between ρ and the fre-
quency, and ρ is plotted as a function of temperature in 
Figure 6d. Below 200 K, two ρ values appear. As the tem-
perature decreases, the larger value of ρ gradually in-
creases (reaching 0.49 at 20 K), while the smaller value of 
ρ remains almost constant (∼0.25−0.3). These optical 
measurements suggest that the electronic structure of 
AN–TCNQ drastically changes at the two phase transi-
tions. Because of large molecular dynamics and one-
dimensional fluctuation, a small number of ionic domains 
are present even at room temperature. Thus, the electron-
ic structure of AN–TCNQ is rather complicated because 
of the molecular dynamics in the crystal. 
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Figure 6. Temperature dependence of the reflectivity spectra 
of AN–TCNQ polarized (a) parallel to the stack c axis and (b) 
perpendicular to the stack c axis. (c) Temperature depend-
ence of the IR reflectance spectra. The polarization direction 
was perpendicular to the stack c axis. The blue and red bro-
ken lines show the frequencies of the CN stretching mode of 
TCNQ0 and TCNQ−1 at each temperature determined from 
the IR spectra of TCNQ and K–TCNQ crystals, respectively. 
(d) Temperature dependence of the degree of CT in AN–
TCNQ. The black and red triangles are the degree of CT cal-
culated using the frequency of CN stretching in the IR spec-
tra (black and red triangles in (c), respectively). (e) Magnetic 
susceptibility of AN–TCNQ. The red dotted line is singlet–
triplet fitting, the blue dotted line is Curie fitting, and red 
solid line is the sum of these two components. 

The magnetic susceptibility also indicates the presence 
of fractional ionic domains in the AN–TCNQ crystal (Fig-
ure 6e). Although the magnetic susceptibility of typical 
neutral mixed-stacked CT complexes only show Curie 

behavior originating from impurities or defects, the mag-
netic susceptibility of AN–TCNQ shows a paramagnetic 
contribution with an anti-ferromagnetic interaction 
around the phase transition from the HT to the IM phase. 
This result indicates the presence of ionic domains in the 
HT and IM phases of the AN–TCNQ crystal. The blue and 
red dotted lines in Figure 6e show Curie and singlet–
triplet fitting, respectively. The Curie constant obtained 
by fitting was 1.906 × 10−4 emu K mol−1 (the spin density 
was 0.5%), indicating that the Curie component originat-
ed from lattice defects. The exchange interaction |J/kB| 
and the spin density of the singlet–triplet component 
were 539 K and 2%, respectively.  

Thus, the presence of ionic pairs has been confirmed by 
optical and magnetic measurements. In the HT and IM 
phases, the proportion of ionic pairs is 2%. Although the 
actual number of ionic pairs is difficult to estimate in the 
LT phase, the results of optical measurements indicate 
that the density of ionic species gradually increases with 
decreasing temperature. 

 

Figure 7. Temperature dependence of ISD with VG = 0 (black), 
100 (red), and −100 V (blue). The two dashed lines indicate 
the transition temperatures. 

3.6. Relationship between the Device Property and 
Dynamics. Here, we discuss the relationship between the 
transfer characteristics and molecular dynamics of AN–
TCNQ. The ISD values of the AN–TCNQ FET at VG = 100, 0, 
and −100 V are plotted against the reciprocal temperature 
in Figure 7. In the HT phase, the ISD value at VG = 100 V, 
which is related to the n-type character, decreases with 
thermally activated behavior. The thermal activation en-
ergy is estimated to be about 0.37 eV. In the IM phase, the 
activation energy decreases to 0.10 eV, which is consid-
ered to be because of the enhancement of the overlap 
integrals between AN and TCNQ molecules. In the HT 
phase, the ISD value at VG = −100 V, which is related to p-
type behavior, is almost independent of temperature.  
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Figure 8. Schematics of the interfaces between the TTF–TCNQ electrodes and AN–TCNQ single crystal in each phase. 

In the IM phase, the current gradually decreases with de-
creasing temperature. Around the phase transition from 
the IM to the LT phase, both of the ISD values greatly in-
crease. This is considered to be caused by an increase of 
the ionic domains at the phase transition. After the large 
increase of the current, the current decreases in accord-
ance with thermal activation. These results indicate that 
the transport mechanism of the injected holes is different 
to that of electrons in the HT and IM phases of AN–
TCNQ. From the thermally activated behavior, the elec-
tron transport mechanism is considered to be hopping 
between the LUMOs of TCNQ.45 However, the hole is 
considered to transport through AN’s HOMOs and 
nHOMOs, which are converting by the reorientational 
motion of the AN molecule. Thus, the molecular orbitals 
of the hole transport are dynamically disordered. It is 
considered that the current in disordered systems flows 
without temperature dependence.46 

From these results, the mechanism for the drastic 
changes of the transfer characteristics of the AN–TCNQ-
based FET can be speculated as follows. Schematics of the 
interface between the TTF–TCNQ electrodes and the AN–
TCNQ single crystal in each phase are shown in Figure 8. 
The band widths of AN–TCNQ, which were calculated in 
extended Hückel approximation, are quite narrow be-
cause of their mixed-stacked arrangement (see Support-
ing information). Therefore, the band structure of AN–
TCNQ can be treated as molecular orbitals. Because TTF–
TCNQ used for the electrodes material contains the 
TCNQ molecule, the Fermi level of the electrodes is locat-
ed near the LUMO of TCNQ in AN–TCNQ. In addition, 
there are ionic pairs in AN–TCNQ throughout the tem-
perature range considered. The orbitals of the ionized 
pair might be stabilized because of one-dimentional fluc-
tuation and reorientational motion of AN. Based on these 
aspects, the energy diagram of the HT phase is shown in 
Figure 8a. At room temperature, the dominant carrier is 
electrons, which are injected into the LUMO of TCNQ 
because of the relationship between the Fermi level of the 
electrode and the energy levels of the semiconductor. 
Thus, the transfer characteristics at room temperature 
show n-type behavior (Figure 2a). At this temperature, 
very few holes are injected into the semiconductor crystal. 
However, the p-type characteristic might be masked by 

the large n-type contribution. The injected electrons are 
strongly trapped at ionized and/or crystal defect sites, 
which cause thermal activation. At this time, the ionized 
site does not become a hole trap, because molecular or-
bitals participating in the CT interaction are disordered 
by reorientational motion of AN. As a result, p-type be-
havior is uncovered below 250 K (Figure 2b-d). In the IM 
phase, the reorientational motion of the AN molecule 
remains. The dominant carrier becomes holes, and the 
two HOMO levels in Figure 8 represent the two OMs with 
different transfer energies in the IM phase (Figure 2e). 
However, energy disorder is lowered, because the nHO-
MO of AN cannot contribute to hole transport. In the LT 
phase, reorientational motion stops. The mechanisms of 
both hole and electron transport follow the hopping 
model. The carriers are mainly transported on the LUMO 
of TCNQ because of the relationship between the Fermi 
level of the electrode and the energy levels of the semi-
conductor. However, slight hole transport is permitted, 
because the orbital of the ionic pair changes the trap into 
a molecular orbital for hole transport (Figure 2f). The 
large increase of ISD at the transition temperature is 
caused by an increase of the overlap integral and carrier 
density associated with the phase transition. 

Overall, the AN–TCNQ single-crystal FET with molecu-
lar dynamics and charge fluctuation shows drastic chang-
es with decreasing temperature. The results and discus-
sion in this paper might be useful for fabricating devices 
that can be switching between n-type and p-type. Fur-
thermore, investigation of the device characteristics of the 
FET has been shown to be a useful method to clarify the 
band and electronic structures of semiconductor materi-
als. 

4. CONCLUSIONS 

A FET was fabricated using an AN–TCNQ single crystal, 
which underwent two phase transitions related to in-
plane reorientational motion. The transfer characteristics 
drastically changed when decreasing the temperature 
from room temperature to 90 K: n-type → ambipolar-type 
→  p-type →  ambipolar-type. The electron and hole 
transport in the AN–TCNQ FET were different in the HT 
phase. The electron transport was hopping-type transport, 
while holes were transported disordered orbital by reori-
entational motion of AN molecules, which were analyzed 
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by X-ray diffraction. Ambipolar behavior in the LT phase 
is considered to be caused by the presence of ionic pairs 
in the crystal from the optical measurements. The ionic 
pair became the trap site in the high-temperature region, 
while it was involved in carrier transport in the low-
temperature region. 

This work showed that molecular dynamics in crystals 
can induce drastic changes in device properties. This 
work also showed that transport characteristics can be 
used to determine the change of molecular overlap and 
electronic structure. A detailed study of the FET charac-
teristics is useful for both device design and investigation 
of the electronic structure or molecular dynamics. 
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