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electrical properties of these organic crys-
tals remain inferior to those of conven-
tional inorganic semiconductor crystals. In 
most organic semiconductors, including 
rubrene and pentacene, the crystal is con-
densed through weak, short-range disper-
sion forces. Highly coherent energy band 
transport observed in inorganic semicon-
ductor single crystals is unlikely in organic 
crystals because the overlapping of the 
π-orbitals is quite small due to the very 
weak intermolecular interactions between 
organic molecules. Consequently, strong 
intermolecular interactions are desirable 
to obtain high carrier mobility compa-
rable to that of inorganic semiconductor 
crystals. 

 The molecules in some organic semiconductors aggregate 
by dipole–dipole or dipole-induced dipole interactions, which 
are stronger than dispersion forces. For example,  p -iodobenzo-
nitrile crystal contains strong nitrogen–iodide (N–I) contacts, 
providing a 1D molecular chain. The N–I distance (3.18 Å) is 
shorter than the van der Waals contact distance (3.65 Å). [ 3,4 ]  
Charge transfer interaction is also stronger than dispersion 
forces. bis(1,2,5-thiadiazolo)- p -quinobis(1,3-dithiole) (BTQBT) 
shows high conductivity comparable to that of Ge as a result 
of charge transfer interactions; in addition, it is considered that 
the properties of BTQBT crystals are described by their band 
transport properties. [ 5,6 ]  Some effort has been made to take 
advantage of these strong intermolecular interactions to obtain 
high-mobility devices. 

 Organic radicals with an unpaired electron exhibit strong 
inter-radical covalent interactions. A half-fi lled orbital in an 
organic radical appears to guarantee metal-like electrical prop-
erties. However, on-site Coulomb interactions between the 
unpaired electrons maintain the semiconducting properties 
of the organic radical crystal. Moreover, many organic radi-
cals suffer from a serious disadvantage: they are chemically 
unstable in air. These radicals tend to dimerize and the carriers 
localize at one site. 

 The generation of stable radicals exhibiting high electrical 
conductivity has been investigated. Recently, a biradical mole-
cule, which contains two radical moieties in the molecules, has 
been synthesized as a new type of semiconductor material for 
electronic devices. [ 7–13 ]  The diphenyl derivative of  s -indacenodi-
phenalene (Ph 2 -IDPL) ( Figure    1  a) is a stable delocalized singlet 
biradical hydrocarbon and is of particular interest. Ph 2 -IDPL 
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  1.     Introduction 

 Electrical properties of a molecular solid can be strongly infl u-
enced by its purity and quality, for example, the carrier mobility 
of organic solid is readily decreased by the presence of defects 
and impurities. Consequently, high-performance organic elec-
tronic devices require the use of single crystals free of defects 
and impurities as much as possible. 

 There have been reports over the last decade that organic 
single crystals such as rubrene and pentacene exhibit high car-
rier mobility comparable to that of amorphous Si, [ 1,2 ]  but the 
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has two phenalenyl radical structures, one at each end of the 
molecule. The dominant attractive force between Ph 2 -IDPL 
molecules originates from the bonding interactions between 
the radical structures. In the crystal, Ph 2 -IDPL molecules form 
a quasi-1D molecular chain in a slipped stacking arrangement 
(Figure  1 b). [ 14 ]  We previously reported that the Ph 2 -IDPL crystal-
lized fi lm has a small energy gap between the highest occupied 
molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO), and a large π-band dispersion of around 
1 eV. [ 15,16 ]  Organic fi eld-effect transistors (OFETs) based on a 
Ph 2 -IDPL amorphous fi lm exhibit balanced hole and electron 
mobilities (hole mobility  µ  h  = 2.6 × 10 −3  cm 2  V −1  s −1 , electron 
mobility  µ  e  = 3.2 × 10 −3  cm 2  V −1  s −1 ). [ 17 ]  It has been believed that 
the electrical property of OFET is governed by the injection at 
the electrode interface. In the case of the amorphous Ph 2 -IDPL 
fi lm, the OFETs show ambipolar behavior because both HOMO 
and LUMO are close to the Fermi level ( E  F ) of electrode. How-
ever, the OFETs using an amorphous fi lm cannot take advan-
tage of the above-mentioned strong intermolecular interactions 
between Ph 2 -IDPL molecules. Ph 2 -IDPL single crystals should 
exhibit ambipolar properties with high mobilities due to large 
π-band dispersion arising from the strong intermolecular inter-
actions. Therefore, we focus on the electronic structure and 
electrical properties of a highly crystallized Ph 2 -IDPL fi lm and 
Ph 2 -IDPL single crystals. To date, biradical organic molecules 
have attracted little attention as materials for organic electronic 
devices partly due to their chemical instability. However, this 
work reveals that Ph 2 -IDPL has excellent electrical properties 
comparable to those of amorphous Si. Our fi ndings indicate 
that delocalized singlet biradical hydrocarbons are promising 
as new semiconducting materials for high-performance organic 
devices because of its singlet biradical nature.   

  2.     Development of Electronic Structure 

 There is a close relationship between the electrical properties 
of OFETs and the electronic structure of an organic semicon-
ductor. Ph 2 -IDPL fi lms with different crystallinities have signifi -
cantly different electronic structures. Therefore, the electrical 

properties of OFETs fabricated from Ph 2 -IDPL fi lms depend 
on the crystallinity of the fi lm.  Figure    2  a shows the HOMO 
and LUMO energy diagram of Ph 2 -IDPL fi lms deposited in 
ultrahigh vacuum on graphite (A), deposited in a dry nitrogen 
atmosphere at  P  N2  ≈ 0.1 kPa on graphite (B), [ 15 ]  and deposited 
in a dry nitrogen atmosphere at  P  N2  ≈ 0.5 kPa on GeS (C). [ 16 ]  
HOMO and LUMO energy levels were measured by ultraviolet 
photoemission spectroscopy (UPS) and inverse photoemission 
spectroscopy (IPES), respectively. The labels A, B, and C des-
ignate different crystallinities: A is in an amorphous state, B 
is in a polycrystalline state, and C is in a polycrystalline state 
exhibiting higher crystallinity and a large π-band dispersion 
of around 1 eV. The HOMO levels labeled A, B, and C are 
 E  HOMO  A  = 0.7 eV,  E  HOMO  B  = 0.40 eV, and  E  HOMO  C  = 0.26 eV, 
respectively. The HOMO–LUMO gaps labeled A and B are 
 E  g  A  = 1.2 eV and  E  g  B  = 0.84 eV, respectively. [ 15,16 ]  It therefore 
appears that as the crystallinity becomes higher, the HOMO 
level shifts toward the  E  F  and the HOMO–LUMO gap becomes 
smaller. Figure  2 b shows simulated HOMO and LUMO levels 
calculated by density functional theory (DFT) for Ph 2 -IDPL 
monomer and oligomers ( N  = 1, 2, 8), where  N  indicates the 
number of molecules. For the calculation, the chemical struc-
tures of Ph 2 -IDPL monomer and oligomers are taken from 
results of a single crystal X-ray structure analysis of a Ph 2 -IDPL 
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 Figure 1.    a) Chemical structure of Ph 2 -IDPL. Ph 2 -IDPL can be drawn by 
the resonance structure between the Kekulé and biradical structures. 
b) A quasi-1D molecular chain of Ph 2 -IDPL. Wavy lines represent inter-
molecular interactions. 

 Figure 2.    a) HOMO and LUMO energy diagram of Ph 2 -IDPL fi lms. 
HOMO and LUMO energy levels were measured by UPS and IPES, 
respectively. Ph 2 -IDPL fi lms were in an amorphous state (A), a polycrystal-
line state (B), and a polycrystalline state with higher crystallinity (C). [ 15,16 ]  
The vertical axis indicates binding energy with respect to the Fermi level 
( E  F ).  E  g  indicates the energy gap between HOMO and LUMO. b) Simu-
lated HOMO and LUMO levels calculated by DFT for Ph 2 -IDPL monomer 
and oligomers.  N  represents the number of molecules. DFT calculations 
were performed using the GAUSSIAN 09 package at the PW91/6-31G* 
level. The vertical axis indicates the binding energy with respect to the 
vacuum level ( E  V ).
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single crystal. [ 14 ]  As the number of molecules increases, the 
HOMO level shifts to lower binding energy and the LUMO 
level shifts to higher binding energy. Thus, the HOMO–LUMO 
gap becomes smaller. These shifts are induced by the develop-
ment of the band structure. Therefore, the simulated results 
overall show good agreement with the experimental results. 
These results indicate that highly crystallized Ph 2 -IDPL fi lm 
and Ph 2 -IDPL single crystal have long Ph 2 -IDPL molecular 
chains. Moreover, these results imply that they have developed 
band dispersion width and a small HOMO–LUMO gap. And 
the small HOMO–LUMO gap indicates that OFETs with a 
highly crystallized Ph 2 -IDPL fi lm or a Ph 2 -IDPL single crystal 
can obtain ambipolar transport because of its small injection 
barrier for both holes and electrons. Therefore, the OFETs 
should exhibit ambipolar transport with high hole and electron 
mobilities.   

  3.     Field-Effect Characteristics of Ph 2 -IDPL Film 

 The gas deposition method was used to fabricate OFETs with 
highly crystallized Ph 2 -IDPL fi lm.  Figure    3  a shows a schematic 
drawing of this method. Ph 2 -IDPL fi lm is deposited in a dry 
nitrogen atmosphere at  P  N2  ≈ 0.5 kPa, where  P  N2  represents 
the partial pressure of nitrogen. The crystallinity of the Ph 2 -
IDPL fi lm strongly depends on the partial pressure of nitrogen 
during this process, and  P  N2  ≈ 0.5 kPa is the best condition for 
obtaining highly crystallized Ph 2 -IDPL fi lm. [ 16 ]  The evaporation 
source is fi xed close to the substrate ( d  ≈ 1 cm). This distance 
is another important experimental condition for obtaining 
crystallized fi lm using the gas deposition method. Figure  3 b,c 
shows a schematic drawing and a photograph of top-contact 
bottom-gate OFETs, respectively, fabricated from Ph 2 -IDPL 
fi lm. The Ph 2 -IDPL fi lm is deposited on a self-assembled 

monolayer (SAM)-modifi ed SiO 2  substrate. 
Hexamethyldisilazane (HMDS) SAM and 
phenyltrichlorosilane SAM are used to con-
trol the crystallinity of the Ph 2 -IDPL fi lm. 
There are four OFETs on the substrate to 
optimize channel width and channel length 
(Figure  3 c).  

  Figures    4  a,b shows an atomic force micro-
scope (AFM) image and the X-ray diffrac-
tion (XRD) spectrum, respectively, of the 
Ph 2 -IDPL fi lm on HMDS SAM. [ 16 ]  The AFM 
image shows the presence of many grains 
with an average size of several hundred 
nanometers. The corresponding XRD spec-
trum shows several sharp diffraction peaks. 
Peak assignment of the XRD pattern is based 
on the powder XRD pattern of Ph 2 -IDPL with 
and without solvent. [ 14 ]  These results refl ect 
the high crystallinity of the fi lm. Figure  4 c,d 
shows an AFM image and the XRD spectrum 
of the Ph 2 -IDPL fi lm on phenyltrichlorosi-
lane SAM. The AFM image shows the pres-
ence of both fl at faces (label a) and sharp 
structures (label b) in the fi lm. Grains with 
fl at face are isolated from each other, whereas 

grains with sharp structures are connected together. The XRD 
spectrum shows two small peaks. Taken together, these results 
indicate that Ph 2 -IDPL fi lm on phenyltrichlorosilane SAM has 
lower crystallinity than Ph 2 -IDPL fi lm on HMDS SAM.  

 The OFETs constructed from highly crystalline Ph 2 -IDPL 
fi lm on HMDS SAM did not work, whereas those of low crys-
talline Ph 2 -IDPL fi lm on phenyltrichlorosilane SAM provided 
higher hole and electron mobilities ( µ  h  = 6.3 × 10 −3  cm 2  V −1  s −1 , 
 µ  e  = 1.1 × 10 −2  cm 2  V −1  s −1 ) than those of amorphous Ph 2 -IDPL 
fi lm. [ 17 ]  Furthermore, the OFETs of Ph 2 -IDPL fi lm on phenyl-
trichlorosilane SAM exhibited balanced hole and electron mobil-
ities. These high hole and electron mobilities must be induced 
by formation of Ph 2 -IDPL molecular chains.  Figure    5  a,b shows 
the p- and n-channel output characteristics of the OFET, respec-
tively, fabricated with the Ph 2 -IDPL fi lm on phenyltrichlorosi-
lane SAM.  I  d ,  V  d , and  V  g  represent the source–drain current, 
source–drain voltage, and source–gate voltage, respectively. 
These measurements were performed in a high vacuum after 
the OFETs were exposed to air. Thus, Ph 2 -IDPL fi lm has chem-
ical stability in air. The hole and electron mobilities were cal-
culated for the saturation region (| V  d | = 30 V:  V  d  represents the 
source–drain voltage); the channel length is  l  = 40 µm and the 
channel width is  w  = 1 mm. The channel region is calculated 
from the channel length and channel width. Thus, a grain lager 
than 40 µm should exhibit fast carrier transport, while the AFM 
results (Figure  4 a,c) show that the grains of the present fi lm 
are only several micrometers long. Therefore, the electrical 
properties of the OFETs are affected by the grain boundaries. 
On the other hand, the Ph 2 -IDPL fi lm on phenyltrichlorosilane 
SAM exhibits lower crystallinity than that on HMDS SAM, sug-
gesting that the effects of grain boundaries of the former are 
reduced due to lower crystallinity.  

 In addition, it is likely that the grains with sharp structures 
play a major role in carrier transport because grains with fl at 
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 Figure 3.    a) Schematic drawing of the gas deposition method. Ph 2 -IDPL was deposited on the 
substrates in a dry nitrogen atmosphere at  P  N2  ≈ 0.5 kPa in a vacuum chamber. b) Schematic 
drawing of a top-contact bottom-gate OFET with a Ph 2 -IDPL fi lm. HMDS SAM and phenyl-
trichlorosilane SAM were used. c) Photograph of the OFET. There are four types of electrodes 
( l / w  = 40 µm/1 mm, 80 µm/2 mm, 120 µm/3 mm, and 160 µm/4 mm).
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faces are isolated from each other. Moreover, a linear  I  d – V  d  rela-
tionship is observed in the low  V  d  region in both Figures  5 a,b, 
indicating good ohmic contact between the Au electrodes 
and the crystallized Ph 2 -IDPL fi lm. In the high | V  d | and low 

| V  g | regions,  I  d  increases after  I  d  is saturated. According to a 
theoretical study by Schmechel et al., this behavior shows 
that opposite carrier injection occurs at the drain electrode, [ 18 ]  
meaning that both holes and electrons are injected into the 
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 Figure 4.    a) AFM image of a Ph 2 -IDPL fi lm on HMDS SAM. [ 16 ]  b) XRD spectrum of a Ph 2 -IDPL fi lm on HMDS SAM. [ 16 ]  c) AFM image of a Ph 2 -IDPL 
fi lm on phenyltrichlorosilane SAM. Labels a and b indicate grains with a fl at face and with sharp structures, respectively. d) XRD spectrum of a Ph 2 -
IDPL fi lm on phenyltrichlorosilane SAM.

 Figure 5.    a) p-Channel output characteristics of an OFET with a Ph 2 -IDPL fi lm on phenyltrichlorosilane SAM.  V  g  was increased in −5 V increments from 0 to 
−80 V. b) n-Channel output characteristics of an OFET with a Ph 2 -IDPL fi lm on phenyltrichlorosilane SAM.  V  g  was increased in 5 V increments from 0 to 80 V.
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transistor channel, resulting in balanced hole and electron 
mobilities. 

 As mentioned above, ambipolar OFETs that effectively utilize 
high crystallinity fi lm could not be obtained because the crystal 
grain size was smaller than the channel region of the OFETs. 
Since carrier transport in thin fi lms was prevented by many 
grain boundaries, we next fabricated Ph 2 -IDPL single crystals 
to avoid the effect of grain boundaries and used these single 
crystals as the active layer in OFETs.  

  4.     Field-Effect Characteristics of Ph 2 -IDPL Single 
Crystals 

  Figure    6  a,b shows a schematic drawing and a photograph, 
respectively, of a bottom-contact bottom-gate OFET with a 
Ph 2 -IDPL single crystal. Ph 2 -IDPL single crystals were grown 
by physical vapor transport technique using dry nitrogen as 
the carrier gas (see Figure S1 in the Supporting Informa-
tion,). [ 19 ]  Polarized light images allowed us to confi rm that the 
obtained crystals are composed of a single crystalline domain 
(see Figure S2 in the Supporting Information). Figure  6 c,d 
shows the p- and n-channel output characteristics, respectively, 
of the OFET. The channel length is  l  = 1.0 × 10 µm and the 
channel width is  w  = 1.11 × 10 −1  mm. The OFET shows high 
hole mobility ( µ  h  = 7.2 × 10 −1  cm 2  V −1  s −1 ) comparable to that 

of amorphous Si. Hole mobility was calculated in the saturation 
region ( V  d  = −60 V). The OFETs with a Ph 2 -IDPL single crystal 
show about two hundred times higher mobility than OFETs 
fabricated from amorphous Ph 2 -IDPL fi lm using untreated 
Au electrodes. This result indicates that the development of 
the energy band structure must lead to high hole mobility, 
allowing coherent carrier conduction. On the other hand, elec-
tron mobility was not observed in Figure  6 d. It is likely that OH 
groups at the surface of neat SiO 2  work as electron traps. [ 20 ]  
In the high | V  d | and low | V  g | region in Figure  6 c,  I  d  scarcely 
increases after  I  d  is saturated, and this indicates that only a few 
electrons are injected from the drain electrode.  

 These results show that OFETs fabricated using a Ph 2 -
IDPL single crystal exhibit high hole mobility comparable to 
that of amorphous Si. Furthermore, the hole mobility can be 
further improved by optimizing the orientation of Ph 2 -IDPL 
single crystals. Consequently, delocalized singlet biradical 
hydrocarbon is a promising new semiconducting material for 
high-performance OFETs. 

 However, the on/off current ratio of ambipolar OFETs is gen-
erally lower than that of unipolar OFETs. The on/off current 
ratios of OFETs fabricated with a Ph 2 -IDPL single crystal and 
amorphous Ph 2 -IDPL fi lm are about 57 ( V  d  = −60 V) and 10 3 , [ 17 ]  
respectively. Although the on/off ratio of amorphous Ph 2 -
IDPL fi lm is not as low as that of ambipolar OFETs fabricated 
using small molecules, it is much lower than that of unipolar 
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 Figure 6.    a) Schematic drawing of a bottom-contact bottom-gate OFET with a Ph 2 -IDPL single crystal. b) Photograph of the OFET. c) p-Channel output 
characteristics of an OFET with a Ph 2 -IDPL single crystal.  V  g  was increased in −5 V increments from 20 to −80 V. d) n-Type output characteristics of an 
OFET with a Ph 2 -IDPL single crystal.  V  g  was increased in −5 V increments from −10 to 80 V.
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OFETs. [ 21–24 ]  This low on/off ratio is caused by leakage current 
in OFETs in the off-state and increases the standby power; this 
is a longstanding problem with ambipolar OFETs. Therefore, 
we attempted to improve the on/off ratio of OFETs fabricated 
using Ph 2 -IDPL.  

  5.     Improvement of the On/Off Ratio 

 To reduce the leakage current in the off-state, the surfaces of 
the Au electrodes were treated with 1-tetradecanethiol (TDT) 
SAM.  Figure    7  a shows a schematic drawing of a bottom-contact 
bottom-gate OFET with amorphous Ph 2 -IDPL fi lm and TDT 
SAM. Figure  7 b shows the on/off ratios; these ratios are the 
highest value in each device for the following channel length 
and channel width ratios:  l / w  = 20 µm/2 mm, 40 µm/1 mm, 
80 µm/2 mm, 120 µm/3 mm, and 160 µm/4 mm. The p- 
and n-channel output characteristics of the OFETs are shown 
in Figure S3 in the Supporting Information. All the on/off 

ratios are higher than that of amorphous Ph 2 -IDPL fi lm using 
untreated Au electrodes (on/off ratio of about 10 3 ). [ 17 ]  The 
enhanced on/off ratios result from the introduction of TDT 
SAM because TDT SAM dramatically reduces the off current 
in each device. There is no systematic trend with respect to 
the channel length and channel width. Thus, TDT SAM must 
work as a thin insulating layer. As a consequence, when the 
source–drain voltage is low, the source–drain current is reduced 
because TDT SAM prevents injection of holes and electrons. 
On the other hand, when the source–drain voltage is high, the 
source-drain current becomes larger than that in low source–
drain voltage region due to tunneling transport through the 
insulating TDT SAM. This method can be easily applied to other 
OFETs with low on/off ratios. It should therefore be possible to 
fabricate high-performance OFETs with both high ambipolar 
mobility and high on/off ratio using Ph 2 -IDPL single crystals 
in the future. This will allow the fabrication of organic logic cir-
cuits with fast switching behavior and low standby power using 
only one kind of ambipolar material as the active layer.   

  6.     Conclusion 

 The singlet biradical nature of crystallized Ph 2 -IDPL fi lm results 
in development of a band structure and small HOMO–LUMO 
gaps. Here, we focused on the relationship between the elec-
tronic structure of the organic semiconductor and the electrical 
properties of the OFETs. Stable OFETs were fabricated with 
crystallized Ph 2 -IDPL fi lm prepared using the gas deposition 
method to obtain OFETs exhibiting high ambipolar mobilities. 
However, grain boundaries in the Ph 2 -IDPL fi lm prevented 
carrier transport. Highly coherent energy band transport was 
attained by using Ph 2 -IDPL single crystals, and the OFETs fabri-
cated using Ph 2 -IDPL single crystals showed high hole mobility 
( µ  h  = 7.2 × 10 −1  cm 2  V −1  s −1 ) comparable to that of amorphous 
Si. Moreover, leakage current was reduced in the off-state and 
the on/off ratio was increased by using Au electrodes treated 
with TDT SAM. In general, ambipolar OFETs fabricated using 
small molecules suffer from high off current. Our results 
therefore open up the possibility of low-power organic logic 
circuits. In addition, the results indicate that strong intermo-
lecular interactions derived from the singlet biradical nature of 
Ph 2 -IDPL induce high mobility, and that Ph 2 -IDPL holds sig-
nifi cant promise as a new semiconducting material for high-
performance organic devices.  

  7.     Experimental Section 
  Material : Ph 2 -IDPL was synthesized following the literature. [ 14 ]  
  DFT Calculations : Molecular orbital calculations were performed 

based on DFT using the GAUSSIAN 09 package at the PW91/6-31G* 
level. [ 25 ]  

  Fabrication of Top-Contact Bottom-Gate OFETs, Shown in Figure   3  c : 
The top-contact bottom-gate OFETs shown in Figure  3  were fabricated 
on highly doped n-type Si wafer covered with 300 nm thick SiO 2  
(capacitance per unit area  C  i  = 10 nF cm −2 ). The SiO 2  substrates were 
cleaned in an ultrasonic bath for 15 min in acetone, Semico-Clean 56 
(Furuuchi Chemical Corp.), hyperpure water, and then ethanol. Next, 
the substrates were exposed to a UV–ozone atmosphere for 20 min. 

 Figure 7.    a) Schematic drawing of a bottom-contact bottom-gate OFET 
with a Ph 2 -IDPL fi lm and TDT SAM. b) On–off ratios of an OFET with dif-
ferent channel lengths and channel widths. Values shown are the highest 
value obtained with each device.
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SAM was fabricated by immersing the substrates for 2 h in HMDS or 
phenyltrichlorosilane diluted with toluene, then the substrates were 
rinsed and ultrasonically cleaned in chloroform or toluene for 5 min, 
respectively. Next, Ph 2 -IDPL was deposited on the substrates under a dry 
nitrogen atmosphere at  P  N2  ≈ 0.5 kPa. The evaporation source was fi xed 
close to the substrate ( d  ≈ 1 cm). Finally, 30 nm thick Au electrodes were 
deposited and patterned on the substrates. 

  Electrical and Structural Characterization : The OFET characteristics 
were measured using a Keithley 4200-SCS semiconductor 
characterization system. Out-of-plane XRD measurements were 
performed in air on a Rigaku RU-300 using Cu Kα radiation (40 kV, 
200 mA). AFM measurements were performed on a Seiko Instruments 
SPA300 in dynamic force mode under the ambient atmosphere. 
Polarized light microscopy was performed with a Nikon SMZ1000. Ph 2 -
IDPL single crystals on a quartz substrate were measured using parallel 
and crossed analyzer–polarizer confi gurations. 

  Fabrication of Ph 2 -IDPL Single Crystals : Ph 2 -IDPL single crystals were 
grown by physical vapor transport technique using dry nitrogen as 
the carrier gas (Figure S1, Supporting Information). [ 19 ]  The optimum 
nitrogen gas fl ow was 50 cc min −1  at approximately 25 kPa. Ph 2 -IDPL 
powder was annealed at around 450 °C. Ph 2 -IDPL single crystals grew as 
platelets or needles. Single domains of platelet-shaped Ph 2 -IDPL crystals 
were confi rmed under a polarized light microscope in Figure S2 in the 
Supporting Information. 

  Fabrication of Bottom-Contact Bottom-Gate OFETs with Ph 2 -IDPL Single 
Crystals, Shown in Figure   6 : Ph 2 -IDPL single crystals were grown by above-
mentioned method (Figure S1, Supporting Information). Au electrodes 
were fabricated by photolithography on a SiO 2  substrate cleaned in an 
ultrasonic bath for 15 min in acetone, Semico-Clean 56 (Furuuchi Chemical 
Corp.), hyperpure water, and ethanol, and then exposed to a UV–ozone 
atmosphere for 20 min; this is the same cleaning method as used for 
cleaning substrate for the top-contact bottom-gate OFETs. Ph 2 -IDPL single 
crystals were placed on the substrates without SAM. The channel length 
was  l  = 1.0 × 10 µm and the channel width was  w  = 1.11 × 10 −1  mm.  w  
was calculated from the average value of the widths of Ph 2 -IDPL single 
crystals on the upper electrode ( w  u  = 1.05 × 10 −1  mm) and on the lower 
electrode ( w  l  = 1.17 × 10 −1  mm) in Figure  6 b. 

  Fabrication of Bottom-Contact Bottom-Gate OFETs with Ph 2 -IDPL Film, 
Shown in Figure   7 : The substrates were cleaned as described above. 
HMDS SAM was formed on the substrates, then 1 nm of Cr followed 
by 30 nm of Au was deposited and patterned on the substrates to 
fabricate Au electrodes. The substrates were immersed in TDT solution 
(1 × 10 −3  mol L −1  in ethanol) for 2 h to form TDT SAM on the Au 
electrodes. Finally, Ph 2 -IDPL was deposited on the substrates in vacuum 
at a deposition rate of about 0.05 Å s −1  to a thickness of 40–100 nm.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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