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We have developed a novel and convenient method of crystal growth in a liquid phase. This method
produces directly onto a substrate well-defined polygon organic thin crystals with uniform thickness.
The thin crystals are found to be single crystals of high quality. We show various illustrations including
thiophene/phenylene co-oligomers and an oligophenylene. The organic crystal transistors based on these
crystals showed good device performance. These thin single crystals are expected to be suitably applied
to electronic devices.

Introduction might, however, be susceptible to, e.g., lamination conditions.
Mas-Torrent et al. reported the fabrication of single crystals
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Figure 1. (a) Schematic diagram of the liquid-phase-growth apparatus; (b) photograph of the apparatus.

Table 1. Used Solvent, Heater Temperature, and Growth Time for
Each TPCO Material and Quaterphenyl
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Materials Synthesis and Crystal Growth.The TPCOs include
AC5, BP1T, BP3T, BP4T, BP1T-OMe, BP1T-Bu, BP2T-OMe,

heater growth BP2T-He, and AC5-C§ Structural formulas as well as abbreviated

materials solvents temperature’C)  time (h) notations of the TPCOs are summarized in Figure 2. These TPCOs
AC5 monochlorobenzene 80 867 were synthesized and purified according to the literature metffods.
BP1T monochlorobenzene 80 I Quaterphenyl (4P; Tokyo Kasei Kogyo, Co., Ltd.) was used as
BP3T 1-methylnaphthalene 130 47 purchased without further purification. We used for solvent
BPAT 1,2,4-trichlorobenzene 100 48 . .
BP1T-OMe 1.2 A-trichlorobenzene 30 872 monochlorobenzene (in the case of making AC5, BP1T, BP1T-
BP1T-Bu monochlorobenzene 90 91 Bu, and AC5-CEk crystals), 1,2,4-trichlorobenzene (BPAT, BP1T-
BP2T-OMe  1,2,4-trichlorobenzene 190 48 OMe, BP2T-OMe, BP2T-He, 4P), and 1-methylnaphthalene (BP3T).
BP2T-He 1,2,4-trichlorobenzene 90 41.5 The solvents (monochlorobenzene and 1,2,4-trichlorobenzene from
QSS_CE Tgrjﬁnlcor:%?ggéﬁ;:ne 88% 77‘2 Kanto Chemical Co., Inc., and 1-methylnaphthalene from Sigma-

Aldrich, Inc.) were used as purchased without further purification
as well. Organic materials were crushed into powders in the solvent
with an ultrasonic bath.

The mixture of the powders and solvent was sealed in a glass
vial and heated by an electric heater. The thin crystals were grown
on the quarried SigSi wafer that was chosen as the substrate and

vial. When the liquid is heated, the convection flow starts and the mounted on the iron steel radiator. Those thin crystals were obtained

solution is transported toward the substrate. The substrate is wrappetjj’y k_leating the liquid at an appropriate temp_erature fo_r an appropria_1te
with a sleeve of aluminum foil so that undissolved powder material penod_ of time depending on the chemical species Of_ organic
is prevented from unintentionally attaching to the substrate. materials used for crystal growth. In the case of AC5, for instance,

Although the presence of the undissolved powder material seemsthe liquid was heated and kept at 8D for 86 h. The TPCOs are

superfluous, that is not actually the case. It is because its presencéesstOIUbt!ehW;th m(;ree_lsm_g molecut:ar Welghlts. In such cisesf W?
is useful in automatically keeping the solution saturated and, hence,YS€ InaF')I'r: a enel . erlvatlvels as etfer SO \(;etr;ts to kma eh singie
ensuring uniform deposition of the crystal. The solution is supplied crystals. The resulting crystals were cleansed by soaking t, emin
with the solute from the powder material to maintain saturation acetone. Used solvents, heater temperatures, and growth times for

immediately after portions of the solute in the solution are deposited all the materials are summarized in Table 1.

as crystals onto the substrate. This also exonerates us from preciselzv Meaiuren;]ents.r':'he nonpolarizing and polarlzmg_ mlcrographsh
controlling solution temperature or volatilization as in the conven- Were taken through a NIKON ELIPSE LVI00POL microscope wit

tional solution methods. a Hg lamp. The X-ray diffractions were measured by a Rigaku

The growth apparatus is equipped with a radiator made of iron F:_Nl;l' 2500fX-hray diffrac?l)meter with Cu ‘((j ra_dLation. The
steel so that this radiator can release heat from the liquid to the thickness of the grown lim was measure wit arn ULVAC
atmosphere to cool the substrate locally and to keep its temperatureDEKTA,K’SST surface proﬂlgr. The FETs were fabricated bY
lower than that of the surrounding liquid. This makes the crystals depositing Au source and drain contacts on the grown crystals with

grow directly on the substrate. As an option, we can appropriately a homemade vacuum evaporation equipment. The Au electrodes

heat (or cool) the radiator and generate a suitable temperatureWere deposited partly on the SiGurface beyond the crystal. The

difference between the radiator and the liquid to optimize the evaporated Au contacts were further reinforced by successive Al
process of crystal growth. We also found it effective to use a shorter deposition to secure steady electrical measurements. The back of

radiator. The “shorter radiator” means that the radiator outside the - - -
sealed glass apparatus is short, readily keeping its temperature insidét®) (@) Hotta, S.; Kimura, H.; Lee, S. A.; Tamaki, J..Heterocyclic Chem.

. . . h - . 2000 37, 281-286. (b) Hotta, S.; Katagiri, TJ. Heterocyclic Chem.
the mixture relatively high. Preventing the radiator from being 2003 40, 84&850.((c)) Katagiri, T.; O?a, S.: Ohira, Ty Yamao, T.:
overcooled facilitates the growth of larger crystals.

Hotta, S.J. Heterocyclic Chem2007, 44, 853—862.

aTypical value.
Experimental Section

Crystal-Growth Apparatus. Figure 1 shows a schematic
drawing of the crystal-growth apparatus in our studies as well as
its picture. The mixture liquid is heated through the bottom of the
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Figure 3. (a) and (b) Nonpolarizing micrographs of the AC5 thin crystal
/N on a SiQ/Si wafer substrate; (c) and (d) polarizing micrographs of the same
N ACS5 thin crystal; (e) polarizing micrograph of AC5 powders (treated with
_ S an ultrasonic bath). The micrographs (c) and (d) were taken under the
C.H C.H diagonal position and the extinction position (i.e., rotated by fative
4719 BP1T-Bu 4719 to the diagonal position) of the crossed nicol, respectively. The nonpolarizing
micrographs (a) and (b) correspond to (c) and (d) in view geometry,
ively.
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Figure 2. Structural formulas and abbreviated notations of the used
thiophene/phenylene co-oligomers (TPCOs).

the SiQ/Si wafer substrate was used as the gate contact, and the
silicon dioxide layer was used for the gate insulator. The FET action

characteristics were measured using an Agilent Technologies 4156B
precision semiconductor parameter analyzer and an Advantest
R6245 two-channel voltage current source/monitor under an ambi-
ent environment or under vacuury10-2 Pa).

Intensity (a. u.)

0 0720 30 40
Diffraction Angle 6/26 (degree)

.. . . . Figure 4. (a) Surface profile of the AC5 thin crystal. X-ray diffraction
Nonpolarizing m'crOQraphS Of_ an AC_5 film are shown in  pattems of (b) the ACS thin crystals on a SiSi wafer substrate and (c)
parts a and b of Figure 3. Polarizing micrographs under the the as-synthesized material of AC5 on a cover glass. The asterisks indicate
diagonal and extinction positions of the crossed nicol are the peaks that do not reflect the molecular length of AC5 (see text).
shown in parts ¢ and d of Figure 3, respectively. For
comparison, a micrograph of AC5 powders (as a starting The microscope observations clearly indicate that each AC5
material) is shown in Figure 3e under the same magnification. crystal film comprises a hexagon. The fact that the polarizing

50

Results and Discussion
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Figure 5. (a) Micrograph of the BP1T thin crystal on a SiSi wafer
substrate; (b) enlarged micrograph of the crystal. The direction and relative
magnitude of th@- andb-axes are indicated with the arrows and rectangles.
Theb-axis parallels the hexagon long sides. The specific angles (indicated
with white arc arrows) read with a protractor are compared with those
calculated from the crystallographic dithat are given in parentheses.

Figure 6. (a) Micrograph of the BP3T thin crystal on a SiSi wafer
substrate; (b) enlarged micrograph of the crystal. The direction and relative
magnitude of th@- andb-axes are indicated with the arrows and rectangles.
Theb-axis parallels the hexagon long sides. The specific angles (indicated
with white arc arrows) read with a protractor are compared with those
calculated from the crystallographic dt¥athat are given in parentheses.
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Figure 7. (a) Micrograph of the FET device made of a BP3T thin crystal.
The channel of the device was formed along the crystakis; (b) the
characteristics of the BP3T FET device measured under an ambient
environment.

micrograph of the ACS5 film entirely vanishes at the extinc-
tion position [Figure 3d] demonstrates that the film is a single
crystal.

To characterize the thin single crystals, we measured the
thickness and X-ray diffraction of an AC5 crystal. The
thickness of the crystal was estimated at approximately 270
nm and was uniform within the range of several nm (see
Figure 4). The film thickness, however, differed from sample
to sample. This probably reflects the difference in the growth
time and/or rate of the individual crystals. Figure 4b shows
the diffraction pattern for the AC5 thin single crystal as
compared with that of the as-synthesized material (Figure
4c). In the thin single crystal, only the first- and higher-
order peaks of the same diffracting plane are observed. The
plane distance evaluated from diffraction peakd #s 21.65
A for Figure 4b, which reflects a molecular length of AES.
This means that the single crystal consists of the regular
molecular layered structut@.This structural characteristic
is common to the thin crystals of other chemical species.
As for the as-synthesized material, on the other hand, we
noticed peaks occurring from planes other than that associ-
ated with the molecular length (denoted with asterisks in
Figure 4c).

For BP1T and BP3T, we obtained long hexagon crystals
and their typical sizes were0.5 mm in length and-50—

100 um in width (Figures 5a and 6a, respectively). Since
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Figure 8. (a) Micrograph of the FET device made of another BP3T thin Drain VOItage VD (V)
crystal. The channel of the device was formed along the crastads; (b)  Figure 9. (a) Micrograph of the FET device made of an AC5 thin crystal;
the characteristics of the BP3T FET device measured under an ambient(b) the characteristics of the AC5 FET device measured under an ambient
environment. environment.

the crystal structures of these TPCO materials have succes

Sth ibility of lying th t method to the devi
fully been determined by the X-ray analy$fsthis allows © POSSIbIy o applying the present method fo e device

. he individual h i h | fabrication. To this end, we have fabricated field effect
us to assign the individual hexagon sides to the crystal- ., ngjiors (FETs) using the aforementioned thin single

lographic axes or specific directions through the characteristic crystals. We made the top contact type devices. Photographs
angles (i.e., the angles between the adjacent hexagon sidesb]c the FET devices for BP3T thin crystals are shown in

Figures 5b and 6b indicate enlarged micrographs of eaChFigures 7a and 8a. The results of the electrical measurements

crystal. The direction and relative magnitude of theand oy that the FETS are driven as p-type device (Figures 7b

b—axgs are depicted in the figures. Both the angles read Mand 8b). Normal FET characteristics were observed. The

the lesgures_ and those calculated _from the crystallographic determination of the crystallographic axes (i.e., theand

datat ‘Te 'r? goog agrcleerf:; L .V\r/]'th the BP3T _cryTtaI, for b-axes) enables us to measure and define the mobility along
example, the read angle @vith a protractor) is almost those crystal axes. In Figures 7a and 8a, the source and drain

che sarg;z _T_z the hcalculated_anlglﬁ of 104.&&1 ShOfWR n I contacts were made such that the channel were formed along
igure 6b. Thus, the geometrical characterization of the well- crystalb- anda-axes, respectively. The FET character-

defined polygon crystals has fully been supported by the istics taken under an ambient environment were shown in

(polarizing) micrascope observation and X-ray diffraction Figures 7b and 8b. The calculated field effect mobilities along

mtlegsuremr?ntsf. hat b ional soluti hod theb-axis (@-axis) were estimated at 87 1072 (8.4 x 107?)
tis worthy of note that, by conventional solution methods, 41 35 101 (16 x 10%) c?/Vs at the linear and the

It 'bstd':r'z;il_t'o creatt:] thin smgle cryst?tls _d'rfCtly Ion saturation regions, respectively. These results are comparable
substrates.“"Here, we have a unique opportunity to explore . g by Yanagi et &k The significant difference was

not observed between the mobilities along dhandb-axes.

(17) Hotta, S.; Ichino, Y.; Yoshida, Y.; Yoshida, M. Phys. Chem. B00Q
104, 10316-10320.
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S.; Goto, M.; Azumi, R.; Inoue, M.; Ichikawa, M.; Taniguchi, Y. Cryst. Growth1999 198/199 568-571. (b) Nagaoka, K.; Adachi,
Chem. Mater2004 16, 237—241. (c) Hotta, S.; Goto, M.; Azumi, R. H.; Brahadeeswaran, S.; Higo, T.; Takagi, M.; Yoshimura, M.; Mori,
Chem. Lett2007, 36, 270-271. Y.; Sasaki, T.Jpn. J. Appl. Phys2004 43, L261—-L263.

(19) Batra, A. K.; Carmichael-Owens, C. R.; Simmons, M.; Aggarwal, M. (21) Yanagi, H.; Araki, Y.; Ohara, T.; Hotta, S.; Ichikawa, M.; Taniguchi,
D.; Lal, R. B. Cryst. Res. TechnoR005 40, 757—760. Y. Adv. Funct. Mater.2003 13, 767—773.
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Figure 10. (a—e) Micrographs of thin crystals of several TPCO materials and quaterphenyl.

An upward curvature at low drain voltages noted in the of Figure 10 with other TPCO materials with a variety of
device characteristic diagrams (Figures3dj was indicative substituents on either molecular termiigand an oligophe-

of the presence of a contact resistance between the TPCQhylene. A variety of crystals with different sizes and shapes
crystals and the source and drain electrodes. Further mea{e.g., hexagons, lozenges, swords, etc.) are readily available.
surements with a device having a reduced contact resistance

will be necessary for determining the anisotropic mobilities Conclusion

more precisely. We developed the novel and convenient method of crystal
Similarly, we measured the mobilities of the FETs with gro\N[h_ Our improved method of Crystai gro\N[h is character-
various TPCOs either under an ambient environment or Underized by using a g|ass apparatus equipped with an ap-
vacuum. Again, we confirmed the normal FET characteristic. propriately designed radiator. Organic semiconductors are
The mobilities of a thin single crystal of AC5 were 09  dispersed in various solvents in the apparatus. This apparatus
103 and 1.7x 1073 cn¥/Vs (under an ambient environment)  enables us to produce the organic thin single crystals of high
at the linear and the saturation regions, respectively (Figurequality. We have shown various illustrations including
9). As further illustrations, the crystals of BP2T-OMe TpCOs and an oligophenylene. The well-defined polygon
produced mobilities of 1.2 1072 cn?/Vs (under vacuum)  crystals are directly grown on a substrate with uniform
at the linear region and 3.0 1072 cn?/Vs at the saturation  thickness. The organic crystal transistors based on these
region. The mobilities for BP4T were 3.0 1072 cn¥/Vs crystals showed good device performance. These thin single

and 7.7x 1072 cn¥/Vs (under vacuum) at the linear and the  crystals are expected to be suitably applied to electronic
saturation regions, respectively. Thus, the thin single crystalsdevices more generally.

of TPCOs produced well-defined FET characteristics. Re-

garding BP3T, we have been successful in measuring the Acknowledgment. This work was supported by a Grant-

mobilities along the crystallographic axes (#eandb-axes), in-Aid for Science Research in a Priority Area “Super-
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Our new crystal-growth method can be applied to various Education, Culture, Sports, Science and Technology, Japan.
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