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Abstract. In order to improve the ambipolar performance of indigo-based
semiconductors, we have investigated halogen-substituted (1 - 4) and phenyl-substituted (5)
indigo derivatives at the 5-position. We show that introduction of iodine atoms, namely
5,5’-diiodoindigo (4), leads to the strong halogen-halogen interaction (iodine-iodine
interaction) that gives a significant effect on the molecular packing. Thanks to the
supramolecular network coming from the extra iodine-iodine interaction, the molecules
are arranged approximately perpendicular to the substrate in the thin film. This results in
remarkable transistor performance of the maximum hole and electron mobilities (un/ue) =
0.42/0.85 cm?V-'s-1, which are one of the highest among small-molecule ambipolar
organic transistors. Furthermore, introducing phenyl groups, 5 improves the transistor
performances up to the maximum mobilities un/ue. = 0.56/0.95 cm2V-1s-1. We have found
that the phenyl groups destroy the standard molecular packing of indigo to achieve a
unique structure that is a hybrid of the herringbone and brickwork structures.
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1. Introduction

In the recent years, organic semiconductors have attracted much attention because of low-cost and easy
fabrication to large-area and mechanically flexible substrates that are now used as active elements in
optoelectronic devices such as organic light emitting diode (OLED), organic photonics, organic solar cells,
and organic field effect transistors (OFETSs). Organic semiconductors are usually classified as either p-type
or n-type. A number of excellent p-type organic semiconductors showing mobilities higher than 1 cm?V-1s-
1 have been developed, which are almost comparable to that of amorphous silicon.l? Examples are
pentacene as a thin-film material (0.3 - 0.7 cm?V-1s~' on a Si/SiO, substrate,! 1.5 cm?V-s-! on a chemically
modified Si/SiO; substrate),? and rubrene as a single-crystal material (~20 cm?V-1s-1).# Recently, excellent
p-type characteristics are achieved using 2,7-dialkyl[1]benzothieno[3,2- b][1]benzothiophenes (C,-BTBTs).5
A high mobility of 16 cm?V-'s has been attained in the printed thin-film transistors using Cg-BTBT.6
Organic n-type organic semiconductors are represented by fullerene (Cg,, 6.0 cm?V-1s1),7 perfluorinated
copper phthalocyanine (F,CuPc, 0.03 cm?V-1s-1);8 and cycloalkyl naphtalene tetracarboxylic diimide (Cy6-
NTCDI, 6.2 cm?V-1s1).? P-type OFETs have been achieved in various organic semiconductors, but n-type
OFETs are still relatively limited. Recently, OFETSs capable of both hole and electron transports have been
realized; such transistors are called ambipolar transistors. Ambipolar transistors are essential for the
development of integrated microelectronic organic circuits and optoelectronic devices. In principle, there
are two ways to achieve ambipolar transport. One is the fabrication of mixed p-type and n-type materials,
where the charge carrier mobilities are balanced by the mixing ratio. Another is the treatment of the
substrate with a passivation layer such as tetratetracontane (IT'TC, C,,H,). TTC is a long-chain alkane
molecule that has a low dielectric constant that reduces polarization effects in the dielectric. The high
surface energy increases the crystallinity of the semiconductor layer and improves the charge carrier
transport.!0-13 TTC has been recently used in OFETs and proved to be an excellent passivation layer to
achieve ambipolar transistors.!!> Second is the using of ambipolar organic semiconductors that are
represented by donor-acceptor polymers including diketopyrrolopyrole (DPP), which show hole and
electron field-effect mobilities (x, and u.) exceeding 1 cm?V-'s-1.14 For example, a polymer of
thienothiophene and DPP that shows g, /u. = 1.36/1.56 cm?V-'s-1.15 Here, the thiophene moiety is
regarded as the donor part carrying holes, and DPP is recognized as the acceptor part mediating the
electron transport. Ambipolar transport has been also achieved in some small-molecule organic
semiconductors such as quinoidal oligothiophenes,'¢18 fullerenes,'?? phthalocyaniones!?-1221.22 metal
complexes,? and even pentacene.!'2* Among these materials, /. = 3/3 cm?V-1s—' has been reported in a
pentacene ambipolar transistor,?* but mobilities of other small-molecule ambipolar transistors are still lower
than 1 cm?V-1s-!. Recently, it has been reported that even the small-molecule DPP derivatives show
ambipolar performance with w,/u, = 0.01~0.06 cm?V-1s-1.25> DPP is the representative acceptor part in
donor-acceptor polymers, but it becomes apparent that it works as an ambipolar organic semiconductor.
The ambipolar performance of DPP is attributed to the electron-donating nitrogen atoms (-NH) working
as a donor and the electron-withdrawing carbonyl groups (-C=O0) as an acceptor.’> In addition, the
intermolecular interaction mediated by the hydrogen bonding (-NH"*-O=C-) has a significant effect on the
molecular packing so as to improve the mobilities.2027 A majority of donor-acceptor polymers prepared
until now contain the DPP unit, but other units such as isoindigo have been attempted. Recently, it has
been proved that small-molecule isoindigo also shows ambipolar transistor characteristics.?8 Therefore, it is
interesting to explore ambipolar transport in similar kinds of small molecules as an attempt to develop new
acceptor units of donor-acceptor polymers as well as to develop small-molecule ambipolar organic
semiconductors.

Recently, it has been reported that indigo (un/ue = 0.01/0.01 cm? V-1 s-1)2 and Tyrain purple (6,6™-
dibromoindigo, un/ue = 0.40/0.40 cm? V-1 s-1)3031 make good ambipolar OFET showing high and well-
balanced electron and hole mobilities. Indigo is a dye produced from the plant Indigofera tinctoria and
Isatis tintora, which have been cultivated for at least four thousand years in China, India, and Egypt for
coloring textiles. Indigo has an extremely low solubility and a high melting point (390~392°C), explained by
stabilization from inter- and intramolecular hydrogen bonding. Intermolecular interactions of m-skeletons
also strongly influence the charge transport in indigo thin films. Similarly to the DPP derivatives, hydrogen
bonded semiconducting molecules like indigo achieve high ambipolar performance.?-3* Indigo is of interest
not only as a biological and bio-inspired material but also because of the minimal molecular structure
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consisting of electron-donating nitrogen atoms working as a donor and electron- withdrawing carbonyl
groups as an acceptor.?® The characteristic blue color comes from the small energy gap, and the resulting
long-wavelength absorption is closely related to the ambipolar transport. More recently, several halogen-
substituted indigo derivatives have been reported, where the introduction of the halogen atoms (F, CI, and
Br) to the 5-positions (1 - 3 in Fig. 1) induces the bathochromic shifts to reduce the energy gaps.*

Gold source and drain electrodes

a fo) R=F 1
R H Cl 2 P
N Indigo derivatives, 45 nm
O — O Br 3 Passivation layer, TTC, 20 nm
N R | 4 Insulator, SiO,
H o Ph 5 n-doped Si substrate

5-position

Fig. 1. (a) Structures of indigo derivatives. (b) Structure of an indigo field-effect transistor in bottom-gate
top-contact geometry, where I and I are 100 and 1000 um, respectively.

In the present work, in order to improve the ambipolar performance of indigo-based semiconductors,
we have investigated halogen-substituted and phenyl-substituted indigo derivatives at the 5-position. We
show that introduction of iodine atoms (4), remarkably improves the transistor properties. Polarizing power
of a halogen atom increases in the order of F < Cl < Br < I, and iodine has particulatly strong polarizing
power among the halogen atoms. Accordingly, iodine atoms mediate halogen-halogen interactions and
halogen bonds, and sometimes construct supramolecular architecture.’> Halogen bonds have been
extensively investigated in the conducting cation-radical salts based on tetrathiafulvalene (TTF) derivatives,
where the halogen-halogen interaction shows a significant effect on the molecular packing.3¢ In the charge-
transfer salts, a halogen atom substituted on the TTF skeleton makes a close contact with such an anion as
Cl-, Br, and CN- to form characteristic molecular packing. It has been also attempted to include the third
component such as diiodoacethylene and p-bis(iodoethynyl)benzene, where the iodine atom makes a
contact with Cl- and Br- anions to construct supramolecular assembly.? In the crystals of neutral TTF, it
has been demonstrated that the halogen-halogen contact gives a significant effect on the molecular packing.
37 In this analogy, here we show the iodine substitution produces remarkable supramolecular interaction
that improves the transistor performance. On the other hand, it has been reported that biphenyl substituted
bithiophene as well as phenyl fused TTEF? show improved OFET properties. These results demonstrate
that the phenyl substitution achieves a more parallel molecular packing and improves the FET
performance.*%# Then we have prepared 5-phenyl indigo (5). This compound has a new type of molecular
packing that is a hybrid of the herringbone and brickwork packings, and exhibits a significantly improved
transistor performance. We also report an ambipolar transistor of diphenyl indigo fabricated on an organic
substrate, polyethylenenaphtalate (PEN), where polychloroparaxylylene (Parylene C) is proved to be an
inert enough gate dielectric to achieve ambipolar transport.

2. Results and Discussion
2.1. Electrochemical Properties

The electronic structures are investigated by cyclic voltammetry (CV) and ultraviolet-visible spectroscopy
(UV-Vis). The highest occupied molecular orbital (HOMO) level is estimated from the oxidation potential,
E,,, and the lowest unoccupied molecular orbital (LUMO) level is obtained from the reduction potential,
E,q (Table 1). The energy gaps (E,) are estimated from the absorption edges of the ultraviolet-visible
spectra (UV-Vis) measured in about 20 nm of thin films evaporated on a glass substrate. In comparison
with the parent indigo, the halogen substitution at the 5,5’-positions leads to weak bathochromic shifts of
the absorption spectra (Table 1).2634 Figure 2 summarizes the resulting HOMO levels and LUMO levels
including the calculated HOMO and LUMO levels by using Gaussian 09 package at B3LYP/CEP-31G
level for 1 - 4 and B3LYP/6-31G level for 5. The LUMO is located mostly on the carbonyl groups, while
the HOMO spreads to the outer substituents, so that the substitution affords a larger effect on the HOMO
level than the LUMO level. This is also verified by the redox potentials, where the LUMO level remains
unchanged in comparison with the HOMO level. As a result, the substitution by heavy substituent atoms
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leads to more delocalized HOMO, to reduce E, in the order of 1 (F) > 2 (Cl) > 3 (Br) > 4 (I) ~ 5 (Ph).
However, the absorption of 5 is not much different from that of others, suggesting that the 7-skeleton is
not really extended because, as will be verified from the crystal structure, the phenyl rings are not coplanar
to the indigo part. It has been reported that using gold (Au) source and drain electrodes, ambipolar
transport is realized when the HOMO level is > = 5.6 eV and the LUMO level is < — 3.2 eV.#2 The

estimated HOMO and LUMO levels of 3 - 4 satisfy these conditions, but the HOMO levels of 1 and 2 are
obviously out of this range.

Table 1. Redox potentials and energy levels of 1- 5, and the parent indigo.

Compounds Eoy Eiea HOMO LUMO HOMO-LUMO gap Optical gap (thin film)

V[Vl [eV] [eV] [eV] [eV]
1 (F)? 096  -0.89 5.76 3.94 1.82 1.66
2 (Chyp 099 -0.84 5.79 3.96 1.83 1.72
3 Bre 0.85 -0.94 5.65 3.86 1.79 1.71
4 (Db 0.79  -0.86 5.59 3.94 1.65 1.68
5 (Ph)e 0.76  —0.89 5.56 391 1.65 1.70
Indigo 0.80  -0.89 5.60 3.91 1.69 1.7 (tef. 29)

Onset redox potentials »s. Fc/Fc* are assumed to be 4.8 ¢V from the vacuum level.#2
aFic/Fct: EV2 = +0.190V

bFc/Fct: EV2 = +0.213 V

Fc/Fct: EV2=4031V

Eev) 1(F) 2 (Ch 3(Br) 4() 5 (Ph)
N
'és: 2885 ‘28852888 sS¢s
LUMO _‘3 o6 * .
(-3.59)” -3.94 -3.91
(- 361 —33 6936 (-3.55) % (=2.82)"
EV:1.82 E,V:1.79 EV:165 EV:165
EUV 166 B ECV:1.83 EUV 1.71 E,W:1.68 E,W:1.70
E Ww:1.72
_ -5.59 -5.56
HOMO _5 76 579 ?-)8695; X (-5.84)% (-5.22)"
(-5.90) (-5.94)%
.L
3o v0fihos v0fidoe 0ofidhoe U5,

Fig. 2. Energy levels of 1 - 5 estimated from the redox potentials and from the Gaussian 09 calculation at
the BBLYP/CEP-31G level®*® for 1 - 4 and the B3LYP/6-31G levelY for 5 in the parentheses.

2.2. Transistor Characteristics

The transistors were fabricated on a heavily doped n-type silicon substrate (300 nm of SiO; as a gate
dielectric) with a 20 nm passivation layer of tetratetracontane (TTC, CqsHoo, Fig. 1(b)). Long alkyl-chain
molecules like TTC were advantageous in ambipolar transport due to the low dielectric constant, reduced
polarlization effect, and the improved crystallinity of the semiconductor layer.1%-13 The indigo derivatives of
about 45 nm thickness were deposited by vacuum evaporation, on which gold source and drain electrodes
were formed to complete the bottom gate — top contact devices. The transfer and output characteristics
were measured under vacuum (Fig. 3). The mobilities were extracted from the square root of the drain
current (Ip) in the transfer characteristics by using the formulas of the unipolar saturated region as listed in
Table 2.

Compounds 1 and 2 show only n-type transport, where the maximum mobilities are u. = 1.7X10-3 and
0.022 cm?V-'s-1] respectively. This is in agreement with the electronegative nature of 1 and 2.3* The
threshold voltages (I'tH) of 1 and 2 are estimated to be 19 V and 33 V, respectively. The transfer
characteristics of 3 - 5 (Figures 16c¢ - €) shows clear ambipolar characteristics, which affords very high and
well-balanced mobilities of wn/we = 0.21/0.35, 0.42/0.85, 0.56/0.95 cm?V-1s-1 (Table 2).3> Transistor
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performance of 3 is very similar to those of 6,6’-dibromoindigo,?>** including the sweep direction
dependence of the mobilities. The mobility of the halogen-substituent compounds (1 - 4) decreases in the
order of 4 (I) > 3 (Br) > 2 (Cl) > 1 (F), which is opposite to the electronegativity, but equal to the halogen
size and the polarizing power. The order of mobility also coincides with the decreasing order of E, (Fig. 2).
There have been recently reported a few donor-acceptor polymers in which both electron and hole
mobilities exceeding 1 cm?V-1s-115 and a pentacene ambipolar transistor whose electron and hole mobilities
are 3 cm?V-'s-1.2¢ However, mobilities of other small-molecule ambipolar transistors are still lower than 1
cm?V-1s-1, and the present values of 4 and 5 are one of the highest among the small-molecular ambipolar
materials.!>
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Fig. 3. (a-e) Transfer characteristics of 1 — 5. Output characteristics (f-j) at I'ps > 0 of thin-film transistors
based on 1 — 5 and (k-m) at "ps < 0 of thin-film transistors based on 3 — 5. All measurements are done
under vacuum.

Table 2. Summary of mobilities of 1 - 5, and the parent indigo.

Compound Vps[V]  Maximum mobilities Average mobilities Threshold Voltage
under vacuum under vacuum [Vl
[cm2V-1s1] [cm2V-1s-1]

Hole Electron Hole Electron Hole Electron
1(F) 80 - 1.7x10- - 7.6X10-4 - 19
2@ 80 - 0.022 - 0.012 - 33
3 Br) 80 0.21 0.04 0.08 0.03 — 58 71
- 80 0.07 0.35 0.02 0.27 —31 97
41 80 0.57 0.85 0.30 0.48 — 46 15
- 80 0.42 0.75 0.16 0.35 — 34 11
5 (Ph) 80 0.56 0.60 0.42 0.49 —3 73
- 80 0.24 0.95 0.16 0.73 ~ 60 29
Indigo? 10 0.01 0.01 - - - -
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2.3. Crystal Structures

Crystal structure of 1 has been recently reported.?* Here, we show our data of crystal structures of 2
- 5 that are investigated by single-crystal X-ray structure analyses. Due to the poor solubility of
these compounds in organic solvents, the crystals were grown by the sublimation method.
Although all crystals belong to the same monoclinic space group P2i/¢, only 2 and 3 are strictly
isostructural, and 1, 4, and 5 are different from these structures. In all cases, the stacking direction
corresponds to the crystallographic # axis, and the molecular long axis is basically parallel to the a
axis. However, the arrangements of the stacks are different (Fig. 4 and 5). For 1 - 4, The interplanar
spacing A increases as the size of the halogen substituent increases (Table 3); the difference is very
slight from 1 to 3, but 4 has a significantly large A. The stacks are connected by hydrogen bonds
with the N...O distance of 2.9 A and the H...O distance of 2.1 A in 4.447 For 1, hydrogen
bonding F...H with the distance of 2.464 A is found between the adjacent molecules along the
molecular long axis (Fig. 4(a)). By contrast, no interaction is found in 2 along the molecular long
axis. However, short halogen-halogen contacts with the distances of 3.611 A and 3.875 A are
observed in 3 and 4 along the molecular long axis (Fig. 4(b)). These values are 2.4% and 2.2%
shorter than the sum of the van der Waals radius (3.70 A for Br...Br and 3.96 A for 1...1).374% In
comparison with 3 that shows one intermolecular Br...Br contact, 4 has two intermolecular I...1
contacts (Fig. 4(d) and 4(e)). These halogen-halogen contacts connect molecules of different
conducting layers along the « axis. Along the ¢ axis, the adjacent stacks are alternately tilted in the
opposite directions (Fig. 4(b)). The dihedral angle between the adjacent molecules (a) and the tilt
angle of the molecular long axis from the direction vertical to the stack direction (f, Fig. 4(c)) are
summarized in Table 3. These angles monotonously decrease from 1 to 4. Since the molecules are
slightly inclined from the stacking direction along the molecular short axis, a = 2§ does not hold
except for 1. The molecular lengths /of 1 - 4 are estimated from the crystallographic # and the tilt
angle g from /= a / cos f (Table 3). The lattice constant & also decreases in the same order as a and
B, 6.0281 A > 454025 A > 4.462 A > 4.38905 A. This implies that the molecule in 4 is most close
to perpendicular to the stacking direction. The lattice constants 4 of 2 to 4 are considerably smaller
than the parent indigo, b = 5.77 - 5.88 A (depending on the polymorphism),334+47 indicating that
the molecular long axis is less tilted from the stacking direction, and this is an origin of the
enhanced mobility. However, the molecules of 4 are still by 34 tilted from the stacking direction.

Compound 5 has a structure completely different from 1 - 4 and the conventional indigo
derivatives (Fig. 5). The phenyl planes are tilted by 29° from the central indigo plane. The phenyl
groups form a perfect herringbone structure with the dihedral angle of 72¢ (Fig. 5(c)). The indigo
part is, however, approximately parallel to the a¢ plane; only slightly tilted by 7°¢ from the ¢ axis.
When this structure is regarded as a herringbone structure, the dihedral angle is as small as 14 (Fig.
5(d)). The parallel molecules do not form stacks either along the # axis or along the ¢ axis. If these
indigo parts are regarded as approximately parallel to each other, this structure is recognized as a
brickwork structure.*-° Viewed from the central molecule at y = 1/2, two molecules at y = 0 are
largely but equivalently displaced along the molecular short axis (// ¢). Then the lattice constant 4 is
twice the interplanar distance of 3.50 A. The hydrogen bond survives between the parallel
molecules (// ¢), though the N-O distance of 3.1 A (and the H-O distance of 2.4 A) is slightly
longer than the corresponding distance of 2.9 A (and the H-O distance of 2.1 A) in 1 - 4.

The transfer integrals in the stacking (4) direction for HOMO and LUMO (#nomo/Aumo) are
estimated from the molecular orbital calculation as shown in Table 3. In 4, the LUMO affords a
large transfer, whereas the HOMO gives a small transfer. In addition, 4 has a particularly large
transfer integral between halogen-halogen atoms, -k, Homo = 6.89 meV along the molecular long
axis (Fig. 4(e)). This is obviously due to the I...I interaction; the HOMO is most setiously
influenced because the HOMO spread to the iodine atoms considerably (Fig. 2). Since this
interchain interaction is comparable to the intrastack interaction in magnitude, there is a possibility
that the charge transport of 4 is not confined in the stacking () direction. Two-dimensional carrier
transport is expected in 5. The brickwork structure has been observed in cyclohexyl naphthalene
diimide which attain high field-effect mobility.#* Although the present structure is different from
the ideal brickwork structure, the network of the transfer integrals is identical to the cyclohexyl
naphthalene diimide. It is noteworthy that the present characteristic molecular packing, which is a
hybrid of the herringbone and brickwork structure, is induced by the steric effect of the two phenyl
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groups. The incorporation of the phenyl groups elongates the molecules to destroy the twisted
stack structure. The whole molecules realize a herringbone structure, but interestingly the central
parts realize an approximate brickwork structure. The remarkably enhanced mobility of 5 is mainly
attributed to this brickwork packing that realizes two-dimensional transport, rather than the
extended 7-skeleton coming from the introduction of the phenyl groups.

Fig. 4. Crystal structures of 1-4 viewed along the (a) ¢ and (b) & axes. (c) Schematic illustration of the

stacking structure. Halogen-halogen contacts of (d) 3 and (¢) 4. The distances are 3.611 A and 3.875 A,
respectively.

b
Fig. 5. Crystal structure of 2 viewed along the (a) 4, (b) ¢, and (c), (d) # axes. Hydrogen atoms and phenyl

groups are omitted in (d). The transfer integral, %, is estimated to be 20.4 meV for HOMO and 23.5 meV
for LUMO.
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Table 3. Parameters extracted from the crystal and thin-film structures.

Compound 1 (F)* 2 (Cl) 3 Bp)» 41 5 (Ph)*
A A 3.37 3.38 3.39 3.42 3.50

a (°) 112 84 81 78 14

B © 56 37 36 34 0

1 (A) 14.8 16.7 17.1 17.0 21.3
oMo/ fumo (meV) 11.8/39.2 12.2/12.6 12.4/21.0 2.96/353  20.4/23.5
fxr, HoMO (meV) 0.040 1.16 1.83 6.89 1.69

20 (° 7.85 6.79 6.49 5.17 4.17
d(A) 11.2 13.0 13.6 17.1 212
B 41 39 37 0 5

2.4. Thin Film Properties

Atomic force microscopy (AFM) images and X-ray diffraction (XRD) peaks of the thin films deposited on
a TTC layer are shown in Fig. 6. The thin films of 1 - 5 consist of highly crystalline domains due to the
strong intermolecular interactions. This tendency is enhanced by the TTC passivation layer, because it has
been reported in a wide variety of organic semiconductors that the crystallinity is improved on TTC.
Accordingly, TTC plays a crucial role in the high mobility as well as the ambipolar charge transport.10-12

Figure 6(f) shows X-ray diffraction (XRD) peaks. The 26 value decreases systematically from 1 to 5,
and the corresponding d-value increases as shown in Table 3. The d-values of 2, 3, and 5 approximately
coincide with the crystallographic « axis (13.3166 A, 13.794 A, and 21.2805 A). Thus the thin-film
molecular packing is considered to be the same as the crystal structure. However, the d-values of 1 and 4 are
larger than the crystallographic axes (8.249 A and 14.0666 A), indicating the molecules are less tilted from
the vertical direction in the thin films than in the crystals. In order to discuss this point more quantitatively,
the molecular tilt angle in the thin film (f°, Fig. 6(g)) is calculated from /= 4 / cos B’, whetre /is the
molecule length estimated from the crystal structure. f’ decreases in the same order as @ and . The values
for 2, 3, and 5 are not largely different from the values in the crystals. This indicates that the thin-film
molecular packing is basically the same as the crystal structures. However, the values for 1 and 4 are
significantly smaller than those in the crystals. In particular, 4 shows neatly perpendicular arrangement (8’ =
0°). Cotrelation of f’and the maximum electron mobility (Table 2) is depicted in Fig. 6(g).23233 Mobilities
of not only the present compounds but also the parent indigo and 6,6’-dibromoindigo show satisfactory
correlation with the tilt angle in the thin films. This reminds us the naphthalene diimide (NDI) series
compounds, where the charge mobility attains the maximum when the molecular long axis is exactly
perpendicular to the substrate.*$ Without assuming the thin-film structure different from the crystal
structure, we have to attribute the high performance of 4 to the anomalous iodine-iodine electronic
interaction coming from 7, nono. It is, however, more plausible that the iodine-iodine interaction changes
the thin-film structure, and the resulting perpendicular molecular arrangement realizes the high ambipolar
performance comparable to 5.

1de=t12A 0
~t || 2dg=130A _ '~ T 10°# s i
3 5dp=21.2A ! B 6,6'-dibromoindigo
;J 3dg=136A PN *.: , i
2 oo ] o 10" F 1
< | I e S - *2 Indigo
£k L10%f 1
_‘\~/\‘,_/«_/'r\\ — . A
75 10 70 10 20 30 40 50 60
Angle 26 (°) Tilt angle ' (°)

Fig. 6. AFM images of thin films of (a-¢) 1 - 5. (f) XRD patterns of 1 - 5. (g) Correlation of the maximum
electron mobility with the tilt angle of the molecule long axis to the substrate (£).
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2.5. Transistor on an organic substrate

In order to explore a way to flexible devices, we have fabricated a transistor of 5 on an organic
PEN substrate by using poly(3,4-ethylenedioxythiophene):poly(stylenesulfonate) (PEDOT:PSS) as a
gate electrode, and a Parylene C film as gate dielectric (Fig. 7(a)). A pentacene transistor with the
hole mobility of 0.3 cm?V-'s-! has been reported using PEDOT:PSS as the gate contacts.>'52 A
pentacene ambipolar transistor in a bottom-gate top-contact geometry has been realized by using
Parylene C as the hydrophobic dielectric layer (un/ue = 0.07-0.1/0.01-0.04 cm?2V-1s-1), so Parylene
C is an inert enough material to achieve an ambipolar transistor.>> The XRD shows peaks at d =
21.2 A and 6.33 A (Fig. 7(b)), which respectively correspond to 5 and Parylene C.3 As shown in Fig.
7(d-1), the transistor shows well-balanced ambipolar characteristics, where the maximum mobilities
are un/pe = 0.13/0.29 cm?V-1s-I. The AFM image (Fig. 7(c)) reveals decreased grain size, which
may be related to the reduced transistor performance. The hole/electron threshold voltages
extracted from the transfer characteristics are —25/120 V for I'ps = 80 V and —50/90 V for I"'ps =
—80 V. Although the threshold voltages are increased in comparison with the TTC transistors,
Parylene C is a promising gate dielectric material for an ambipolar transistor.
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b || c!
3|
< 4
z |
g |l
8 [W| PhonSiO, d=526 A
£ Lhonee A
L\ PhonPEN 9=833A
4 8 12 16 20
Angle 26 (°)
o= ~60 V ’ [
= 7 Ji 7]
e —,ﬂvj/ f /1
ooy / /] . /
< / ’ < 0.8f /
2-2f (g0 2 -80V/
o / co8 1
\ A/ [1ov A Ves=-120v 04t / / J1s0y/ 4oV
‘ 3 1 /[
10" T 9 T R ol—£ - g
200 -100 0 100 20 20 100 -80 -60 -40 20 0 0 40 80 120
Ves (V) Vbs (V) Vos (V)

Fig. 7. (a) Structure of an indigo organic transistor on a PEN substrate in bottom-gate top-contact
geometry, where L and W are 100 and 1000 um, respectively. (b) XRD pattern of 5, (c) AFM image of a
thin film of 5 (45 nm) deposited on a 900 nm film of Parylene C film. (d) Transfer characteristics of a thin-
film transistor of 5 on a PEN substrate. (e) Output characteristics at I'ps < 0, and (f) at I"'ps > 0.

3. Conclusion

In summary, we have developed new indigo derivatives showing excellent ambipolar transistor properties.
The diiodo-indigo 4 and the diphenyl-indigo 5 shows ambipolat transistor properties as high as un/u. =
0.42/0.85 and 0.56/0.95 cm?V-!s-1, respectively. For 4, the iodine-iodine interaction affords an extra
interchain transfer integral as large as 6.89 meV in the crystal, which is comparable to the intrachain
interaction. However, the systematic change of the thin-film d-value suggests a nearly perpendicular
molecular arrangement achieved in the thin film. In this case, the iodine-iodine interaction is suspected to
play an important role in realizing the extraordinary arrangement. Since iodine-iodine contacts are
universally observed in organic crystals, such supramolecular assembling power is indispensable to achieve
the exceptional packing pattern in the indigo derivative. The present finding demonstrates that
supramolecular engineering mediated by halogen-halogen interaction has great possibilities in organic
semiconductors. In particular, the transistor performance of 5 stems from the characteristic structure that is
a hybrid of the herringbone and brickwork structures in contrast to the stacking structure of the parent
indigo. Another important aspect is the well-balanced ambipolar properties achieved by a molecule with a
minimal z-framework. The present finding also suggests great possibilities of bio-inspired materials for the
development of organic semiconductors.
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