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Transistor application of new picene-type
molecules, 2,9-dialkylated phenanthro[1,2-b:8,7-
b'ldithiophenes

Yoshihiro Kubozono**"°, Keita Hyodo®, Hiroki Mori¢, Shino Hamao®,
Hidenori Goto® and Yasushi Nishihara***

Field-effect transistors (FETs) have been fabricated with thin films of a series of 2,9-dialkylated
phenanthro[1,2-b:8,7-bldithiophene derivatives (C,-PDTs). The FET characteristics of C,-PDT
thin-film FETs with an SiO, gate dielectric as well as high-k gate dielectrics were recorded, and
the dependence of the field-effect mobility, y, on the number (n) of carbons in alkyl chains was
investigated, showing that the 2,9-didodecylphenanthro[1,2-b:8,7-b"ldithiophene (C1,-PDT) thin-
film FET displays superior properties, with y's as high as 1.8 cm? V' s™ for the SiO, gate
dielectric and 2.2 cm? V' s™ for the HfO, gate dielectric. The average u values, <u>'s, reach
1.1(5) and 1.8(6) cm? V' s, respectively, for the SiO, and ZrO, gate dielectrics. Low-voltage
operation, showing an absolute average threshold voltage <|Vi|> of ~ 11 V was implemented,
together with the above high <u> of ~ 2 cm? V' s™'. Also, a flexible FET was fabricated with a
parylene gate dielectric. The results of this study show the potential for application of the Ci-

PDT molecule in a high-performance transistor.

Introduction

Organic field-effect transistors (FETs) have attracted much
attention as the key elements for realizing future ubiquitous
electronics because of their numerous advantages, including
flexibility, light weight, and ease of design.'™ During past 25
years, many organic materials have been used to fabricate high-
performance organic thin-film FETs.>?? Representative organic

molecules used in p-channel organic FETs are acenes,’’

14-16 17.18 while those used in n-

7S23,24

oligomers and tetrathiafulvalenes,
channel FETs are perylenediimides,'*** Cg and fused
thiophene-type molecules®>?’. Among these, higher values of
field-effect mobility () have principally been reported in FETs
using acene-type molecules.”"? acene-type
molecules are the most popular choices as active layers in

organic FETs.

Therefore,

One acene-type molecule in particular, pentacene, has
served as the active semiconducting layer in organic thin-film
FETs owing to its high z value of 3.0 cm® V' s7!.° and its low
cost.® Furthermore, FETs using single crystals of various

molecules?32

as the active layer have been extensively
investigated during the past decade, displaying high x values of
more than 1 cm? V' s because of their lack of grain
boundaries and low level of defects. In particular, single
crystals of rubrene have provided excellent FET characteristics,
with u as high as 40 cm? V™' s7'.%° At present, using thin-film
pentacene or single-crystal rubrene has become the most
standard process in fabricating high-performance organic FETs.
Nevertheless, the pentacene molecule is not air-stable owing to
its relatively high HOMO level (-5.0 eV), which originates in
its extended z-conjugation.’® The rubrene molecule has scarcely

been available for thin-film FETs, i.e., very few rubrene thin-
film FETs have been operated.***

Recently, phenacene-type molecules (Fig. 1), which have a
W-shaped structure, have attracted considerable attention in
materials science and solid-state physics because the chemical
alkali

superconductivity.**** Furthermore, application of phenacene

doping of solid phenacene with metals provided
molecules in transistors has shown good FET characteristics.*'”
47 Very recently, thin-film FET based on new phenacene-type
molecule, 3,10-ditetradecylpicene (picene-(C 4Hyo),),>® showed
u value as high as 20.9 cm® V™' s7', which is the second highest
in organic thin film FETs; the highest x# value in organic thin-
film FETs is now 43 cm? V' s! achieved for 2,7-
dioctyl[1]benzothieno[3,2-b][1]benzothiophene, ~ C8-BTBT.*®
FETs based on thin-film phenacenes operated well even under
ambient atmospheric conditions.*'****° In particular, the thin-
film FET using picene, one of the phenacene family of
molecules, showed O, sensing properties in that the x4 value
increased dramatically under atmospheric conditions.*!#24%>
Phenacene molecules are very stable under atmospheric
conditions because of their large energy band-gap (E, = 3.3 eV)
and deep HOMO level (Eyomo ~ —5.5 eV)*!™5473! compared
with those (E, = 1.6 eV, Eyomo = —5.0 eV)*® of pentacene.
Therefore, further improvement of the FET properties is greatly
desired owing to the advantages of phenacene molecules
described above.

We have recently reported the synthesis of picene® and
fulminene™ by the palladium-catalyzed Suzuki-Miyaura
coupling of (Z)-alkenylboronates with polyhalobenzene and
sequential intramolecular double cyclization through C-H
activation. This protocol is also applicable to the synthesis of
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phenanthro[ 1,2-5:8,7-b"]dithiophene (PDT) by replacing two
terminal phenyl rings in picene with thiophene rings, aiming at
increased intermolecular #-7 interactions due to the large
atomic radius of sulfur, thereby improving the FET
characteristics. FET devices fabricated with thin films of PDT
formed by thermal deposition exhibited a y as high as 1.1 x 107
cm?® V! s7!' > which was lower by one order of magnitude than
that (1.1 cm® V' s™) of the picene thin-film FET.*"*** The next
strategy for increasing x in a PDT FET is to use dialkyl-
substituted PDTs, in which two alkyl substituents (C,H,,:,) are
added to the PDT molecule, i.e., PDT-(C,H,,+1),. This molecule
is referred to as ‘C,-PDT’ in this paper. This idea is based on
the expectation of forming a strong intermolecular z-7 stacking,
which may be encouraged by the interaction of alkyl
substituents in what is called the ‘fastener effect’. In other
words, the installation of long alkyl chains onto n-frameworks
fastens the m-core of the molecule tightly through van der
Waals interaction between alkyl-chains.” Actually, dialkyl-
substituted picene (picene-(C4Hy9),) provided a very high u
value, as described above.*® The alkyl substitution of PDT may
be applicable to the fabrication of solution-processed FETs,
because the solubility in common organic solvents is improved.
Such examples have already been reported in alkyl-substituted
picene*® and alkylated thienoacene.®*® Our group recently
reported a useful synthetic route to C,-PDTs (n = 7-14),%
which is the first step towards the use of C,-PDTs in
electronics. Here, it should be noted that InCl;-catalyzed
cyclization reaction of the diepoxide can produce PDT as well
as its isomer, anthra[l,2-b:5,6-b"]dithiophene, but that PDT
used in this study is the pure form. The reason why the PDT
was selectively synthesized is described in our previous
paper.’’

ol 3L s
H2n+1Cn S CnHan+1

Cn-PDT picene-(C14H29)2

A28 2 NG 2428 Y,
picene ([5]phenacene) fulminene ([6]phenacene)

Fig. 1. Molecular structures of PDT and phenacene analogues.

In this report we evaluate the FET characteristics of C-PDT
thin-film FETs to demonstrate the positive effect on FET
performance of alkyl-substitution in PDT. In this study, the
topological and electronic features of thin films of C,-PDTs
have been clarified using X-ray diffraction (XRD)/atomic force
microscopy (AFM) and photoelectron yield spectroscopy
(PYS)/optical spectroscopy,
Theoretical calculations on C,-PDT molecules have been

absorption respectively.
achieved within the framework of density functional theory
(DFT). FETs based on thin films of C,-PDTs have been
fabricated using SiO, gate dielectrics, and the dependence of u
on the number of carbons (n) has been investigated. The highest
u value has been recorded in a C,-PDT thin-film FET, and the
reason why C;,-PDT provides such good FET characteristics is

discussed based on the topological and electronic features of its
thin film. Also, FETs have been fabricated with thin films of
C,-PDT and using high-k gate dielectrics. A flexible C,-PDT
thin-film FET has also been fabricated with a parylene gate
dielectric and a polyethylene terephthalate (PET) substrate.
This study is part of an exploration of potentially practical
applications of phenacene analogues in electronics, such as the
use of C,-PDTs in FETs.

Experimental

All C,-PDTs used in this study were synthesized according to
our procedure described previously.”” The XRD patterns of C,-
PDT thin films fabricated by thermal deposition were measured
using Smart Lab-Pro (Rigaku), and an X-ray wavelength of
1.5418 A (Cu Ka source). The AFM images were recorded in a
tapping mode using an SPA 400-DFM (SII Nano Technologies).
The PYS and optical absorption spectra were measured using a
BIP-KV201AD photoelectron yield measurement system and a
SHIMADZU UV-2450 absorption spectrometer, respectively.
The DFT calculations were performed at the B3LYP/6-31G(d)
level using the Gaussian 09, Revision A.02 program package.’®
61

FET devices using thin films (60 nm) of C,-PDTs were
fabricated on SiO, (400 nm)/Si, HfO, (50 nm)/Si, Ta,O5 (50
nm)/Si, ZrO, (50 nm)/Si, PbZr;s,Tig4303 (PZT: 150 nm)/Si,
and parylene (1000 nm)/PET substrates by thermal deposition
in a home-made vacuum chamber. The growth condition of thin
films was the same for all thin films of C,-PDTs; deposition
rate was 0.5 A /s and the substrate temperature was kept at
room temperature. Namely, in this paper, we did not pursue the
difference of film’s properties which may be caused by the
difference under growth conditions. The base pressure was
maintained below 107 Torr. The SiO, surface was treated with
hexamethyldisilazane (HMDS) to produce a hydrophobic
surface. The surface of the high-k gate dielectrics (HfO,, Ta,0s,
ZrO, and PZT) was coated with 50 nm-thick parylene to make
a hydrophobic surface and to suppress leakage of gate current.
Details of the parylene-coating are described in the same
reference as that for HMDS.%> A 1000 nm-thick parylene film
formed on PET was used to make a flexible FET. The thickness
of the Au source/drain electrodes was 50 nm, and 3-nm thick
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
(F4,TCNQ) was inserted into the space between the Au
electrodes and the thin film to reduce the contact resistance.
The effectiveness of F,TCNQ on a lowering of contact
resistance was reported for [7]phenacene single-crystal FET in
our previous article.”® As seen from the article, large concave
behaviour without F;,TCNQ was observed for the output curves
in the low |Vp| regime. We must stress that the insertion of
F,TCNQ is absolutely required to reduce contact resistance in
phenacene single-crystal FETs. Therefore, F,TCNQ has been
inserted even for the thin-film FETs in our recent studies.***’

The device structure of C;,-PDT thin-film FET with high-£
in Fig. S1 of the Electronic

gate dielectric is shown
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Supplementary Information for easy understanding of actual
FET device. The measurement system is also shown in Fig. S1.
The capacitance per area, C,, of gate dielectrics was measured
using a precision LCR meter (Agilent E4980A), showing that
the C, values for SiO,, HfO,, Ta,0s, ZrO,, PZT and parylene
were 8.3 nF cm 2, 35 nF cm 2, 54 nF cm 2, 35 nF cm 2, 36 nF
cm 2 and 3.8 nF cm 2, respectively. Here, the C, values were
determined by extrapolation of the capacitances measured at 20
Hz - 1 kHz to 0 Hz. The plots of capacitance—frequency for
gate dielectrics used in this study are shown in the
Supplementary Information of our article.*®

The length L of each device is indicated in the text. The
channel width W was fixed at 500 pm for the FETs with SiO,
and parylene gate dielectrics, and 600 um for those with high-k
gate dielectrics. The i values were determined from the forward
transfer curves in the saturation regime using the general MOS
formula.®® The FET characteristics were recorded using a
semiconductor parameter analyser (Agilent B15S00A) in an Ar-
filled glove box. The source electrode was grounded (Vs = 0).
Negative voltage was applied to gate and drain electrodes in
measurements of transfer and output curves.

Results and discussion

Topological features of C,-PDT thin films

Out-of-plane X-ray diffraction (XRD) patterns of the thin films
of C,-PDTs formed by thermal deposition are shown in Fig. 2.
The average dyo;, <dpo1>, and the average crystallite size, </>,
evaluated from four reflections (001, 002, 003 and 004) are also
listed in Table 1. The <dy;> increases monotonically from
2.51(2) to 3.65(8) nm with increasing n, as seen from Table 1.
The <dy;> is plotted as a function of n (Fig. 3(a)), showing a
linear relationship. The results establish that the C,-PDTs are
accurately characterised. The inclination angle, 6, with respect
to c¢* is constant in all C,-PDTs. Here, 6 is evaluated by
considering the <dyo;> and the calculated molecular lengths,
yielding a value for § of ~50°, as listed in Table 1. This € is
larger than those of phenacene molecules (20 - 30°). 4444731 A
schematic representation of inclined C,,-PDT with respect to c*
is shown in Fig. 3(b).
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Cg-PDT

i
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C12-PDT
\I A A A C13-PDT
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Fig. 2. XRD patterns of C,-PDT thin films on Si/SiO, substrate. The molecular
structure of C,-PDT is shown. Throughout this paper, PDT-(C,H2n+1); is written as
‘C,-PDT".

(a) 40
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8
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Number of carbon atoms
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Fig. 3. (a) <doo1> as a function of carbon atoms. (b) Schematic representation of
stacking of C,-PDT molecules

Furthermore, the crystallite size, </>, of the thin films was
evaluated from the full width at half maximum (FWHM) with
the Debye-Scherrer formula. The maximum </> is 76(7) nm for
C,o-PDT, while the minimum </> is 28(9) nm for C,-PDT. The
<[> is the same order in all C,-PDT thin films, but the </>’s of
C,-PTD and Cg-PDT thin films are smaller than those (60 — 76
nm) of other C,-PDT thin films. The </>’s of C,o-PDT, C,,-
PDT, C3-PDT and C4-PDT thin films are larger than those of
phenacenes (35(5) nm for picene,”® 56(8) nm for
[6]phenacene,** 16.8(3) nm for [8]phenacene*’ and 25 nm for
picene-(CMHzg)z),46 while those of C;,-PDT and Cg-PDT thin
films are almost the same as those of phenacenes, as described
above. As described later, the correlation between x and </> is
not so clear. In fact, the crystallite size of the C,,-PDT thin-film
FET providing the highest <¢> value is the same as that of Co-
PDT, C5-PDT, and C4;-PDT thin-film FETSs. Furthermore, the
XRD patterns of C;o-PDT, C,,-PDT, C3-PDT, and C4-PDT
thin films are almost the same, exhibiting only 00! reflections.
This means that the ab-plane is parallel to the SiO, gate
dielectric. By analogy with the phenacene molecules that have
large transfer integrals between molecules in the ab-plane,®® the
conduction path of C,-PDTs should be formed in the ab-plane.
Therefore, these types of thin films are suitable for FET devices,
in the same way as phenacene in thin-film FETs. Thin films of
C;-PDT and Cg-PDT exhibited fewer and weaker XRD peaks
than other thin films, which is consistent with their smaller
crystallite size. Considering only the thin films’ quality, we
suggest that the C;-PDT and Cg-PDT thin-film FETs may
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provide lower performance than FETs with other dialkyl-
substituted PDTs.

.;_‘?
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Fig. 4. AFM images of C,-PDT thin films on Si/SiO, substrate. All scale bars are
500 nm.

with the results determined from XRD. We assume that the C;-
PDT and Cg-PDT thin films may not provide high FET
performance, but it is a little hard to predict which material’s
thin film among the C,p-PDT to C4-PDT FETs provides the
best FET performance.

Table 2 Morphology parameters and electronic structures of C,-PDT thin
films

n <g > (nm)* rms (nm)®  Enowmo (eV)? E, (eV)*

7 1.5(5) x 10 1.96 -5.86 3.1
1.2(4) x10” 1.70 -5.85 3.1

10 1.9(8) x 10® 129 -5.89 3.1

12 3(1) x 10® 2.64 -5.82 31

13 2.3(7) x 10° 6.64 -5.82 3.1

14 2.1(s) x 10® 3.53 -5.83 3.1

* The parameters of morphology and electronic structure are determined from
AFM and PYS / optical absorption, respectively.

Table 1 Morphology parameters of C,-PDT thin films determined from XRD

molecular
n <door> (Nm) length 4 ()° <Il> (nm)‘
(nm)*
2.51(2) 3.02 56 28(9)
2.65(1) 329 54 35(5)
10 2.98(4) 3.80 51 76(7)
12 3.28(2) 4.32 49 71(4)
13 3-45(4) 4.55 49 68(9)
14 3.65(8) 4.83 49 60(3)

“ Defined as distance between the terminal methyl groups in the alkyl groups
in DFT (B3LYP/6-31G (d)-optimized molecular structures. ” Based on
<dyo> and the molecular length. © From the full width at half-maximum
(FWHM) of four diffraction peaks (001, 002, 003, and 004) with the Debye-
Scherrer formula.

Fig. 4 shows AFM images of the thin films of C,-PDTs. The
average grain size, <g> and root-mean-square surface
roughness, rms, were evaluated from the AFM images, and they
are listed in Table 2. The <g> for the C,,-PDT thin film is the
largest among these C,-PDT thin films, showing the extended
grains. However, the <g> of the C,,-PDT thin film is smaller
than that (540 nm) of a picene thin film,*® and the rms surface
roughness of the C,-PDT thin film is smaller than picene’s rms
(3.1 nm).*® Judging from the difference between <g> of 300 nm
and </> of 71 nm in C,-PDT thin film, a grain observed by
AFM consisted of ~10? crystallites. From the <g> determined
from the AFM images, the C;-PDT and Cg-PDT thin films have
smaller grains than other C-PDT thin films, which is consistent

Electronic features of C,-PDT thin films

Figs. 5(a) and (b) show the PYS and optical absorption spectra
of C,-PDT thin films, respectively. The onset of the PYS
spectrum can provide the energy of the HOMO level (Exomo)-
As seen from Fig. 5(a), the onset energy is almost the same in
all C,-PDT thin films (-5.8 ~ —=5.9 eV). The Eyomo’s evaluated
from the PYS spectra are listed in Table 2. The Eyomo’s for all
C,-PDT thin films are a little deeper than those of the
corresponding phenacene molecules (—5.53 eV for picene,*' —
5.5 eV for [6]phenacene,**” 5.7 eV for [7]phenacene®). The
fact that the Eyomo’s of C,-PDT thin-films are close to each
other implies that the HOMO level’s wavefunction is localized
in the PDT framework, an implication supported by theoretical
calculations, (see Fig. 5(c) for C;,-PDT).

However, as seen from Fig. 6, the character of the HOMO
level wavefunctions is different from those of the HOMOs in
picene and picene-(Ci4Hy9),, and it is similar to those of the
HOMO-1’s in picene and picene-(Ci4Hy9),, providing a
different transfer integral in the valence band between C;,-PDT
and picene-(C4H»9),. This fact arises again when discussing the
FET characteristics. The energy difference between the HOMO
and HOMO-1 is very small (0.3 eV for picene, 0.1 eV for C,-
PDT, and 0.2 eV for picene-(C4H»9),), and the character of the
HOMO wavefunction seems sensitive to small perturbations in
the molecule. The E,’s of all C,-PDT thin films were
determined from the onset of their optical absorption spectra.
The E, was 3.1 eV for all C,-PDT thin films (Fig. 5(b)). Thus,
the difference in n is not reflected in the E,. The large E, and
deep HOMO level of C,-PDTs imply that this type of molecule
is chemically stable, as are phenacene molecules.

Page 4 of 11
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Fig. 5. (a) PYS and (b) optical absorption spectra of C,-PDT thin films, and (c) the
calculated HOMO'’s wavefunction for C;,-PDT. The PYS intensity recorded as
electric current is proportional to the photoelectron yield emitted from the
materials. In the case of organic semiconductors, the ionization potential (/;) can
be estimated from the 1/3rd power of PYS intensity. Eyomo = -/p.
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FET characteristics of C,-PDT thin-film FETs with SiO, gate
dielectrics

As typical FET characteristics of C,-PDTs, the transfer and
output curves of a C,-PDT thin-film FET with an SiO, gate
dielectric are shown in Figs. 7(a) and (b). The L and W in this
FET device are 450 and 500 um, respectively. These curves
show typical p-channel FET characteristics, in which the
absolute drain current, |/p|, is enhanced by applying a negative
gate voltage (V) at the fixed drain voltage (Vp) of —120 V.

Journal of Materials Chemistry C

Hysteresis between the forward and reverse transfer curves can
be seen in Fig. 7(a). The u values, absolute threshold voltage
(IVl), on-off ratio, and subthreshold slope (S) were determined
to be 1.4 em?> V1 s, 47 V, 1.0 x 107, and 2.4 V decade ™,
respectively, from the forward transfer curve shown in Fig.
7(a).

Furthermore, the values of average u, <¢>, and the average
[Vinls <|Vin|>, in the C,-PDT thin-film FET were evaluated to be
1.1(5) em?® V' s7" and 6(1) x 10" V, respectively, from nine
devices; the FET parameters for nine FETs are listed in Table
S1. The L was fixed at 450 um. As seen from Table S1, the
highest x value recorded in nine FET devices reached 1.75 cm?
V! §7'. This indicates that C,,-PDT is a suitable organic
material for the active layer of an FET device.

(a) (b)

Vg =
-3 -30
ik Si02 120 V
5107 25
41030 2»20
3103 N S 2.5
2103% €0
- 110%° 5
12| -3 oV
1045 50 40 000 S 120

VD()

Fig. 7. (a) Transfer and (b) output curves of C;,-PDT thin-film FET with an SiO,
gate dielectric

The <> is higher than that of the parent PDT (1.1 x 107!
em? V7! §71).% Thus, the introduction of two Cj,H, chains on
the PDT core improved FET characteristics. The output curve
(Fig. 7(b)) of C,-PDT showed linear behaviour in the low |Vp|
regime and saturation behaviour in the high |Vp| regime; exactly
saying, small concave behaviour was observed in the low |Vp|
regime. Therefore, the Schottky-barrier height or hole-injection
barrier between thin-film and source/drain electrodes is not
vanishing but small. This may be due to the insertion of
F,TCNQ, which is briefly discussed later. Thus, good FET
characteristics are also shown by the output curves.

We next measured the FET characteristics of C,-PDT FETs
with different L’s (Fig. 8). The <w> value is plotted as a
function of L; the <u> was evaluated from at least three FETs.
As seen from Fig. 8(a), the <x> increases monotonically with
an increase in L, reaching a maximum at L = 450 um, implying
that the contact resistance between electrodes and thin-film
affects the device’s performance, i.e.,
dominates the device performance at small L. Therefore, the
linear behaviour in the low |Vp| regime, showing small contact
resistance in the output curve (Fig. 7(b)), would be produced
not only by the insertion of F,TCNQ but also by the adoption of
a large L (~ 450 um). Throughout this paper, an L of 450 um is
used in most FETs.

the contact resistance
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The FET characteristics of all C,-PDT thin-film FETs with
an SiO, gate dielectric (L = 450 um) were measured, and the u
and |Vy,| values were evaluated. All transfer and output curves
of C,-PDT thin-film FETs show typical p-channel normally-off
type FET characteristics. The <¢>’s of C,-PDT thin-film FETs
are listed for n =7 - 14 in Table 3, and the <¢> is plotted in Fig.
8(b). The average values of FET characteristics were evaluated
from 3, 2, 9, 2 and 2 devices, respectively, for C;-PDT, Cg-PDT,
C,-PDT, C;5-PDT and C4,-PDT thin-film FETs. The average
values are not shown for the C,y-PDT thin-film FET because
only one device was operated. Judging from the topological
features of each thin film listed in Tables 1 and 2, the fact that
the C,-PDT gives the best FET performance among C,-PDTs
is reasonable. Namely the high crystallinity of thin film is
expected for C,-PDT since grain size of C;,-PDT thin-film is
highest and </> is also large. This must provide the high FET-
performance.®® The plot (Fig. 8(b)) shows that <> has no clear
correlation with n (the number of carbon atoms in alkyl chains).
Only the C,-PDT thin-film FET showed a high <w> (= 1.1(5)
em? V! s, The <y> value recorded for the C,-PDT thin-film
FET is relatively high in organic thin-film FETs.

Recently we reported a very high u value in a picene-
(C14Hy9); thin-film FET (the highest x = 20.6 em? V!t and
<u> = 14(4) cm? V1 gh);% picene-(C4H,9), contains two alkyl
chains of 14 carbon atoms. The <u> of 1.1(5) cm® V™' s™! in the
C,-PDT thin-film FET is lower by one order of magnitude than
that (14(4) cm® V™' s7) in the picene-(C14Ho), thin-film FET,*
in which the z-framework consisted of only carbon atoms,
showing that a framework consisting solely of benzene rings
(picene) yields better FET performance than one containing
thiophene rings (PDT). contrary to our
expectations based on our optimistic prediction that a molecule

This result is

containing thiophene rings might produce increased -7
interaction. The reason may be that the HOMO level’s
character is different from that of picene-(C4Hyy),, i.e., the
HOMO’s character is similar to the HOMO-1 of picene-
(C14Hy9),, as described above (see Fig. 6). This would clearly
change the transfer integral to significantly affect the transport
properties. In other words, that the valence band of C,-PDT
has a HOMO different from that of picene-(C,4H,9), may be the
origin of the lower FET properties. This implies that we may
pursue higher FET properties by suppressing the switching of

HOMO and HOMO-1 in phenacene-type molecules containing
thiophene rings. A specific material design will be suggested in
the final part of this paper. Furthermore, the fact that the best
FET performance was observed in C,-PDT (12 carbon atoms
in the alkyl chains) among the C,-PDTs is unlike what was
observed in picene-(C4Hyg), (14 carbon atoms). Namely, the
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number of carbon atoms in alkyl chains suitable for the active
layer in FET is specific to each molecule.

Table 3 FET characteristics of C,-PDT FETs: L = 450 pm.

N <u> ) <|Vl|> - <S> )
(em*V's™ V) (V decade™)

7 4(3) x10™ 7(2) x10' 5(5) x 10° 5(2)

8 6(1) x10"  4.8(9) x10"  7(2) x10° 5.5(4)

10 9x10" 6 x10' 7 x 10* 2.4

2 11(5) 60x10 4 x0’  6(4)

13 239(2) x10"  4.8(2) x10' 2(2) x 10° 1.4(2)

4 33O x100 50t 2@)x0® 2504)

FET characteristics of C;,-PDT thin-film FETs with high-k gate
dielectrics

The transfer and output curves of a C;,-PDT thin-film FET with
a PZT gate dielectric (L = 450 pum) are shown in Figs. 9(a) and
(b). These curves also show p-channel FET characteristics. The
curves in Fig. 9 show low-voltage operation in this FET device,
which operates at |V'p| =20 V. As the C, of PZT is 36 nF cm™,
low-voltage operation is reasonable. The u, |Vy|, on-off ratio,
and S factors were evaluated to be 6.4 x 107! cm? V™! sfl, 8.7V,
1.7 x 10°, and 8.3 x 10" V decade™, respectively, showing low-
voltage operation (|Vy| = 8.7 V). The output characteristics
show linear (low |Vp| regime) and saturation behaviour (high
|Vp| regime); in Fig. 9(b), small concavity is observed in low
|Vp| regime, showing small contact resistance. The values of
<p> and <|Vy[> in the Cj,-PDT thin-film FET (L = 450 pum)
were found to be 6.5(7) x 107" cm® V' s and 8(1) V,
respectively, from 3 FET devices, which are listed in Table S2
of the Electronic Supplementary Information. Furthermore, we
fabricated C,,-PDT FET devices with HfO,, Ta,Os and ZrO,
gate dielectrics (L = 450 um). As seen from Table S2, the
values of <u> and |V are 1.7(6) cm® V™' 57! and 11.6(6) V,
respectively, for the HfO, gate dielectric, 7(2) x 10" cm?* V™' s
and 11.5(7) V, respectively, for the Ta,Os gate dielectric, and
1.8(6) cm®* V™' s and 11.9(2) V, respectively, for the ZrO, gate
dielectric; the FET characteristics of the C1,-PDT thin-film FET
with ZrO, gate dielectric are shown in Figs. 9(c) and (d). Thus,
were recorded with HfO,
and ZrO,. Low-voltage operation was simultaneously realized
using high-k gate dielectrics. We regard the C;,-PDT thin-film
FETs exhibiting the above <u> values as promising organic
FETs. Although the performance of FETs with C,-PDT

<u> values higher than 1 cm® V™' s
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molecules is still lower than that of dialkyl-substituted picenes,
the field-effect mobility and operation voltage achieved in this
study show the potential usefulness of these types of molecules
in FET devices.

(b)

2.0
PZT VG =
-20V
1.5
<
310
o
0.5
-12| -4
0o 5 0 5 o0 % o 15 200V
VG (V) Vb (V)
(c)
105 0
5 ZrO2 VG =
10° A8V
107
<108
£109
l10-10
10711
-12] -4
% 5 0 5 o ° B QT — -200V
VG (V) Vb (V)

Fig. 9. (a) Transfer and (b) output curves of C;1,-PDT thin-film FET with a PZT gate
dielectric (c) Transfer and (d) output curves of Cy,-PDT thin-film FET with a ZrO,
gate dielectric

Fabrication of flexible C,-PDT thin-film FET with a parylene
gate dielectric formed on a PET substrate

We tried to fabricate a flexible FET using thin films of C,-
PDT (L = 135, 200 and 300 mm) and a parylene gate dielectric
formed on a polyethylene terephthalate (PET) substrate. As
described later, the p value in this C,-PDT thin-film FET with
parylene / PET substrate was independent of L. The transfer
and output curves are shown in Figs. 10(a) and (b) (L = 135
pm). The g and |Vy| were 2.2 x 102 ecm® V' s7' and 94 V,
respectively. The <u> and <|V,|> were found to be 2.1(5) x 10~
2em? V' s and 1.1(1) x 10? V, respectively, from three FET
devices. A photograph of the flexible FET device is shown in
Fig. 10(c); this device can be bent easily. The FET performance
is still lower by two orders of magnitude than that in C,-PDT
thin-film FETs with SiO, and high-k£ gate dielectrics. This
reason is unclear, but the parylene on PET may not be so flat.
This may lead to the lowering of performance. The
improvement of FET performance in the flexible FET is the
next important research-subject. Nevertheless, this success in
observing FET characteristics in a C;,-PDT thin-film FET with
a parylene / PET substrate opens a path to future practical FET
devices that are both flexible and light in weight.
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Fig. 10. (a) Transfer and (b) Output curves of C;,-PDT thin-film FET with a
parylene gate dielectric (c) A photograph of the FET being flexed between fingers.

Conclusions

We have demonstrated the use of a new class of 2,9-dialkylated
PDT derivatives in thin-film FET devices. High-performance
FET characteristics have been observed in C;,-PDT thin-film
FETs. The highest 4 value reached 2.2 cm® V™' s™' in a C1,-PDT
thin-film FET with a HfO, gate dielectric; an average value of u
as high as 1.8(6) cm® V™' 5! was observed in a C;,-PDT thin-
film FET with a ZrO, gate dielectric. Low-voltage operation
(<|Vw/> ~ 11 V) was also achieved, which implies that C,-PDT
is a promising material for FET application. In this study, we
have also succeeded in operating a flexible C;,-PDT thin-film
FET. As predicted from topological characterizations (XRD
and AFM), the C;-PDT and Cs-PDT thin-film FETs did not
show high FET performance. However, the topological
characterizations could not reliably predict the most promising
material among the C,-PDTs tested. The FET characterizations
achieved in this study showed a significant difference among
C,-PDTs. A phenacene-type molecule (C,,-PDT) containing
thiophene rings could produce a high-performance FET with a
<w> higher than 1 cm? V™' 57!, but the performance of the C,-
PDT thin-film FET was still lower by one order of magnitude
than a picene-(Ci4Hyo), thin-film FET (<u> = 14(4) cm® V' §°
1.3 For this reason, we suggested that the switching of HOMO
and HOMO-1 occurred between picene/picene-(C4Hy9), and
C,-PDT may be a key. Furthermore, we remarked the larger
inclined angle (€= 50°) which may lead to the smaller transfer
integral because of smaller -7 overlapping between molecules.
The relationship between 6 and g may be an interesting
problem to be pursued. To sum up, this study convinced us that
a phenacene-type molecule can serve as the basis for practical
FETs.

Here, we give a comment on solution-processed FET with
C,-PDT, because one purpose of alkyl-substitution is
absolutely to fabricate high-performance FET by a solution-
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process. The solution-processed C,-PDT thin-film FET was
preliminary fabricated using an SiO, gate dielectric. Its device
structure and the transfer/output curves are shown in the
Electronic Supplementary Information. Because of low-quality
of thin-film prepared by a solution process (grains aggregate),
the u value was still 102 cm? V™' s7'. The optimization of
solution-processed film is indispensable for realization of high-
performance FETs.

Finally, we need to show a strategy to synthesize new
phenacene-type materials that can provide more practical high-
performance FETs. The C,-PDT thin-film FETs could not
exceed the maximum g value (= 20.9 cm* V™' s7') or <> (=

14(4) cm? V! s71) recorded for picene-(C,4Hy), thin-film FETs.

As we have already suggested in this paper, the fact that the
HOMO level’s character is different from that of picene-
(C14H59), may explain the observation of lower FET properties.
Therefore, we must design new molecules with HOMO
characteristics similar to those of picene-(C;4H,9),. One idea is
to introduce the thiophene rings not to the ends of the picene
molecules but to the inner part, which may produce similar
HOMO characteristics to picene-(Ci4H»9),, as suggested by the
dinaphtho[1,2-6:2",1°-
d]chalcogenophenes by Mitsui er al.®° Thus, this study may

recent study on picene and
have provided another clue to guide the search for new

materials to construct even higher performance FETs.
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Field-effect transistors have been fabricated that use thin films of 2,9-dialkylated
phenanthro[1,2-b:8,7-b’]dithiophenes (C,-PDTs), with the transistor based on a thin
film of C;,-PDT showing a x as high as ~2 ecm® V' s, which is promising for future
practical electronics.
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