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Air-stable n-channel organic field-effect
transistors based on a sulfur rich n-electron
acceptory

Agathe Filatre-Furcate,**® Toshiki Higashino,*® Dominique Lorcy® and
Takehiko Mori®

Thin-film and single-crystal n-channel organic field-effect transistors are built from the sulfur rich
(E)-3,3'-diethyl-5,5"-bithiazolidinylidene-2,4,2’,4' -tetrathione  (DEBTTT). Different
source and drain electrode materials are investigated: gold, the conducting charge transfer salt (tetrathia-

n-electron acceptor,

fulvalene)(tetracyanoquinodimethane), and carbon paste. Regardless of the nature of the electrodes,
air-stable n-channel transistors have been obtained. Single crystals exhibit a higher performance than the
thin-film transistors with a mobility of up to 0.22 cm? V! s7% These thin-film and single-crystal devices
exhibit excellent long-term stability as demonstrated by the mobility measured during several weeks. The
high mobility and air stability are ascribed to the characteristic three-dimensional S-S network coming

www.rsc.org/MaterialsC from the thioketone sulfur atoms.

Introduction

Over the last few decades, organic field-effect transistors (OFETSs)
have attracted a lot of attention owing to their potential application
to flexible, and low-cost electronic devices.' For that purpose, a
variety of p-channel and n-channel organic semiconductors have
been studied and over the years a significantly improved perfor-
mance has been obtained.>” Among these OFETs, despite the
increasing number of related studies, n-channel organic semi-
conductors have been less investigated than p-channel organic
semiconductors.*?? Thus, air-stable n-channel transistors
exhibiting high electronic performance are rare in comparison
with p-channel devices. To prepare air-stable n-channel organic
transistors, a strategy is the use of electron acceptors with the
lowest unoccupied molecular orbital (LUMO) energy lower than
—4.0 eV." For instance, small molecules such as TCNQ (7,7,8,8-
tetracyano-p-quinodimethane) and DM-DCNQI (2,5-dimethyl-
N,N'-dicyano-p-quinonediimine), which are both planar and strong
electron acceptors, give air-stable n-channel thin-film OFETs.””®
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Moreover, single crystals of TCNQ afford higher-performance
n-channel devices than the thin-film transistors.””® The intro-
duction of chalcogen atoms such as sulfur within the acceptor
skeleton is another structural feature which leads to high-
performance and air-stable n-channel OFETs.” In fact, it is well
known that the presence of sulfur atoms can enhance inter-
molecular interactions due to sulfur- - -sulfur contacts and thus
can increase the effective dimensionality of the electronic struc-
ture and consequently the transport properties.”® Therefore, it is
interesting to explore this category of molecules as candidates of
new electron-transporting organic semiconductors. We have
recently reported a sulfur-rich electron acceptor, (E)-3,3'-diethyl-
5,5"-bithiazolidinylidene-2,4,2’,4'-tetrathione (DEBTTT); due to its
electron accepting ability, (£} = —0.05 V and Ej* = —0.44 V vs.
SCE), this acceptor forms a charge-transfer salt with decamethyl-
ferrocene exhibiting ferromagnetic interaction."* This molecule
was first obtained as a side product of nickel dithiolene com-
plexes,"” and it can be simply prepared from the oxidation of the
dithiolate ligand."* The monoketone form of the half unit of this
acceptor is known as 3-ethyl rhodanine, which is included in dyes
such as merocyanine, and used in the prototypical OFET and
organic photovoltaic cell.'*"” The DEBTTT molecule with its six
sulfur atoms exhibits a planar geometry in its neutral and mono-
anionic states and undergoes two sequential and reversible
monoelectronic reduction processes at less anodic potential than
TCNQ (EY?=0.18 V and E3? = —0.37 V vs. SCE),'® demonstrating a
slightly lower accepting ability than TCNQ. From redox potential
analysis, the LUMO energy of DEBTTT was estimated to be —4.4 €V,
which is within the region of air-stable electron transport.™
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Thus, DEBTTT presents favorable prerequisites for the elabora-
tion of air-stable n-channel OFETs."

DEBTTT

In this paper, we report the characteristics of DEBTTT thin-films
and single-crystal n-channel OFETs, using different source and drain
electrode materials such as gold, the conducting charge transfer
salt (tetrathiafulvalene)(tetracyanoquinodimethane) ((TTF)(TCNQ)),
and carbon paste. These transistors show excellent air and long-
term stability owing to the fairly strong acceptor ability.

Results and discussion
Fabrication of devices

Thin films of DEBTTT have been deposited by vacuum evapora-
tion on a tetratetracontane (TTC)-modified SiO,/Si substrate; TTC
behaves as an excellent passivation layer.*>*' The top-contact
source and drain electrodes are fabricated by evaporating gold
or (TTF)(TCNQ) through a shadow mask leading to a channel of
100 pm length and 1 mm width. Concerning the top-contact
single crystal devices, polystyrene (PS) was used as a passivation
layer and carbon paste as a source-drain electrode. The transistor
characteristics were measured under vacuum (10~ * Pa) and under
an ambient atmosphere (see ESIt for details). The mobility was
evaluated in the saturated region.

Thin film properties

The solid state morphology and crystallinity of the thin films have
been investigated by ultraviolet-visible spectroscopy (UV/vis)
(ESIt), X-ray diffraction (XRD), and atomic force microscopy
(AFM). The XRD pattern, (Fig. 1a), shows diffraction peaks which
can be attributed to the polycrystalline passivation layer as well as
to the organic semiconducting film (peak at d = 11.6 A). Based on
the crystal structure,* this d-spacing, at d = 11.6 A, corresponds
to the ¢ sina sinf distance of the crystal lattice, indicating that
the crystallographic ab plane is aligned parallel to the substrate
as shown in Fig. 1b. The molecules are almost perpendicular to
the substrate (tilt angles: 85.5° and 88.4°).
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Fig. 1 (a) X-ray diffraction pattern, and (b) the molecular arrangement of
DEBTTT on the substrate.

3570 | J. Mater. Chem. C, 2015, 3, 3569-3573

View Article Online

Journal of Materials Chemistry C

0 315 nm

Fig. 2 AFM topographical image of 50 nm thin films of DEBTTT deposited
on TTC.

Accordingly, the stacking direction of the molecules is almost
parallel to the substrate which is generally favorable for charge
transport in transistors. Indeed, it has been reported in a
naphthalene diimide series that there is a correlation between
mobility and molecular arrangement and that the perpendicular
orientation is the most favorable for charge transport in organic
transistors as it minimizes the misfit between the domain bound-
aries.”” The low-angle peaks come from the passivation layer. TTC
is known to show five different packing modes: monoclinic (Mgo;
and M), triclinic (T), orthorhombic I (O;) and orthorhombic II
(Op) systems.>® The observed XRD peaks are ascribed to the
orthorhombic I (O;) system, where the TTC molecules stand
perpendicular to the SiO, surface.

AFM images of the evaporated thin films of DEBTTT (Fig. 2)
show homogeneous microcrystalline features. This crystallinity
could be due to the ability of DEBTTT to establish strong intra-
molecular and intermolecular interactions* and to the influence of
the TTC passivation layer because it has been previously reported
that the crystallinity of a wide variety of organic semiconductors
increases when deposited on TTC.?%2*

Intermolecular interactions

Overlap integral calculations have been performed in order to
determine the strength of the interactions between neighbour-
ing molecules in the solid state. The transfer integrals (Fig. 3) for
the adjacent molecules between the n-type LUMOs'* are deter-
mined based on AM1 molecular orbital calculations (see ESIt).>*

The transfer integral a along the column is significantly
smaller than those for the diagonal interactions b1, b2 and p
between the adjacent columns within the ab plane. It finds its
origin in the steric effect of the ethyl group which induces a
rotation of the molecules relative to each other in the stack
(Fig. 3c), and reduces the intracolumnar interactions. Another
reason for this small intracolumnar interaction is the nature of
the LUMO which is not largely populated on the ring sulfur
atoms. Contrariwise, there are significant contributions in the
LUMO on the four exocyclic sulfur atoms involved in short S- - -S
contacts associated with these strong diagonal interactions b1,
b2 and p. As shown in Fig. 3c, the thioketone sulfur atoms
afford many S---S contacts shorter than the van der Waals
distance not only in the stacking direction but also in the other
two (b and c¢) directions. It is noteworthy that this compound does

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Crystal structures of DEBTTT, viewed along (a) the c axis and (b) the
molecular short axis (ethyl groups are omitted for clarity). (c) Overlap mode
in the stack. Transfer integrals of the LUMO-LUMO interactions: a = —4.1,
bl =-185,b2 =-745,c1=88,c2=03,p=-120,and g = —8.6 meV.
S-S distances: a shown in (c), bl = 3.841, b2 = 3451, cl = 3.341, c2 =
4.683,p = 3452, and g = 4.159 A

not show a simple one-dimensional intermolecular interaction
coming from the m-stacks. The three-dimensional interactions
mediated by the thioketone S- - -S contacts are responsible for the
highly crystalline nature and the robust electron transport.

Transistor characteristics

Transfer and output characteristics of the thin film and single
crystal transistors are, respectively, shown in Fig. 4 and 5. From
these characteristics, the maximum and average of the apparent
mobilities, pmax and ., are estimated as well as the on-off ratio
Ion/Iorr and the threshold voltage Viy,. The device performances
are summarized in Table 1. Among the thin-film transistors, the
transistors using (TTF)(TCNQ) electrodes exhibit higher perfor-
mances than those with the gold electrodes (Table 1). The high
temperature used for evaporating gold electrodes (T > 500 °C) is
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Fig. 4 N-channel characteristics of thin-film transistors based on
DEBTTT. Transfer characteristics measured under vacuum (solid curves)
and in air (dotted curves) with (a) (TTF)(TCNQ) and (b) Au electrodes:
pristine (red) and after ten weeks (blue). Output characteristics measured
under vacuum with (c) (TTF)(TCNQ) and (d) Au electrodes.
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Fig. 5 N-channel characteristics of single-crystal transistors based on DEBTTT
with carbon electrodes. (a) Transfer characteristics measured under vacuum
(solid curves) and in air (dotted curves). The measurements just after the
fabrication (red) and after six weeks (blue). (b) Output characteristics measured
under vacuum. (c) One-hundred cycles of transfer curves measured in air.

known to generate slight damage on the organic semiconductor
film in some cases. The better performance of the (TTF)(TCNQ)
transistors is partially due to the comparatively low-temperature
evaporation of the (TTF)(TCNQ) electrodes (130 °C). The differ-
ences in the electrode work function also influence the perfor-
mance of the devices (see below). The transistors are operated
even in air and the performance is not much reduced (Table 1).
The (TTF)(TCNQ)-based transistors tend to afford smaller Vyy,
than the Au-based transistors.

Moreover, the transistors based on single crystals of DEBTTT
exhibit higher performance than the thin-film devices with a
mobility of up to 0.22 cm® V™' s™* (Fig. 5 and Table 1). The single
crystal device also achieves a good performance and low threshold
voltage even in air. These results are due to the fact that with
crystals, complications resulting from grain boundaries and film
morphology are excluded. In addition, the three-dimensional S-S
network is expected to block the attack of gaseous water and
oxygen, and is related to the extreme robustness of the electron
transport against air.

After several-week storage, the mobilities of the thin-film
transistors are practically not changed (Table 1), though the
threshold voltages are shifted (Fig. 4). In the single-crystal
transistors, the threshold shift is very small (Fig. 5), and the
average mobility is not modified. In addition, we have carried
out one hundred cycles of measurements in air and the perfor-
mance is practically unchanged (Fig. 5¢ and Fig. S3, ESIt). Thus
these n-channel transistors exhibit excellent long-term stability.

When we investigate the energy levels of the acceptor and
the electrode materials, considerable difference exists between
the electron affinity of the acceptor (4.4 eV) and the gold work
function (5.1 eV) (Fig. 6).>> By contrast, the Fermi level of
(TTF)(TCNQ) is located more close to the acceptor energy level,
because the (TTF)(TCNQ) energy level is located in between the
highest occupied molecular orbital level of TTF (4.78 eV) and the
lowest unoccupied molecular orbital level of TCNQ (4.62 eV).**>°

J. Mater. Chem. C, 2015, 3, 3569-3573 | 3571
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Table 1 Maximum mobility (imax), average mobility (u,,), threshold voltage (V41,) and on/off ratio (Ion/lofs) Of the transistors based on DEBTTT under

vacuum and ambient conditions

Electrodes Conditions Measurements Hay [Hmax] (cm®> V™ s™h) Vin (V) Ion/Iorr

Thin film Au Pristine Under vacuum 5.9 x 107°[1.5 x 1072 12 6 x 10°
In air 4.6 x 107°[1.2 x 1072 31 4 x 10°

After ten weeks under vacuum Under vacuum 6.5 x 107° [1.6 x 1072 47 2 x 10*

In air 6.6 x 10%[1.4 x 1072 59 2 x 10°

After additional four weeks in air Under vacuum 8.1 x 10%[1.8 x 1072 47 7 x 10°

In air 6.1 x 10 *[1.7 x 10?2 69 2 x 10*

(TTF)(TCNQ) Pristine Under vacuum 8.6 x 10 °[1.4 x 107 12 4 x 10*

In air 6.7 x 107 [8.2 x 107 21 2 x 10*

After ten weeks under vacuum Under vacuum 8.5 x 10°[1.4 x 1072 38 6 x 10*

In air 7.5 x 1072 [1.4 x 107> 50 7 x 10°

After additional four weeks in air Under vacuum 9.7 x 10> [1.8 x 1072 63 6 x 10*

In air 6.9 x 102 [1.4 x 102 66 6 x 10*

Single crystal Carbon paste Pristine Under vacuum 0.11 [0.21] —4.5 7 x 10
In air 0.14 [0.22] 3.1 2 x 10?

After six weeks under vacuum Under vacuum 0.10 [0.16] —5.8 6 x 10"

In air 0.11 [0.19] -3.3 6 x 10"

After additional four weeks in air Under vacuum 0.12 [0.21] 2.9 9 x 10"

In air 0.11 [0.17] 6.2 2 x 10*

DEBTTT

(TTF)TCNQ)

EnergyLevel(eV)

50~ Au

Fig. 6 Energy levels of DEBTTT and the related materials.

The resulting reduced Schottky barrier is another origin of the better
performance of the (TTF)(TCNQ)-based transistors. In addition, the
Fermi level of carbon (4.8 eV) indicates that carbon is also a good
candidate of source-drain electrodes in high-performance n-channel
transistors based on DEBTTT.*

Conclusions

In conclusion, we have investigated organic transistors based on
DEBTTT. It is noticed that the transistors show sufficiently stable
performance even in air. A higher performance has been obtained
for (TTF)(TCNQ) electrodes than for the ordinary gold ones, partly
owing to the reduction of the heat damage in the electrode
evaporation process. The thin-film transistor of DEBTTT shows
a better performance than the TCNQ-based thin-film transistors.>*
In particular, the single-crystal transistors exhibit mobility as high
as 0.22 cm® V' s . In contrast to the ordinary organic transistors
which exhibit a highly two-dimensional layered structure, the
extensive three-dimensional S-S interactions are characteristics
of the present material. This may be related to the extensive air
stability of this material.
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