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Organic Light-Emitting Transistors
Based on Solution-Cast and
Vacuum-Sublimed Films of a Rigid
Core Thiophene Oligomer**

By Fabio Cicoira,* Clara Santato, Manuela Melucci,
Laura Favaretto, Massimo Gazzano, Michele Muccini,
and Giovanna Barbarella

Organic thin films have been widely investigated as active
layers in electronic and optoelectronic devices, such as field-
effect transistors (FETs), light-emitting diodes (LEDs), and
photovoltaic cells.!!

The recent fabrication of organic light-emitting (field-ef-
fect) transistors (OLETs), a class of multifunctional devices
that allow the integration of a light source with the typical
switching function of a transistor, represents a very promising
step for the development of highly integrated organic opto-
electronic devices. After the first demonstration of OLETs
employing a vacuum-sublimed tetracene film as an active
layer,? a number of devices have been reported. Polymer-
based OLETs, where the active layer has been processed
by spin coating, have been obtained from poly(9,9-di-
ethylhexylfluorene)® and poly[2-methoxy-5-(2"-ethylhexyl-
oxy)-1,4-phenylenevinylene].*! A co-evaporated layer of
a-quinquethiophene (TS) and N,N-8-ditridecylperylene-
3,4,9,10-tetracarboxylic diimide (P13) has been used to pro-
duce the first ambipolar OLET.”¥ The approach has been
demonstrated to be of general validity for tuning the transport
and electroluminescence (EL) characteristics of OLETs."!
The role played by the channel length has been investigated
in OLETs based on a vacuum-sublimed film of 2,4-bis(4-(2’-
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thiophenyl)phenyl)thiophene (TPTPT).! Finally, the possibil-
ity to extend OLET fabrication to plastic substrates has been
shown for tetracene-based devices.”! The further develop-
ment of OLETSs requires the engineering and synthesis of nov-
el multifunctional materials that combine good charge trans-
port and efficient EL. In addition, since the interest in organic
optoelectronics resides in the possibility to fabricate large-
area and low-cost devices,® the solubility of the organic semi-
conductor, which allows processing by casting and printing
processes, is a paramount issue.

In this work, we report on the design, synthesis, thin-film
growth, and optoelectronic properties of the newly synthesized
dithienothiophene derivative 2,6-bis-(5"-hexyl-[2,2’]bithiophen-
5-y1)-3,5-dimethyl-dithieno[3,2-b;2",3’-d]thiophene (DTT7Me),
whose structure is shown in Scheme 1. DTT7Me films, grown
both by vacuum sublimation and, more importantly for techno-
logical applications, by drop casting, were successfully em-
ployed as active layers in OLETs.

DTT7Me was synthesized by microwave-assisted Suzuki
coupling,m as shown in Scheme 1, and purified by means of
repeated washings with solvents of increasing polarity fol-
lowed by crystallization from toluene. Unlike the unmethyl-
ated derivative,'” DTT7Me is a liquid crystalline compound.

In designing the DTT7Me molecule, our objective was to
achieve the delicate balance of forces needed to obtain the su-
pramolecular organization in solution-processed films that
gives rise to both good charge transport and EL."!l Previous
investigations on oligomers containing the dithienothiophene
moiety indicated that such compounds can yield high hole
FET mobilities.">'?! Strong photoluminescence (PL) as well
as EL in a LED configuration was detected from thin films of
dithienothiophene S,S-dioxide derivatives."? The molecular
structure of DTT7Me can be viewed as a hexyl-terminated
sexithiophene in which the two central rings are rigidly held
by an additional sulfur. The presence of the two methyl sub-
stituents enhances solubility[13b] and keeps molecules in the
solid state sufficiently far apart to prevent PL quenching. In
agreement with this, preliminary measurements indicate that
the DTT7Me crystalline powder has a PL quantum yield high-
er than its unmethylated counterpart. The terminal hexyl
chains are expected to increase the structural order of the film
and thus enhance charge transport.'¥ Being thermally stable
and soluble in organic solvents, DTT7Me offers the interest-
ing opportunity to grow films by solution processes, to enable
comparison with vacuum-sublimed films.

To gain an insight into the growth mode and the surface
morphology of vacuum-sublimed DTT7Me films, we analyzed
films having a nominal thickness of 3, 6, and 20 nm by atomic

M s &°
HiC. CH B
? S 3 cs”m% bt
A A 2
| S S I CeH3
p DMF, KF, PdCl.dppf
MW 30 min., 100°C

force microscopy (AFM) (Figs. la—c, respectively). Films
were grown with a nominal deposition flux (F) of 0.4 As™ on
an SiO, dielectric. Figure 1a shows that DTT7Me has an is-
land-type growth on SiO,. The islands have a uniform spatial
distribution with an average density of 20 pm™ and a typical
size of 80 nm. Increasing the nominal thickness to 6 nm re-
sults in coalescence of the islands, which leads to the forma-
tion of an almost continuous film whose grains have an elon-
gated shape. A further increase of the nominal thickness to
20 nm leads to complete substrate coverage and to an in-
crease of domain size. The results reveal that DTT7Me has a
good adhesion to SiO, and that low nominal thicknesses are
sufficient to form continuous films. Laser scanning confocal
microscopy (LSCM) images of a vacuum-sublimed and a
drop-cast DTT7Me film are shown in Figures 1d,e, respective-
ly. Within the resolution limit of LSCM, a spatially uniform
luminescence signal is observed for vacuum-sublimed films,
whereas the drop-cast film shows spatial inhomogeneity,
which is possibly due to high film roughness.

Figure 2 shows X-ray diffraction (XRD) patterns of
DTT7Me films deposited on SiO, by a) vacuum sublimation
and b) drop casting, together with c) the pattern of the
DTT7Me precursor powder. This last pattern shows several
peaks that are characteristic of a well-developed crystalline
phase. Both cast and vacuum-evaporated films display a high
degree of order. The profile of the cast film shows peaks al-
ready observed in the powder together with peaks that appear
as high-order reflections that originate from the same family
of planes. Reflections are detected at 20=5.4, 8.1, 10.8, 13.4,
and 16.2°, which correspond to d-spacings of 1.64, 1.08, 0.83,
0.66, and 0.55 nm, thus suggesting an interplanar distance of
~3.3 nm. The presence of several high-order reflections con-
firms the high degree of orientation with respect to the sub-
strate in the cast film. Further studies are in progress to deter-
mine the structure of the phase, to describe the molecular
interactions stabilizing it, and to determine the orientation of
the crystals. The pattern of the vacuum-sublimed film is char-
acterized by two very narrow peaks. They are located at
260=3.6 and 7.0°, which correspond to d-spacings of 2.45 and
1.26 nm and can be attributed to subsequent orders belonging
to the same family of planes separated by 2.45 nm. The ab-
sence of these reflections in the powder profile is a confirma-
tion that the two crystalline phases belong to different poly-
morphs. The structural organization of evaporated DTT7Me
is not easily deduced from our X-ray diagram. One of the rea-
sons of the polymorph differentiation could be a conforma-
tional change caused by the variation of the inter-ring angles.
Nevertheless, by analogy to what was found in a,0-dihex-

CGHIJ

DTT7Me
52%

Scheme 1. Synthetic pattern for the preparation of DTT7Me. DMF: dimethylformamide; dppf: diphenylphosphinoferrocene.
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Figure 1. AFM micrographs (4.5 um x 4.5 um) of DTT7Me films grown on SiO, at a nominal deposition flux of 0.4 A s~
of a) 3,b) 6, and c) 20 nm. The root-mean-square roughnesses of the films are 1.4, 1.9, and 2.5 nm, respectively. Laser scanning confocal microscopy
(LSCM) fluorescence images (100 um x 100 pm) of d) a 20 nm thick vacuum-sublimed film and e) a drop cast film, on SiO,.

(c)

(b)

(a)

0 10 20 30 40
2 theta ()

Figure 2. XRD pattern of DTT7Me: a) a 20 nm thick vacuum-sublimed
film (F=0.4 A s™') on SiO; b) a cast film on SiO,, and c) the precursor
powder.

ylthiophenes,[13a] we hypothesize the following picture (see in-
set, Figure 2). If a molecule length for DTT7Me of about
3.7 nm (extended conformation) is assumed, and the lateral
hexyl chains do not overlap, the reflections would indicate an

Adv. Mater. 2006, 18, 169-174
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! having nominal thicknesses

angle of about 45° between the DTT7Me molecules and the
substrate normal. Therefore, it is suggested that the sublimed
film results from layers formed by a unique domain of iso-ori-
ented molecules or from different domains that do not coin-
cide in their relative orientations.

To optimize FET mobility and to determine the minimum
thickness needed to achieve charge transport, several
DTT7Me-based organic field-effect transistors (OFETSs) were
fabricated with the active-layer thickness varying in the range
6-25 nm, at a deposition flux of 0.4 As™. In agreement with
the AFM micrographs mentioned above, electrical measure-
ments show that an active-layer thickness of 6 nm is sufficient
to obtain a working FET. In addition, the active-layer thick-
ness does not significantly affect the FET characteristics. This
result is explained by charge transport occurring mainly at the
organic/dielectric interface.'! The typical hole FET mobility,
from about 15 devices obtained in different deposition runs, is
~2x102 cm? Vs,

DTT7Me active layers, grown both by vacuum sublimation
and drop casting from a DTT7Me solution in toluene, were
successfully employed in the fabrication of light-emitting tran-
sistors. Films were grown on bottom-contact Au source—drain
electrodes that were ring-shaped to circumvent parasitic cur-
rents due to the unpatterned semiconductor layer."'® To en-
sure charge injection from Au, a molecular 3-mercaptopropyl
trimethoxysilane (MPTMS) adhesion layer was used between
the electrodes and the SiO, gate dielectric, instead of the
commonly employed metallic adhesion layers.[”] The output
optoelectronic characteristics of OLETs that employed vacu-
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um-sublimed and drop-cast active layers are shown in
Figures 3a,b, respectively. The plots report drain—source cur-
rent (I4) on the left y-axis and EL on the right y-axis, as a
function of the drain—source voltage (Vs), at increasing gate—
source voltages (V). The 14—V, plots show that DTT7Me-
based devices behave as unipolar p-type FETs working in ac-
cumulation mode (no electronic transport was detected under
a positive V, bias). Iy rapidly increases for low V4 and then
attains a saturation regime (Igssa) for larger Vys. The I4 cur-
rent at saturation increases quadratically with V. The FET
mobility (1) was extracted in the saturation regime by using
the relation:

w
|1ds,sat’ = Zﬂci(vgs - VT)Z ey

where W and L are the channel width and length, respec-
tively, C; is the gate dielectric capacitance per unit area

(1.8x 107 Fem™ for 190 nm thick SiO,), and Vi is the thresh-
old voltage deduced from the intercept at y=0 of the
( | Lis sat | )2 vs. Vs plot.[lg] The FET characteristics depend
on the method of deposition of the active layer. Indeed, for a
vacuum-sublimed film, u is ~2x 102 ecm?® Vst Ve~-10V,
and  Iop/Iog~10° (calculated from transfer curves at
Vas=-70 V taking o at Vee=0 Vand Iy, at Vg =-70 V). For
solution-processed devices, u is ~1x 102 ecm? Vs, Vr is
10 V and I,/ is ~10. The lower mobility compared with
sublimed films, and the observation of a positive threshold
voltage are probably due to a lack of complete control of the
drop-cast process and/or to a different crystal structure of the
film.

The most striking feature in Figure 3 is that both sublimed
and cast layers are able to generate EL in the FET configura-
tion under an appropriate bias. The optical output characteris-
tics are quite similar in the two differently processed devices.

The onset of EL, for a fixed V, occurs
at more negative drain-source voltages

a) 3 s than the onset of Iy The EL continu-
-310 : : ; ; . . . — 310 v i ith i ine |Vl
e 5 EL v-ov ously increases with increasing | Vysl,
' . * w and also increases with |V, |. The mini-
] |d o EL v = 10V “““4‘ w 4 uiA444a 2 5 1 08 gs e :
: ¢ adadas “ 1< mum | V| value needed to detect light
41 s EL V=30V 444 L .
X : ° L emission is ~—10 V. Work is in progress
210° [ * |, ¢ EL VvV =50V 4 2108
L Vgs v 4 b m o understand the nature of the funda-
z R P Rttt atat et g o  Mental excitations responsible for the
~ 2 . .
P p 2 o oos® e 1.510 a EL together with the evolution of the
— F * .
sl A ’,v’ Aﬁf 00® 8 % EL spectra as a function of the prepara-
- o . .
1107 ¢ ‘4‘:.0” e 110° &  tion of the active layer. The external
I * pa) . . .
I “A:.’ AmuAn“m““““““““‘ﬁ’“g oasas Atbage . quantum efficiency (i.e., the number of
i P asadt PO 510 photons emitted per electron flowing in
L O AAnbLY .
: st ﬁﬂ@ggéﬁﬁjji@w” the device, EQE) of DTT7Me-based
0 A T Sl S A Sl S e i et o e ) OLETs is comparable with that re-
0 -10 -20 -30 40 50 -60  -70 ported for tetracene-based OLETs."”)
Vds(V) As DTT7Me is a novel material, we
b) strongly believe that the optoelectronic
-310°% 3108 performance of the devices can be im-
e I, o EL vgsl ov ' ' ' ' ' proved upon optimization of the active-
= I, 0 EL V=10V 55 10° layer growth together with substrate
s gs .
- ) rocessing and surface treatment. In
3 f tkoo® VQS_ > ooooooownnnnwn“;;g Ia)greemengt with what was preViously
2107 L o o B V=BV o 4210° m .

oo 00 — observed with tetracene-based OLETsS,
< ’,.“’ N g > the EQE increases linearly with increas-
_8 ,"‘ AAAAAAAAAAAAAAAAAAAg@Q‘AAAAAAéQi_ 1.510 g" lng |Vds| whereas it is constant with
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Figure 3. Optoelectronic output characteristics of DTT7Me-based OLETs. Drain—source current (l4s)

ylated counterpart by losip et al.[lo]).
Nevertheless, the observation of the EL
indicates that both electrons and holes

on the left y-axis, and EL on the right y-axis, vs. drain—source voltage (Vys), recorded at various gate—

source voltages (V). a) Vacuum-sublimed film (thickness 20 nm, F=0.4A s™), W/L=42000/
10 (um/um). b) drop cast film, W/L=42000/6 (um/um); W = channel width, L= channel length.
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are injected in the device. The unipolar
nature of the charge transport in the
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DTT7Me-based OLET suggests that the EL is located close
to the contact where the low mobility charge carriers are in-
jected. If we assume that the EL intensity is mainly deter-
mined by the number of minority carriers (electrons) injected
in the active layer, the similarity in optical properties the two
different devices exhibit in terms of EL intensity is not surpris-
ing, since they are based on active layers made up of the same
molecule and use the same Au electrodes. The topic of elec-
tron injection and transport in FET devices based on organic
thin films is, nowadays, a matter of deep investigation and
open debate.>**?l The collection of experimental results
from OLETs employing different active materials, gate dielec-
trics, electrodes, as well as different device geometries, could
be extremely helpful for a deeper understanding of this topic.

In conclusion, we report on the design and synthesis of a
new organic multifunctional material, DTT7Me, a rigid core
thiophene oligomer. AFM and LSCM images show that both
vacuum-sublimed and drop-cast DTT7Me films have good
SiO, surface coverage. XRD reveals that the films have a
highly ordered structure. Of great interest for future techno-
logical applications, OLETs were successfully fabricated by
not only vacuum sublimation but also drop casting. Our re-
sults introduce several novelties in organic optoelectronics
both from a fundamental and practical point of view: the dem-
onstration of a novel multifunctional material able to conju-
gate good charge transport and EL in a FET configuration,
and the first solution-processed OLET based on non-poly-
meric systems. This last result, combined with the recent dem-
onstration of OLETs on plastic substrates,”’ paves the way
towards all-plastic, low-temperature processed, large-area or-
ganic optoelectronics.

Experimental

Synthesis of Materials: A PdCl,(diphenylphosphinoferrocene) com-
plex with CH,Cl,, KF, 5-hexyl-5"-(4,4,5,5-tetramethyl-1,3,2-dioxaboro-
lan-2-y1)-2,2"-bithiophene (compound 2) and N-iodosuccinimide
(NIS) were commercial products. All solvents were used without
further purification. Microwave-assisted reactions were carried out in
air using a commercial system Synthewave 402, with variable power
and fixed temperature. 3,5-Dimethyl-2,6-diiodo-dithieno[3,2-b;2",3’-
d|thiophene (compound 1) was prepared using NIS and following
already described procedures [21].

2,6-Bis-(5’-hexyl-[2,2’ [bithiophen-5-yl)-3,5-dimethyl-dithieno[3,2-b;
2',3"-dJthiophene (DTT7Me): The microwave oven reactor was
charged with compound 1 (50 mg, 0.105 mmol), compound 2
(199 mg, 0.53 mmol), Pd catalyst (4 mg, 5 mol-%), and KF (97 mg,
1.67 mmol) dissolved in 5 mL of dimethylformamide (DMF).
The mixture was irradiated at 100°C for 30 min. After cooling to
room temperature the red precipitate was centrifuged at 2000 rpm
and washed with H,O, acetone, and finally with CH,Cl,. Crystalliza-
tion from ligroin/toluene afforded DTT7Me as a deep red powder
(40 mg, 52 % yield). Mp 267-269°C, Amax (CH>CL) =423 nm, MS:
milz =720 [M'], IR: 2954.4, 2922 .4, 1431.5, 1381.8, 1070.4, 792.6, 778.1
cm™. "TH NMR (CDCl3): 6=7.07 (br s, 4H), 7.02 (br d, J = 3.6 Hz, 2H),
6.69 (br d, J=2.8 Hz, 2H), 2.80 (t, 4H), 2.53 (s, 6H), 1.71 (m, 4H),
1.33 (m, 12H), 0.90 (t, 6H). C3sH40S7 (720.12): Caled. C 63.29, H 5.59;
Found C 6222, H 5.55. Differential scanning calorimetry (DSC)
showed two well separated endothermic peaks at 183 °C (AH =62 mlJ)
and at 272 °C (AH =0.8 mlJ).
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Thin Film Deposition and Device Fabrication: Vacuum-sublimed
films were grown using an apparatus already described elsewhere
[15¢]. Cast films were grown by dropping a 1.4 x 10~ M solution of
DTT7Me in warm toluene on a substrate held at 50 °C. For morpho-
logical analysis and XRD, films were deposited onto 190 nm thick
SiO, thermally grown on heavily n-doped (Sb) Si. For electrical and
optoelectronic characterizations, films were deposited onto the same
type of substrates pre-patterned with ring-shaped, 30 nm thick Au
source/drain bottom contacts. Prior to Au evaporation the SiO, sur-
face was treated by MPTMS [22]. The heavily doped n-Si substrate
was used as a gate electrode. Devices had channel lengths of 6, 10,
and 40 um and corresponding channel widths of 42000, 41 000, and
18000 pm. Prior to deposition, substrates were cleaned by exposure
to O, plasma (100 W power, for 5 min).

AFM Measurements: The film morphology was studied with a SPM
Solver Pro AFM (NT-MDT) in tapping mode with NSG-01 Si cantile-
vers (NT-MDT).

Fluorescence Imaging: Fluorescence imaging of the samples was
performed with a laser scanning confocal microscope (Nikon TE
2000) where fluorescence was excited at 488 nm with an Ar" laser
beam with controlled in-plane polarization.

XRD: XRD measurements were carried out by means of a Panalyt-
ical X’Pert Pro diffractometer system, equipped with a Cu anode as
X-ray source. A parallel beam optic was used for thin film analysis
(fixed glancing angle of 0.8°).

Optoelectronic Measurements: Optoelectronic measurements were
carried out at room temperature under vacuum (10~ Pa) with the
OLETsS placed in a probe station inside a calibrated integrating sphere
where light detection was achieved through a pre-amplified photo-
multiplier [23]. All measurements were performed on freshly pre-
pared samples.
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Highly Periodic Fullerene Nanomesh**
By Nicolas Néel, Jorg Kroger,* and Richard Berndt

The last decade has witnessed many efforts to realize paral-
lel fabrication of long-range-ordered nanostructures on sur-
faces. The controlled fabrication of highly periodic metal,l"
semiconductor,™ or molecular!*! nanostructures at surfaces
remains, however, a challenging endeavor in nanoscience
research. Large quantities of structures can be created in par-
allel by self-organized growth, either in the kinetic,l”! or ther-
modynamic regime,?>>® and deposition of size-selected clus-
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ters from the gas phase.m Owing to the statistical nature of
deposition and diffusion processes it is difficult to achieve
lateral order by this approach. Consequently, prestructured
samples have been studied intensely to enhance ordering on
a large scale. On planar surfaces, for instance, the use of
strained layers and dislocations as templates for subsequent
depositions leads to self-organization over several dozens
of nanometers.!! Supramolecular surface assemblies can be
guided using hydrogen bonding,[8'9] to control and guide new
surface phases formed by subsequently deposited molecules.*!
A highly regular mesh of hexagonal boron nitride has been
fabricated recently by self organization on a Rh(111) single-
crystalline surface,'"! this process also leads to ordering of Cgg
molecules. An alternative approach is to use vicinal surfaces,
i.e., surfaces which have small deviations from the most sym-
metric crystallographic planes. They represent periodic arrays
of steps on the nanometer scale with adjustable dimensions,
and thus are of great interest for the fabrication of arrays of
nanowires!'' " or dots.'*!”]

The Cgo molecule has attracted considerable attention be-
cause of its remarkable stability, its potential application as an
acceptor unit in photovoltaic devices, and as a unique plat-
form for supramolecular chemistry.[16’17] Ordered layers of Cgg
can be used as templates for additional deposition due to their
higher corrugation, when compared with atomic surfaces.!"™!
Polymerization of Cg layers on surfaces is of considerable in-
terest concerning the use of fullerenes as material-resistive
masks for high-resolution photolithography.[w]

Here we report on an easy-to-prepare, self-organized array
of fullerene islands on a stepped gold surface. Self-organized,
two-dimensional (2D) Cg islands occur on Au(788) and form
a well-ordered rectangular array extending over distances of
hundreds of nanometers and covering almost the entire crys-
tal surface. The high quality of this periodic structure together
with its easy fabrication render this adsorption system a prom-
ising candidate for directing further deposition of functional
units.

The use of vicinal Au(788) was motivated because of its a
priori (2D) periodic patterning.!"* This surface consists of a
periodic succession of {111} minifacets separated by 3.9 nm
wide (111) terraces. The terraces are reconstructed with the
discommensuration lines perpendicular to the step edges, sep-
arating face-centered cubic (fcc) and hexagonal close-packed
(hep) stacking fault domains with a periodicity of 7.2 nm. Step
edges and discommensuration lines together represent a regu-
lar periodic pattern all over the sample (Fig. 1a, the direction
of ascending steps runs from the bottom left of the image to
its top right). Room-temperature deposition of Cgy at very
low coverage on the Au(111) surface was shown to lead to an
adsorption only on step-edge fcc segments.[ZO’ZI] Consequently,
the Au(788) surface seemed to serve as a promising template
to realize an ordered array of Cgy nanostructures. Regular
meshes of Co islands with lateral extensions of the order of
100 nm were reported previously.“‘”

Figure 1b shows a pseudo three-dimensional (3D) view of a
constant-current scanning tunneling microscopy (STM) image
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