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The thin film transistor characteristics of a soluble molecular semiconductor, terrylene tetra-
carboxdiimide (TDI), a homologue of perylene tetracarboxdiimide (PDI), have been investigated. In
a bottom-gate device structure with benzocyclobutene gate dielectric, n-type behavior with electron
mobility of 1.1 x 1072 cm? V™! s7! has been observed after thermal annealing. When applied in the
top-gate structure with a polycyclohexylethylene-based gate dielectric, TDI devices exhibit ambipo-
lar transport with electron and hole mobility of 7.2 x 10 *cm? V™ 's 'and 2.2 x 10 ¥ em? V™ 's7!
respectively. The correlation between morphology and field-effect mobility was investigated by
atomic force microscopy (AFM) and X-ray diffraction (XRD) studies. Spin-coated, annealed TDI
film crystallize in a terrace structure, and the molecules are packed in an “edge-on” structure, thus

forming a favorable packing arrangement for charge transport in the plane of the film.

In recent years, significant research efforts have been
devoted to searching for organic semiconductor materials
for organic field-effect transistor (OFET) applications.'
High mobility hole transporting semiconducting poly-

mers®> * and oligomers® ® and electron transporting
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semiconducting polymers'®~'? and oligomers'*~>* have

been developed. Ambipolar materials that simulta-
neously exhibit hole and electron transport are also
attractive, as they enable complementary-like inverters
without advanced patterning techniques and new ways to
improve the understanding of the physics of these organic
devices.>*** By choosing a gate dielectric free of electron-
trapping groups such as silanol groups, many organic
semiconductors that were previously considered to be
p-type only became available for n-type transistor fabri-
cation.'” In this work, we study the application of a
soluble oligomer, terrylene tetracarboxdiimide (TDI)*’
(Figure 1, inset), in ambipolar transistors. TDI is the
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Figure 1. Current—voltage characteristics of bottom-gate, top-contact device with TDI annealed at 180 °C for 10 min (L = 200 um, W = 10 cm), transfer
characteristics and square root of I at V, = 100V (left), output characteristics (right). 14, V4, and V, represent source-drain current, source-drain voltage,

and gate voltage, respectively. Inset: molecular structure of TDI.

higher homologue compound of the liquid crystalline
perylene tetracarboxdiimides (PDIs). PDI oligomers exhibit
electron mobility up to 1072 cm® V' s7! in FETs,”® are
tunable in terms of their solid-state packing,'>?°~>* and are,
therefore, attractive candidates for n-type OFETs. Early
study showed that perylene-3,4,9,10-tetracarboxylic-3,4,9,
10-dianhydride (PTCDA) can transport holes in the direc-
tion normal to the molecular planes in light emitting
diodes.?® Yet it wasn’t until recently that another homo-
logue compound of PDI was found to simultancously
exhibit electron and hole mobilities higher than 1 x 1072
em® V™' s™'in FETs.*® Here we demonstrate that by using
proper device structure and fabrication methods, TDI can
be applied in n-channel only devices and can even be made
to exhibit high-performance ambipolar behavior.

The synthetic route of TDI has previously been described
in detail®® and the LUMO and HOMO level were measured
from solutions via cyclic voltammetry to be 3.5—3.7 eV and
5.2—5.4 eV, respectively. For the bottom gate, top contact
FETs, highly doped n-type (100) silicon wafers with 300 nm
SiO, layers were used as substrates. A thin 60 nm film of
benzocyclobutene (BCB)'® was spun on and cross-linked on
top of the SiO, to act as a trapping-free interfacial gate
dielectric. The TDI thin film was then spin-coated in nitrogen
atmosphere from a xylene solution (8 mg/mL) at 1600 rpm
for 40 s followed by 4000 rpm for 15 s to produce 30 nm
films. Finally, aluminum source-drain electrodes were ther-
mally evaporated through a shadow mask at a rate of 1 A/s
in vacuum of 1 x 10~® mbar. Channel width (/) and length
(L) were 10 cm and 200 um, respectively. Devices were mea-
sured under nitrogen atmosphere with an Agilent 4145B
Semiconductor Parameter Analyzer (SPA). Mobilities were
extracted from the saturated transfer characteristics.

As-spun films exhibited a low field-effect mobility of
1 x 107> cm? V™ 's™ ! with large hysteresis. However, after
the film was annealed at 180 °C for 10 min, the device
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performance showed significant enhancement. Figure 1
shows the transfer and output characteristics. When
operating with source drain voltage (V4) of 100 V under
nitrogen atmosphere, the annealed sample showed a
saturation regime mobility®' of 1.1x 1072 cm?V " 's™!,
which is comparable to the highest n-type mobility
reported for soluble oligomers.'>!” The devices have a
low turn-on voltage of 3 V and threshold voltage of 5V, a
good subthreshold slope of 1.85 V/decade, and an on/off
ratio greater than 1 x 10° Importantly, only minimal
hysteresis between backward and forward voltage sweeps
is observed. For comparison, we also fabricated bottom
gate, bottom contact devices in smaller dimensions
(2—20 um). As BCBs and Al are not easily integrated
into a conventional photolithographic process, we used
SiO, as dielectric and Au as electrodes. The devices still
exhibited mobilities up to 8 x 107> cm?*V~'s™!, and had
similarly low turn-on voltage of 2 V and an on/off ratio
greater than 10° with small hysteresis. The good electron
transport in this structure indicates that the electron
affinity (E,) of TDI is sufficiently high such that electron
trapping in silanol groups on the surface of the SiO,
dielectric cannot occur®® and gold electrodes provide
sufficiently good electron injection into the LUMO states
of TDI. We note that Au electrodes defined by photo-
lithography have a lower work-function of near 4.7 eV
compared to that of atomically clean gold surfaces.>
To fabricate top-gate, bottom-contact transistors, we
patterned Au source and drain electrodes via photolitho-
graphy on glass substrates and subsequently deposited
and annealed the semiconductor layer using the same
conditions as stated above. The gate dielectric layer
prepared by depositing 120 nm polycyclohexylethylene
(PCHE), 10 nm SiO, and 250 nm poly(vinylidene fluor-
ide-trifluoroethylene) dielectric has previously been
shown to be a high-performance top-gate diclectric
for ambipolar OTFTs.** The samples were annealed at
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Figure 2. Current—voltage characteristics of top-gate, bottom-contact device with TDI annealed at 180 °C for 10 min before dielectrics were spin coated
(L =20um, W = 1cm, V4 = 40 V), transfer characteristics (left), output characteristics (right).
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Figure 3. Tapping mode AFM image of TDI film, topographic image of as-spun film (left), film annealed at 180 °C for 10 min (right). Average surface

roughness of the areas taken was 27.8 and 18.0 nm, respectively.

120 °C for 1 h after the deposition of the dielectric layer
and finally Au gate electrodes were evaporated on top
through a shadow mask. The transfer and output char-
acteristics of a 20 um long and 1 cm wide device are shown
in Figure 2. In contrast to the bottom-gate structure the
top-gate device exhibited clean ambipolar characteristics
with small hysteresis. The extracted n-type mobility was
7.2 x 103 cm? V™' s~ ! and the p-type mobility was 2.2 x
107° cm? V™! s7 ! in the saturation regime. To the best of
our knowledge, ambipolar behavior has not been repor-
ted in a PDI derivative before, although similar ambi-
polar characteristics have recently been observed in qua-
terrylene tetracarboxdiimide (QDI).** This is most likely
due to the HOMO level of the higher homologues of PDI
being more easily accessible for charge injection from
gold electrodes. We were unable to investigate light
emission from the TDI devices because of the emission
occurring in the infrared around 770 nm where our CCD
camera is not sufficiently sensitive.*

We currently do not understand well the reasons
why we cannot also observe ambipolar behavior in the

bottom-gate device configuration. This could possibly be
due to a contact resistance effect for hole injection into the
HOMO of TDI. In the top-gate, staggered structure, the
contact resistance tends to be smaller than in the coplanar
bottom-gate, bottom-contact structure because of cur-
rent crowding effects and in the staggered bottom-gate,
top-contact structure where metal interdiffusion occur-
ring during evaporation of the contacts can be an
issue.*®7 Alternatively, the effect could be due to hole
trapping in states at the TDI/BCB/SiO; interface or due
to specific molecular packing geometries at the bottom
interface of the film that constitute charge traps for holes
in the HOMO, but not electrons in the LUMO. We note
that the ambipolar behavior observed in our TDI films is
qualitatively different from that reported for QDI de-
vices. In the latter, ambipolar behavior was observed only
in as-deposited bottom-gate devices, whereas hole trans-
port disappeared after film annealing at 100 °C.*° In our
bottom-gate TDI devices, we cannot detect any hole
transport even in the as-deposited films, but the mobility
of the as-deposited TDI films is generally much lower

(35) Zaumseil, J.; Donley, C. L.; Kim, J.-S.; Friend, R. H.; Sirringhaus,
H. Adv. Mater. 2006, 18, 2708.

(36) Richards, T.; Sirringhaus, H. Appl. Phys. Lett. 2008, 92, 023512.
(37) Richards, T.; Sirringhaus, H. J. Appl. Phys. 2007, 102, 094510.



Article

than that of as-deposited QDI films. In our top-gate TDI
devices, both electron and hole mobilities were clearly
found to improve upon annealing.

To investigate the cause for the improvement of
mobility by 3 orders of magnitude upon annealing, film
morphology and microstructure were studied. Under a
cross-polarized microscope equipped with UV excitation,
the as-spun films appeared amorphous, whereas the films
annealed at 180 °C showed polycrystalline domains with
size of tens of micrometers. After higher temperature
annealing at 330 °C, the grain size increased to up to
100 um but the device performance dropped compared to
films annealed at 180 °C because of film dewetting. In
atomic force microscopy (AFM), the as-spun film exhib-
ited a fibrillar surface morphology but no clear evidence
of crystalline order (Figure 3, left). Films annealed at
180 °C had a crystalline structure with well-defined sur-
face steps with a height of around 2—3 nm (Figure 3,
right) separating large, molecularly flat terraces with little
roughness. However, some of the terraces exhibited
smooth variations in surface topography with protru-
sions of up to 5 nm (white areas, in Figure 3, right), which
indicates the existence of subsurface defects.

To further assess the thin film microstructure of TDI,
X-ray diffraction (XRD) experiments were performed on
both as-spun and annealed films. The 6/26 scans of the
annealed films indicate a significantly textured thin film
microstructure. From the 001 reflections, interlayer spa-
cing of 24.9 A perpendicular to the substrate surface can
be determined (data not shown here), which is corres-
ponding to the smallest surface step height (~2 nm)
observed in AFM. In contrast to the annealed films, the
as-spun films showed much weaker diffraction peaks,
suggesting amorphous or low crystallinity of the films.

Two-dimensional grazing incidence wide-angle X-ray
scattering (GIWAXS) patterns of a spin coated thin film
are shown in Figure 4 before and after being annealed to
180 °C. The GIXD data were recorded using a rotating
anode based diffractometer at Ris¢g National Laboratory,
Roskilde.*® The wavelength 4 was 1.5418 A (CuKa),
monochromated by a multilayer X-ray mirror. The
X-ray incidence angle with respect to the sample plane
was at 0.18° (just below the critical angle of Si (also SiO,)).
The X-ray diffraction signal was recorded on a Fuji image
plate. The signal from the as-spun film (Figure 4a) indicates a
columnar “edge-on” phase by a columnar diffraction peak,
and an entirely in-plane reflection at Oy =1.7 A~ which can
be attributed to a typical zz-stacking distance of 3.7 A. Qis
the (3D) reciprocal space vector, its length, represents a
real-space periodicity d = 2x/|Q|. Oy and Q, are its
components parallel and perpendicular to the sample
plane. The alignment distribution can be determined
from the azimuthal broadening of the columnar reflec-
tion. The azimuthal angle y, (defined as tan(y) = Q./Q)
of the columnar reflection (22.8° # 30°) suggests an
orthorhombic packing of TDI columns rather than a
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Figure 4. XRD patterns of a TDI film on SiO, (a) before and (b) after
annealing at 180 °C. The data were transformed from detector space to
rotational symmetric coordinates of the wave vector transfer Q. The
sgn(Q,) is added in order to indicate the two half spaces which show
identical behavior due to the rotational symmetry. Units are A~! for X
and Y axis. The inset in a shows a possible packing of columns. In a, the
azimuthal direction used for extracting the peak profiles is indicated by a
black double-arrow. (c) Azimuthal projections of the columnar reflections
ina and b. The reflections of the “as-spun” and annealed film are centered
at 22.8° and 31.1° with a full width at a half-maximum of 13.4° and 2.7°,
respectively (determined by Gaussian fits).

hexagonal packing. When identifying the columnar
reflections as the 110 reflection, the packing distances
become ¢ = 2.8 nm and b = 6.6 nm.

When annealing the spin-coated films to 180 °C and
cooling them back to room temperature, a transition to a
crystalline phase with a high degree of long-range order
occurs (Figure 4b). This is indicated by well-defined
Bragg reflections up to a high Q. The alignment distri-
bution with respect to the substrate plane determined
from the azimuthal width of the strong reflection at
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(O1,0,1) = (0.42,0.25) Al (2.7° fwhm) is much higher than
in the “as-spun” case. This reflection gives rise to a
1.5 nm periodicity in the in-plane direction and a 2.51 nm
out-of-plane periodicity. This asymmetry of in-plane and
out-of plane periodicity qualitatively agrees with the
elongated shape of the TDI molecule and points toward a
parallel “edge-on” packing with the long molecular axis in
the out-of-plane direction instead of a helical packing which
would result in a higher symmetry of the column. Both types
of packing were proposed by Nolde et al.>> Strongly
weighted in-plane reflections at Q) =1.7 A representing
a si-stacking distance of 3.7 A within the columns, support
the edge-on packing. However, the exact crystal symmetry
and the unit-cell parameters remain unsolved.

The XRD measurements provide an explanation for
the large improvement in device performance observed
upon annealing. The low mobility in as-spun devices
corresponds to an “edge-on”, orthorhombic columnar
phase in the microstructure in which the side chains of he
TDI molecules are oriented either out-of-plane or in-
plane, potentially in a helical arrangement. In these
charge transport tends to be one-dimensional along
the columns and is frequently impeded by the long alkyl
side chains, when charge carriers need to hop from one
column to the neighboring one. The much higher
mobility in the annealed devices corresponds to an also
“edge-on” but crystalline phase, in which the long axis
and the side chains of the TDI molecules are preferen-
tially oriented perpendicular to the substrate. In this case
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in-plane charge transport is likely to be more two-
dimensional in layers of more closely packed TDI
molecules. Further enhancement of mobility might be
obtained through further optimization of the film
microstructure.

In summary, we have demonstrated that terrylene
tetracarboxdiimide (TDI) is a suitable material for fabri-
cating high performance thin film transistors with solu-
tion processing methods. TDI shows clean n-type opera-
tion in bottom-gate devices and ambipolar operation in
top-gate, staggered devices. TDI is potentially a useful
n-type semiconductor for application to CMOS organic
circuits. With further optimization of molecular struc-
ture, such as substitution of electron withdrawing groups
in the bay region to increase the electron affinity and
optimization of side chain substitution to improve mole-
cular packing similar to the optimization undertaken for
PDIL*#* even higher levels of performance may be
achievable.
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