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We have studied anisotropy of thin layers of amphiphilic tetrathiafulvalene derivatives �TTF-4SCn,
with n=12, 18, and 22� obtained by zone-casting technique. All the films show optical anisotropy,
as seen by polarized optical microscopy and polarized UV-visible spectroscopy. By using polarized
Raman spectroscopy an angular dependence of intensity of different vibrational modes in respect to
the zone-casting direction was determined. It was found that intensities of the modes related to
central and ring C=C vibrations in the TTF core depend very strongly on the angle between the
zone-cast direction and polarization plane of incident laser light. Comparison of the deduced
orientation of the molecules in one of the films �TTF-4SC18� with its crystal structure shows that the
polarized Raman spectroscopy can be useful for controlling orientation of molecules in thin films
�e.g., for online monitoring�. Organic field effect transistors �OFETs�, with channels oriented in
parallel and perpendicularly to the zone-casting direction, were built using the oriented TTF-4SCn
films. In all cases a strong anisotropy of the charge carrier mobility ��� was found; the best results
were obtained for OFETs with TTF-4SC18, for which �� =0.25 cm2 /V s, ON /OFF�105, and
�� /���170. © 2010 American Institute of Physics. �doi:10.1063/1.3311554�

I. INTRODUCTION

Several small �-conjugated molecules show strong ten-
dency for quasi-one-dimensional �-stacking resulting in high
charge carrier mobility along the stacks. In order to employ
such materials in organic electronics it is necessary to elabo-
rate effective methods of producing large area oriented thin
layers of organic semiconductors. This aspect is one of the
challenging tasks for the fabrication of organic field effect
transistors �OFETs�, since well ordered thin films will result
in intermolecular �−� overlapping and, consequently, in
high charge carrier mobility along a preferred direction, that
is along the device channel. Equally important is the elabo-
ration of a quick and possibly simple technique for the con-
trol of both the molecules’ orientation and the molecular
stacks in such anisotropic layers.

In recent years it was demonstrated that the so-called
zone-casting method can be successfully applied to produce
unidirectional aligned thin layers of different types of or-
ganic semiconductors, such as p and n type organic crystals
or discotic liquid crystals without the use of any preoriented
substrates.1–6 We have reported the preparation of high per-
formance OFETs based on zone-cast large area aligned
films of DT-TTF an amphiphilic tetrathiafulvalene �TTF� de-
rivative, namely, tetrakis-�octadecylthio�-tetrathiafulvalene
�TTF-4SC18�.7–15

Unique properties of semiconducting symmetrical TTF
derivatives are tightly connected with their ability of piling

up molecules one after another.16–18 The single crystals struc-
ture analysis exhibits strong influence of the alkyl chain sub-
stituent on to the molecular packing. Depending on the sub-
stituent alkyl chain length the molecular conformation
changes from boatlike to chairlike structure and the single
crystals have various forms �plates or needles�, different col-
ors, and other physical properties.19 By increasing the alkyl
chain length, the ability to form perfect single crystals
strongly decreases, so for the derivatives with the chain
length higher than n=11 defected needlelike crystals are usu-
ally observed and it was not possible to determine their crys-
tal structures.20,21

TTF-4SC18 molecules assemble into one-dimensional
stacks in which the long alkyl chains promote intermolecular
�−� overlapping acting as so-called molecular
fasteners.16,22 This is because of the van der Waals interac-
tions between the alkyl chains fasten the TTF cores of neigh-
boring molecules tightly along the stacks.23 The structure of
the zone-cast films was characterized by synchrotronic x-ray
diffraction, indicating an extremely high crystalline quality.

In independent studies carried out by means of the po-
larized Raman microspectroscopy on single crystals of dif-
ferent TTF derivatives’ salts, it was found that two main
vibration modes, �2 and �3, corresponding to the central
C=C vibrations and the ring C=C vibrations, respectively,
demonstrate high sensitivity on the orientation of laser polar-
ization plane in respect to the orientation of the
molecules.24,25 This has inspired us to apply the polarizeda�Electronic mail: s.kotarba@p.lodz.pl.
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Raman spectroscopy for determination of orientation of the
TTF derivatives molecules in the zone-cast layers.

In this paper we characterize the zone-cast layers of a
series of TTF derivatives with alkyl chains of different
lengths showing how the polarized Raman spectroscopy can
be used to determine orientation of the molecules in the lay-
ers. Complementary investigations by means of atomic force
microscope �AFM� and polarized UV-visible spectroscopy
are also shown. Anisotropy of charge carrier transport prop-
erties is demonstrated by determining the OFET mobility in
two directions that is along the zone-casting direction and
perpendicularly to it.

II. EXPERIMENTAL

A. Material

The structure of the TTF-4SCn �n=12, 18, 22� mol-
ecules is shown on Fig. 1. These molecules were synthesized
as described by Wu et al.26 Thermal properties of different
TTF derivatives change with the alkyl chain length. The de-
rivatives investigated in this work have melting points: Tm

=68 °C �TTF-4SC12�, Tm=87.7 °C �TTF-4SC18�, and Tm

=89 °C �TTF-4SC22�.27

B. Preparation of large area oriented films and OFET
structure

In the zone-casting method the solution of the organic
molecules is continuously cast from stationary flat nozzle on
to a moving substrate; gradient of the parameters controlling
the crystallization �concentration and temperature� in the me-
niscus is the driving force for unidirectional crystallization of
the dissolved material. Preparation of well ordered, continu-
ous layers of organic semiconductors requires optimization
of several factors: type of solvent, concentration and tem-
perature of solution, speed of solution supply, properties and
temperature of the substrate, and velocity of the substrate
shift. In the present studies the solutions were prepared using
toluene �for TTF-4SC18� and chlorobenzene �for TTF-
4SC12 and TTF-4SC22�. The solutions concentration was
2 mg/ml. Highly doped n-type silicon wafer �gate� with
100 nm thermally grown silicon dioxide �Si /SiO2� were used
as substrates.28 For polarized UV-visible absorption spectra
measurements the layers were zone-cast on glass substrates.
The large area �about 3�10 cm2� highly ordered, continu-
ous films with thickness about �250 nm were obtained after
careful optimization of the casting parameters for each TTF
derivative.

The OFETs with top contact bottom gate configuration
�see Fig. 2� were produced by evaporation of 150 nm thick
gold electrodes �source and drain� on the zone-cast layers
with channels parallel and perpendicular to the casting direc-
tion. Channel length was L=80 �m or L=100 �m; channel

width W=2 mm and W=1.5 mm were chosen for channels
aligned in parallel or perpendicularly for perpendicular to the
casting direction, respectively.

C. Characterization techniques

Uniformity of the optical anisotropy of the zone-cast lay-
ers was studied by polarized optical microscope. Morphol-
ogy of the surface was investigated by AFM �AFM SOLVER
PRO, NT-MDT, Russia� in resonant mode. Polarized UV-
visible absorption spectra were obtained using Varian Cary
5000 ultraviolet-visible-near infrared �UV-visible-NIR spec-
trometer�.

Polarized Raman spectra in the range 1300–1600 cm−1

were obtained using a Jobin–Yvon T64000 Raman micro-
scope working in backscattering mode. For the calibration of
the spectrometer the diamond line �1332 cm−1� was used.
The angular dependence of the spectra was determined by
rotation of the sample with 10° step in respect to the fixed
polarized excitation laser light. The measurements were per-
formed twice using 632 and 647 nm excitation lines with
spectral resolution of 2 cm−1 and 1200 s accumulation time.

Transfer and output electrical characteristics were mea-
sured for series of OFETs with channel perpendicular and
parallel to the cast direction. Figure 2 shows the scheme of
the measurement circuit. By using two Keithley 2400 source-
measuring units the drain-source current �IDS�-voltage �UDS�
characteristics were measured �output characteristic IDS

=f�UDS� with UGS=const.�. Drain-source voltage UDS was
changed in the range 0 to �40 V with step �UDS=−5 V �for
TTF4SC12 and TTF4SC22� and with step �UDS=−2 V for
TTF4SC18; gate voltage UGS was changed in the range +5 to
�40 V.

Transfer characteristics �IDS=f�UGS� with UDS=const.�
were measured with gate voltage UGS changing in the range
+5 to �40 V with step �UGS=−5 V with drain-source volt-
age fixed UDS=−40 V. Mobility of charge carriers �OFET

was calculated from saturation regime using the formula,

�OFET = 2IDSATL�WCi�UGS − UT�2�−1, �1�

where IDSAT-drain-source saturation current, L-channel
length, W-channel width, Ci-capacitance per unit area,
UGS-gate voltage, and UT-threshold voltage.
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FIG. 1. �Color online� Molecular structure of tetrakis�alkylthio�tetrathi-
afulvalenes �TTF-4SCn, where n=12, 18, or 22�.

UGS

UDS

A

Organic

Semiconductor

Insulator SiO2

Source Drain

W
L

Gate Si (n++)

IDS

FIG. 2. �Color online� Scheme of the top contact OFET devices; channel
length L=80,100 �m; channel width W�=1.5 mm or W� =2 mm for the
channel perpendicular and parallel to the cast direction, respectively;
UDS—drain-source voltage, UGS—gate voltage, IDS—drain-source current.
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III. RESULTS AND DISCUSSION

Figure 3 shows AFM and polarized optical microscope
images of the zone-cast layers of three investigated TTF
derivatives. One can clearly see that morphology shows an-
isotropy on both micrometer and millimeter scales; in fact
such anisotropic morphology is uniform for the entire
3�10 cm2 layer �except for the regions very close to the
edges�.

AFM images show that surface of the layers is smooth
along the casting direction, while in the perpendicular direc-
tion a terracelike structure is seen, with step heights in nan-
ometer scale. Our previous studies focused on the TTF-
4SC18 layers on Si /Si3N4 /SiO2 have shown that the steps
are ca. 4–5 nm in height, corresponding this value to the
lattice parameter b perpendicular to the surface �b=41.8 Å;
crystal structure was determined from x-ray diffraction ex-
periments performed at the beamline ID01 of the European
Synchrotron Radiation Facility�.11 As this parameter is
smaller than the TTF-4SC18 molecule length �ca. 53 Å� it

was concluded that the molecules are tilted in respect to the
surface by ca. 55	10°. As one can see from the surface
profiles shown in Fig. 3, the steps height in all three cases are
around 4 nm, indicating that the terraces are constituted by
monomolecular layers of TTF derivative molecules tilted
with respect the substrate surface.

Optical anisotropy, visible both on the polarized optical
images obtained in reflection mode �Fig. 3� and in the UV-
visible polarized absorption spectra �Fig. 4�, demonstrates
homogeneous orientation of the molecules in the entire lay-
ers. For all these oriented layers the polarized UV-visible
spectra show a strong dependence band, at 415 nm, on the
orientation of the layer in respect to the light polarization
plane. In the case of TTF-4SC18, the orientation of mol-
ecules inside the layer, determined by the crystallographic
studies, indicates that the molecules tend to form stacks par-
allel to the film surface with the long molecular axis oblique
in respect to the substrate surface, as mentioned above.11

Band at the 425 nm, visible in UV-visible spectra for all

~4 nm

TTF - 4SC22TTF - 4SC12

100μμμμm 100μμμμm 100μμμμm

100μμμμm100μμμμm 100μμμμm

5 μμμμm

TTF - 4SC18

~ 9nm

~4 nm

(A)

(B)

~4 nm

FIG. 3. �Color online� Top rows �a�: morphology of the zone-cast layers of three TTF derivatives visualized by AFM images �resonant mode; top images� and
related surface profiles illustrating the height of the terraces. The profiles are referred to white lines on AFM images. Bottom rows �b�: polarizing microscope
images with crossed polarizers for two different orientations of the layers in respect to light polarization plane; white arrow—zone-casting direction, crossed
arrows—orientation of the polarization planes of the polarizers.
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layers of TTF derivatives, is the strongest for the perpendicu-
lar direction, i.e., for the direction approximately parallel to
short axis of the TTF core. As the polarized UV-visible spec-
tra for other TTF derivatives are similar, one can conclude
that the orientation of the molecules in all these zone-cast
layers is similar.

The above described results illustrate anisotropic struc-
tures of the zone-cast layers and unidirectional orientation of
the TTF derivatives molecules. In order to get more informa-
tion on the orientation of the molecules we have analyzed the
vibrational spectra using the polarized Raman spectroscopy.
We have focused our attention on two main vibration modes
of the TTF core: the �2, mode related to the central C=C
vibrations, and the perpendicularly oriented �3 mode, related
to the ring C=C vibrations, as shown in Fig. 5�a�.

Taking into account that in the Raman spectra of bis�eth-
ylenedithitertrathiafulvalene� �BEDT-TTF, in which the cen-

tral part has a similar structure to the TTF core in the inves-
tigated TTF derivatives� the �3 band appears at 1494 cm−1,
and the �2 band at 1552 cm−1 one can expect that the bands
related to the analogous vibrations in the TTF derivatives
will appear also in the similar range.14 To confirm this, the
density functional theory �DFT� calculations were performed
for model TTF derivatives with different lengths of the
SCxHy chains. The molecular geometry of the neutral mol-
ecules was first optimized by the DFT method using the
scheme B1-LYP employing the Gaussian basis set
�6-31G�d�� for each atom. Chairlike structure of the TTF
derivatives is shown in the inset in Table I. Based on these
optimized structures the vibrational analyses were realized
by using GAUSSIAN 98 program software package. DFT simu-
lations were carried out for the BEDT-TTF and for the fam-
ily of the TTF derivatives starting from central core �B1LYP/
6-31G�d�� and ending on the TTF core with four short SC4H9

chains �ONIOM �B1LYP/6-31G�d�:PM3��.30,31

Results of the DFT simulations are compared with the
available experimental data for frequencies of the �2 and �3

bands in Table I. One can observe that according to the DFT
simulations, the frequency of the �2 mode is practically not
sensitive to the presence of the SCxHy chains. On the con-
trary the frequency of the �3 mode shifts toward lower values
as the length of the SCxHy chains is increased. However, this
trend saturates for chains equal or longer than SC2H5. Taking
this into account, one can assume that the DFT simulations
for the investigated TTF derivatives ought to give similar
results; therefore, we can assign the observed Raman bands
at ca. 1560 cm−1 to the �2 mode and at ca. 1490 cm−1 to the
�3 mode, as given in the Table I.29

Figure 5�b� shows the polarized Raman spectra for the
oriented layer of TTF-4SC18 in the range 1300–1600 cm−1,
where two bands assigned to the �2 and �3 modes dominate.
One can see that intensities of these two bands show very
strong and clear dependence on the orientation of the light
polarization plane in respect to the zone-casting direction.
Similar angular dependences of the Raman spectra in this
frequency range were observed for the zone-cast layers of
TTF-4SC12 and TTF-4SC22. The most peculiar feature of
these spectra is the fact that the maximum intensity of the �2

band coincides with minimum intensity of the �3 band and
vice versa.

Angular dependences of intensity of the �2 and �3 bands
in the polarized Raman spectra for all the investigated zone-
cast TTF derivatives are showed in polar coordinates in Fig.
6. For comparison, we have performed analogous measure-
ments for single crystals of the TTF derivatives. The results
are shown in Fig. 6 too. From the angular dependences of the
intensity of the �2 and �3 bands one can deduce that in the
zone-cast layers the molecules have unidirectional orienta-
tion, as schematically shown on the left side of Fig. 6. This is
in an agreement with the results of crystallographic studies
for the zone-cast layer of TTF-4SC18, which show an ex-
tremely high crystalline quality and indicate that the TTF
molecules are tilted with respect to the substrate surface and
are well-aligned in the casting direction.11

The situation is different for single crystals, as the plots
of the angular dependences of the �2 and �3 bands are
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FIG. 4. Polarized UV-visible spectra of the oriented thin films based on TTF
derivatives obtained by zone-casting technique on glass substrates;
V—polarization plane perpendicular to the zone-casting direction,
H—polarization plane parallel to the zone-casting direction. For comparison
the spectra obtained without polarizer are also shown.
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broader or even in some cases the plots have bimodal char-
acter showing that in the crystal there are two groups of the
molecules oriented in two different directions. The reason for
this can be either that these are not single but twin crystals or
that the crystal structure of the zone-cast film is different
from the bulk crystal structure. Unfortunately the structure of
the bulk crystals of the TTF derivatives with long alkyl
chains is so strongly defective, that it was not possible to
determine their crystal structure �the structure of the TTF
derivative with longest alkyl chain n=9 was only determined
�see Fig. 6 in Ref. 19��. However, we have shown earlier that
the powder diffraction spectrum for the TTF-4SC18 shows
the �0n0� Bragg peaks clearly shifted with respect to the
peaks found in the reflectivity measurement for the zone-cast
films. This indicates that the zone-cast film structure deviates
from the bulk crystalline structure and shows a lower degree
of disorder within the molecular layers.

Since the molecular stacks are laterally and vertically
closely packed and well ordered, one can expect both high
charge carrier mobility along the stacks and high anisotropy,
i.e., much lower mobility along the directions perpendicular
to the stacks. It is known that boundaries between neighbor
crystals32 strongly influence the mobility. Field effect mea-
surements for devices with channels oriented in parallel and
perpendicularly to the casting directions have confirmed this.
In Fig. 7 the typical transfer characteristics for OFETs based

on zone-cast layers of the TTF derivatives and the related
basic OFET parameters calculated using Eq. �1� have been
reported.

The performance of the manufactured OFETs can be
summarized as follows:

�a� for all the TTF derivatives, the best device parameters
are obtained for the OFETs with channel’s length ori-
ented along the zone-casting directions;

�b� the highest charge carrier mobility, �� =0.25 cm2 /V s,
the highest ON/OFF ratio, �105, and the highest aniso-
tropy, �� /���160, was obtained for OFETs based on
TTF-4SC18;

�c� in all cases the anisotropy of charge carrier mobility
was much higher than any values reported even for
OFETs based on single crystals.33,34

One should underline that the analyzed OFETs produced
show good yield and reproducibility; for each ca. 3
�10 cm layers more than ten OFETs were obtained and
more than 90% of them were working showing performance
close to those given in Fig. 7.

IV. CONCLUSIONS

Zone-casting technique is a relatively simple, solution-
based method which allows to produce in a continuous way
large area of highly ordered films based on crystalline or-

(A)

(B)

ν2

ν3

1300 1350 1400 1450 1500 1550 1600

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

4,5

5,0

20

50

80

110

140

170

an
gl

e (
o )

Raman shift (cm-1)

in
te

n
si

ty
(a

.u
.)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

νννν3

(ring C=C)
νννν2

(central C=C)
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angle between the zone-casting direction and the light polarization plane.
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ganic semiconductors. The zone-cast layers of the TTF de-
rivatives show remarkable high degree of uniform alignment,
as documented by polarized optical microscopy, AFM im-
ages, and polarized UV-visible spectra.

Polarized Raman spectroscopy gives evidences of unidi-
rectional orientation of the molecules, which in the zone-cast
layers are uniformly and much better ordered on large area
than in the corresponding single crystals. This demonstrates
also that polarized Raman spectroscopy can be a useful tech-
nique for controlling the molecular order in organic crystal-
line materials, suitable also for monitoring online the quality
of the produced thin layers of organic semiconductors.

The electrical characterization of OFETs based on the
zone-cast layers of the TTF derivatives shows that due to the
close packing and the effective overlapping of �-orbitals
along the stacks, the charge carrier mobility in this direction
can be as high as �� =0.25 cm2 /V s, and the ON/OFF ratio
can be higher than 105. These measurements show also a
very high anisotropy of the charge carrier mobility, higher
than 102, that demonstrates high degree of unidirectional ori-
entation of the stacks. For this reason, one can expect that
even closely packed OFETs produced on the zone-cast layers
should show no cross-talking effects.

TABLE I. The theoretically calculated �DFT� and experimentally deter-
mined from Raman spectra vibrational frequencies assigned to the �2 and �3

modes for a series of TTF derivatives �cf. Fig. 5�a��.

Schematic chair-like structure of TTF-4SCn molecule.

Vibrational
modes

Frequencies calculated
using DFT (cm -1)

Experimental data from
Raman spectra (cm -1)

BEDT-TTF
ν3

ν2

1518
1566

1494 [ref. 29]
1552 [ref. 29]

TTF-4S
ν3

ν2

1516
1570

-

TTF-4SC1
ν3

ν2

1501
1567

-

TTF-4SC2
ν3

ν2

1498
1566

-

TTF-4SC3
ν3

ν2

1497
1566

-

TTF-4SC4 ν3

ν2

1498
1566

-

TTF-4SC12
ν3

ν2

-
1493
1559

TTF-4SC18
ν3

ν2

-
1488
1556

TTF-4SC22
ν3

ν2

-
1489
1556

aReference 29.
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FIG. 6. �Color online� Angular dependences of the two main vibrational
modes �the central C=C vibrations �2 and the ring C=C vibrations �3� for
the analyzed TTF derivatives determined by polarized Raman spectroscopy
in the range 1300–1600 cm−1. Upper row—the zone-cast thin layers; 0°
corresponds to the zone-casting direction shown by large arrow, as illus-
trated on the micrograph of the TTF-4SC22 layer. Lower row—the single
crystals; 0° corresponds to long axes of the crystal, as illustrated on the
micrograph of the TTF-4SC12 crystal.
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FIG. 7. Typical transfer characteristics and basic parameters of OFETs made
of layers of TTF derivatives, acting as device channel, zone cast on SiO2 /Si
substrates �cf. Fig. 2�. Solid lines—channel parallel to the zone-casting di-
rection, broken lines—channel perpendicular to the zone-casting direction.
Channel length was in all cases L� =L�=80 �m, except of TTF-4SC18
where L� =100 �m; channel widths were in all cases: W� =2 mm and W�

=1.5 mm. For TTF-4SC18 also the output characteristic is shown as an
example.
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