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Abstract

The energy transfer in organics, aiming to optimise the performance of many LED devices, has been exploited with
two suitable oligomers deposited either in multi layered or in co-evaporated films by ultra high vacuum evaporation.
We have chosen two components displaying the appropriate absorption/emission windows, in fact the emission
maximum of the first, a thienyl-fluorene derivative, is centred in the region where the absorption of the second,
tetrahexylsexithiophene, is intense, hence guaranteeing a complete Foerster transfer even at low content of the latter.
Optical microscopy investigations together with XRD analysis allowed us to get insight onto both the structure ori-
entation and the morphology of the film components. The optical aspects of this thin layers, 15-30 nm thick, are also
discussed and compared with the mono-component films obtained in the same conditions. LED prototypes were
prepared and compared with analogous devices obtained by spin-coating technique. The intimate structure/morphology
can readily account for the better performance of LED devices obtained by high-vacuum evaporation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In material science the knowledge of relation-
ships among the structure/morphology and the
pursued opto-electronic as well as photonic pro-
perties is relevant as such but achieves more
importance to optimise the performance of proto-
types of devices in terms of both proper choice of
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components and architecture and the desired re-
gion of use. In this respect organic LED prepara-
tion is exemplar [1,2].

In particular noticeable interest were devoted to
the thiophene/fluorene-based molecules [3,4] due
to relevant optical properties already exploited in
prototypes [5-7].

The recent acquisition of organic high vacuum
deposition opened the way, especially for the
oligomers, to realize thin homogenous films suit-
able for LED devices [5,7,8].

Recently we have studied many oligomers based
on thiophene and fluorene moieties with particular
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Scheme 1.

reference onto the relationships between solid state
organization in thin films and LED-device per-
formances [5,7,9].

One of the most drawbacks in the devices is the
emission quenching due to non-radiative energy
transfer among adjacent molecules or conjugated
faced residues. To overcome this limit the proper
blending of components, possibly at nanoscale le-
vel, have been exploited to yield promising results.
Particularly when an efficient resonant energy
transfer, Foerster type, between two compounds
occurs [10].

We have choose the oligomers shown in Scheme
1, namely 3,3".4" 3""-tetrahexyl-2,2":5',2":5" 2"
57275 2" sexithiophene (1) and 2,7-di(2-thie-
nyl)-9,9-cyclopentanefluorene (2), which possess
the appropriate photophysical properties to exploit
energy transfer from 2 to 1 compounds in order to
realize also LED devices based on blends of the

Table 1

components obtained by different techniques:
casting, spin-coating and high vacuum depositions.
The structural and morphological aspects of
each oligomer as well as of the blends have been
related to photophysical characterizations, finally
the comparison of the performances of differently
prepared devices is related to these features.

2. Experimental section

The molecules above specified were prepared
according to [5,11] for 1 and 2 molecules respec-
tively. The OMBD growths were performed using
the apparatus described in [12], according to the
conditions reported in Table 1 for both single
component growth (samples 1’-2") and coevapo-
rated specimen (samples 3'-4'), in the following
UHYV samples are referred to as thin films.

Spin coated films were obtained starting from
CHCI; solutions of both molecules 1 and 2 of 8
mgcem~ properly mixed to reach the molar con-
centrations desired (from 0.01% to 0.15% in 1).
The spinner speed was kept at 1500 rpm, at 25 °C
under nitrogen flux. The corresponding drop-cast
films were obtained in the same conditions. The
film thickness varied according to the preparation
technique, namely for spin coated and UHYV films
it did not exceeded 30 nm, while for cast films less
than 300 nm.

The Knudsen cells used are water-flux cooled
with a double filament. A slow heating ramp was
properly chosen to prevent over-heating of the
source. Moreover, a larger temperature at the
effusion orifice with respect to the crucible base was
maintained to avoid organic material re-conden-
sation and consequently a growing stop. Basic
vacuum was kept at a value less than 2x 10~ mbar.

Typical UHV evaporation conditions of the molecules: Knudsen cell temperature, growth rate, thickness and molar concentration of

1 with respect 2

Sample Temperature (°C) Growth rate Thickness Concentration
1 9 (nm/min) (nm) (1 mol%)

I 265 - 0.1 8.5 100

2 - 187 0.9 20 0

3 182 270 0.4 15.5 10

4 190 248 0.7 15.5 1
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XRD experiments were carried out using a
computer controlled Siemens D-500 apparatus
with Soller slits (2°) and narrow incident and
receiving windows (0.3°). A graphite monochro-
mator after the sample (002 direction) was in-
serted into a conventional Bragg-Brentano
reflection geometry allowing for the observations
of spacings normal or nearly normal to the sub-
strate.

Optical microscopy observations in cross-
polarized Nicol prisms were carried out using a
Reichert apparatus at a maximum magnification
of 400 times.

Optical microscopy observations in fluorescence
mode were carried out using a Leitz Dialux
apparatus at a maximum magnification of 384
times, with the conditions of light: emission 340-
380 nm, cut-off filter at 430 nm and emission 450
490 nm, cut-off filter at 515 nm.

Electronic absorption spectra were recorded
using a Perkin-Elmer lambda 900 instrument in
transmission geometry.

CW photoluminescence spectra were carried
out by using a SPEX 270M monochromator
equipped with a N, cooled CCD detector, by
exciting with a monochromated Xe lamp. Solution
photoluminescence quantum yield (PLQY) mea-
sures were performed using, as a reference, a qui-
nine sulphate solution by exciting at 350 nm
(@ =54.6%). PLQY on films were performed
using an integrated sphere and laser radiation
(4 =364 nm).

Molecular modelling calculations including
crystal packing energy minimisations were per-
formed using MATSTUDIO package, release 2.0,
developed by Accelrys [13].

3. Results and discussion

The structural/morphological evidences of both
molecules aiming to relate with their electro-
luminescence behaviour in thin films obtained by
different techniques, namely ultra high vacuum
(UHV) evaporation, detailed in Table 1, spin-
coating and casting, have been examined by
coupling the XRD analysis with fluorescence
microscopy [14].

3.1. Molecule 1

The oligomer displays polymorphism, consti-
tuted by two 3-D phases and a mesophase (smectic
in nature) [14], obtained from different cooling rate
from melt, namely very slow cooling (<0.01°/min)
yields thermodynamically stable yellow phase (Y);
while another 3D phase (R), is achievable by
adopting a cooling rate of ~0.1°/min, finally the
smectic phase M is prepared by liquid nitrogen
quenching. The XRD patterns of films subjected
to these different thermal treatments are reported
in Fig. 1. However all the packing arrangements,
obtained by single crystal analysis (Y-phase) [11],
by powder diffraction analysis (R-phase)[15] and
by crystal packing calculations (M-phase), see
Section 2, allows for a bad or far facing among
adjacent conjugated segments [11,15], thus limiting
luminescence quenching [16]. The striking differ-
ences among the phases are the molecular con-
formation as shown in Fig. 2, the Y-phase presents
end-thiophene rings bent by over 40° with respect
to the mean molecular plane, while in the R- and
M-phases the corresponding torsion angles are
<10° and <20° respectively. Another characteristic
difference is related to the conformation of alkyl
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Fig. 1. XRD patterns of samples of 1 obtained by crystalliza-
tion from melt at different cooling rates. The three different
phases are evidenced: Y (solid line), R (dashed line) and M
(dotted line), see text.
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Fig. 2. Conformations of molecule 1 in the Y phase (up) and in the R- or M-phases (down).

chains which is zig-zag planar in the R- or M-
phases, while assumes a tilted angle (>77°) with
respect to the thiophene ring in the Y-phase;
finally the terminal methyl groups assume gauche
conformation in the R-phase. The UHV deposi-
tion allow for the preparation of films richer in
mesophase with respect to Y-phase (~5/1 from
XRD analysis) [14]; in the spin-coating films such
ratio is enhanced up to ~5/1; only in films quickly
cast from CHCI; the R-phase could be evidenced
[14].

In Fig. 3 the absorption and emission of films
Y-phase rich and M-phase rich, obtained by UHV
evaporation on quartz substrates, are reported for
comparison, while in Fig. 4 the normalized
absorption spectra of thin films of 1 grown in
UHYV onto a large glass substrate, 4x2 cm?, is
shown. The reduction of the intensity (the inset of
Fig. 4) together with the profile variation of the
spectrum (Fig. 4) as a function of the distance
between the substrate and the furnace are evident.
The first observation is attributed to both the small
amount deposited and mostly to the different
oscillator strength. The comparison with Fig. 3
reveals different amounts of the two main phases
as increasing the distance from the furnace, i.e.
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(syun-que) Aysusjurd

P RS il B L r——
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Fig. 3. Absorption (left) and emission (right) spectra of mole-
cule 1 thin films. Y-phase (full line) and M-phase (dotted line)
rich samples.

from 14 to ~17 cm. This observation is in agree-
ment with the slightly different crystal energy, as
determined by both DSC and crystal packing
calculations, between the more stable the Y-phase
and the M-phase, being less than 1 kcal/mol [17].
The control of the growth in these conditions,
~0.05 nm/min, consists of a delicate equilibrium
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Fig. 4. Electronic absorption spectra of a thin film of 1 per-
formed at different regions of the sample, corresponding to
increasing distances from the evaporating cell. The curves are
normalized while the inset ones are reported as carried out.

between the kinetic control, at a shorter distance
from the furnace orifice, giving rise to M-phase
rich regions, and the thermodynamic control,
yielding Y-phase rich areas.

3.2. Molecule 2

The crystal of molecule 2 displays a statistical
disorder at end-thiophene rings, i.e. they assume
either syn (mainly) or anti conformations with re-
spect to the central cyclopentane ring [5]. However
the partial overlap of these thiophene residues al-
lows for an energy transfer, indicated by arrows in
the packing arrangement shown in Fig. 5. Films
obtained by both casting and especially by spin-
coating tend to crystallize/aggregate during ageing,
while UHV evaporated films are more stable, al-
though they present smaller size of crystalline do-
mains [5]. The absorption and PL spectra of 2 thin
films are reported in Fig. 6. The low-energy tail
observed in PL, unshown in Fig. 6, has been
attributed to aggregation of few molecules strictly
n-faced [3].

3.3. Blends and devices

As also shown in Fig. 6 (UHV thin films on
quartz), the absorption of molecule 1 well matches

Fig. 5. Crystal packing of molecule 2. The arrows indicate the
closest pathway among conjugated segments.
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Fig. 6. Spectra of absorption of 1 (full line) and 2 molecules
(broken line) and PL emission of 2 molecules (dotted line) as
UHYV thin films on quartz.

with the emission of molecule 2, thus allowing a
resonant energy transfer (Foerster type) to occur,
evaluated according to [18]. LED devices based on
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this couple of molecules display an emitting region
[19] ranging from 450 to 650 nm, due to the con-
tribution of both the compounds. The efficient
energy transfer occurs in thin films, both spin-
coated and UHYV evaporated, even at low 1 con-
tent (less than 1%) and the Foerster radius has
been calculated to be slightly lower than the
experimental one 4.5 versus 5 nm, such difference
has been attributed to an additional donor-donor
migration [19] (see Fig. 6). The PL intensity de-
creases during time in spin-coated samples, with
respect to UHV evaporated films, clearly due to
molecule 2 crystallization.

Morphological investigations have been carried
out with both optical and fluorescence microscopy,
thanks to the suitable emission windows of 1 with
respect to 2 thin films, allowing for an evident
contrast between the dark (2 rich) and bright (1
rich) morphological subunits [14]. The observa-
tions revealed a decreasing segregation passing
from cast, to spin-coated, to evaporated blend
films [14]. Accordingly, XRD spectra show the
presence of Y- and M-phases of 1 and 3-D phase
of 2 molecules, the dimensions of crystalline do-
mains of 2 molecule reduce in the series above
mentioned, as clearly indicated by XRD line pro-
file analysis [14].

LED device production was done both with
spin-coated (A-type) and with UHV evaporated
thin films (B-type) using the architecture 1TO/
PEDOT/blend/Ca/Al. The I-L-V curves shows a
lower current density in B films with respect A
ones, possibly related to reduced mobility due to
crystal size dimensions, measured by line-profile
XRD analysis [14]. The inset of Fig. 7 shows [-L—
V curves of both A- and B-type devices at com-
parable molar ratios. The light onset depends on
film thickness rather than packing effect, in fact the
thickness is about 30 and 15 nm for UHV and spin
coated films respectively [14].

The external efficiency is one order of magni-
tude smaller in device from A films with respect to
B-type samples, <107*% and >1073%, respectively.
This fact can be attributed to several factors: larger
overall roughness in A devices; larger crystal
dimensions in A device, 1.e. reduced number of
interfaces, and mostly crystallinity modification
during the operation, relevant in A samples.
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Fig. 7. PL (a) and EL (b) spectra of LED done with evaporated
films 1 mol% concentrated. In the inset energy level diagram
(right) of the same device and /-L-V curves (left) of evaporated
(A, ) and spin-coated (A, m) devices.

4. Conclusions

A detailed study on the efficient energy transfer
in thin films of two oligomers indicated:

e the relevance of the morphology of the sample,
as confirmed by the efficiency in LED prototype
based on blends of these oligomers;

e the efficient resonant energy transfer through
blending by UHV co-evaporation;

e the different contributions in LED functioning,
1.e. structural stability, segregation level, crystal-
lite dimensions, surface homogeneity.
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