This article was downloaded by: [University of Haifa Library]

On: 20 August 2012, At: 10:46

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and

Liquid Crystals Science

and Technology. Section A.

e Molecular Crystals and Liquid
Crystals

Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl19

Structural Order and
Photoelectric Properties of
Organic Thin Films

Norbert Karl ® & Jorg Marktanner 2 °

& physikalisches Institut, Universitét Stuttgart,
D-70550, Stuttgart, Germany

® TRIKON GmbH, Ulm, Germany

Version of record first published: 04 Oct 2006

To cite this article: Norbert Karl & J6rg Marktanner (1998): Structural Order and
Photoelectric Properties of Organic Thin Films, Molecular Crystals and Liquid Crystals
Science and Technology. Section A. Molecular Crystals and Liquid Crystals, 315:1,
163-168

To link to this article: http://dx.doi.org/10.1080/10587259808044326

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,



http://www.tandfonline.com/loi/gmcl19
http://dx.doi.org/10.1080/10587259808044326
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [University of Haifa Library] at 10:46 20 August 2012

sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to

date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.




Downloaded by [University of Haifa Library] at 10:46 20 August 2012

Mol. Cryst. Lig. Cryst., 1998, Vol. 315, pp. 163-168 © 1998 OPA (Overseas Publishers Association) N.V.
Reprints available directly from the publisher Published by license under
Photocopying permitted by license only the Gordon and Breach Science
Publishers imprint.

Printed in India.

Structural Order and Photoelectric Properties of Organic
Thin Films

NORBERT KARL and JORG MARKTANNER* 3. Physikalisches Institut,
Universitit Stuttgart, D-70550 Stuttgart, Germany

Photoactive organic thin films are attracting rapidly growing attention.Model
investigations are aiming at establishing a new era of electronics, based on
molecular materials - with the Eotential of miniaturization down to the molecu-
lar level ("molecular electronics”). As a fundamental difficulty, however, electric,
photoelectric and optoelectronic properties of organic thin film samples are
often found to vary considerably with the preparation parameters. - Using
vapor-deposited 3,4,9,10-perylene-tetracaboxylic- dianhydride (PTCDA) thin
films and measuring the electron time-of-flight mobility we prove that, what
appears as poor reproducibility, largely is a consequence of a wide scatter of
structural parameters, such as the degree of cystallinity and orientational order.
We find that the electron mobility - over orders of magnitude - is (anti-)orrela-
ted with the width of the X-ray rocking curve of the respective sample, reaching
3x10-2 ¢cm?/Vs for our present{y best one.

Keywords  organic thin films; order; disorder; rocking width; electron mobi-
lity; PTCDA;

INTRODUCTION

Different types of structural order/disorder occurring in thin films comprise
azimuthal disorder, formation of multiple domains, small angle grain bound-
aries, texture, and polymorphism. Azimuthal disorder (on a scale L) can be
detected either by methods that superimpose or average out directional proper-
ties over a certain area (L?) such as e.g. low energy electron diffraction, LEED,
(where L is given by the electron beam diameter of ca. lmm), optical double
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refraction and dichroism (L 2 1), or by observing the orientational distribution
of individual grains e.g. by transmission electron microscopy (TEM) in the im-
aging or in the diffraction mode. Multiple domain formation is usually found in
conjunction with epitaxial growth if the substrate surface contains symmetry
elements, offering several energetically equivalent orientations to grow. There-
fore on a hexagonal surface, as e.g. that of cleaved graphite, up to 12 symme-
try-equivalent domain orientations can be expected; optical and diffraction
methods allow theirdetection.Information on small angle grain boundaries, i.e.
on a microcrystalline sample with only small angular deviations of the individu-
al grains from a common average orientation, can be obtained from X-ray rock-
ing curve analysis, measuring the angular spread of a considered reciprocal lat-
tice vector, cf. Figure 1, whereas texture, describing a certain degree of preferred
orientation in a sample with near random grain orientations, can be inferred
from a non-isotropic disribution of X-ray scattering power. A tendency towards
polymorphism arises from the fact that the first few organic layers on a substrate
often crystallize in a structure different from that of the usual bulk structure,
an effect induced by details of the interactions with the substrate surface.
These also determine different "wetting” behaviour, leading then to one or
another type of growth modes (Frank — van der Merwe, Stranski— Krastanov,
or Volmer —Weber). Island growth, typical of the latter, often leads to grain
interfaces with stuctural or doping discontinuities, to pinhole formation in the
layers or even to complete lack of connectivity; in addition, surface thickness
may tend to be rather nonuniform; this can be checked to better than ¢ 1nm by
the contrast ratio of small angle (Kiessig) X-ray interferences or, with high
spacial resolution, by scanning atomic force microscopy (AFM).

There are a number of effects that these different types of disorder can have
on the electric, photoelectric, optoelectronic, optical and other properties of a
sample: structure and symmetry-determined anisotropic properties are averaged
out; discontinuities of translational symmetry cause (additional) scattering,
slowing down mobile excitations (electrons, excitons, phonons) and thus leading
to increased transport resistance, or even full transport interruptions, and - in
addition - may induce density of states at otherwise forbidden energies; struc-
tural changes and dopant aggregation at grain boundaries may lead to barrier
formation and interface trapping. Alltogether, lifetimes of excited states are
frequently reduced; spectral lines are broadened.

For whatever intended technical applications any possible improvement of
structural order is thus highly desirable. In what follows an experimental exam-
ple will be given.
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EXPERIMENTAL

For experiments devised to clarify the variability of structural order in va-
por-deposited thin films and to elaborate its bearing on the photoelectrical
parameters we chose the standard model substance PTCDA (3,4,9,10-pery-
lene -tetracarboxylic - dianhydride; for the molecular structure see Figure2).
We report on a study of the different resistance against transportation exerted
on photogenerated electrons in samples of different order, and measured as
their effective mobility y in a time-of -flight (TOF) type experimental setup.

Commercial PTCDA (Aldrich) was purified by a slow (1g/24h) multiple-
temperature-step vacuum sublimation, followed by a slow temperature gradient
(ca. 400K/m) sublimation in a stream of highly purified N, at 1mbar. The
central fractions were used. Before vacuum (HV: 10-6 mbar; UHV: 10719 mbar)
vapor deposition of PTCDA thin films the source material was preheated over
night. Ca. 2 cm? layers, at a thickness between 230 and 480nm, were then
deposited at a rate between 0.5 and 25nm/min on different polycrystalline
and single crystalline substrates, acting as one of the TOF-electrodes (Au on
fused silica; In/Sn-oxide, "ITO”, on glass; Si, covered with native oxide; and
UHV-prepared bare single crystalline Si, which, however, was found to offer
no advantage because arriving PTCDA molecules are immediately bound chem-
ically in the first layer, a fact leading to polycrystalline films as well, rather
than to an expected epitaxial ordering). Six segments of a semitransparent (ca.
15nm) gold cover electrode were finally overlaid by thermal evaporation and
each was contacted (under air) by a tiny droplet of a liquid Inj 5,Gag . alloy
and a thin copper wire, Measurements were made under vacuum.

Charge carriers were pulse-excited near the gold electrode by strongly ab-
sorbed laser photons (~1011/10mm?-segment) (A\ = 337nm, 0.9ns or A =
472nm, 0.7ns). Each drift current pulse j(t) (consisting of ~10% mobile elec-
trons) was amplified by a broad-band amplifier, fed to a fast real time oscil-
loscope (Tektronix 7104 /7A29 /7B15), photographed single shot by a trig-
gered CCD camera, and digitized to a j(t) diagram.

The time resolution of the eqipment was ca. 1ns. At a typical (not greatly
varied) drift field of 10kV/cm, where signals were sufficiently above noise, a
minimum useful drift time of ca.4 ns limits the minimum allowable sample
thickness d to 400 nm for detecting a mobility up to 1cm?/Vs, (or to 4nm for
= 10-2cm?/Vs; one should be aware, however, that for bulk photogeneration,
even at maximum absorption (¢ = 3.8:10°cm! at X = 472nm), the Lambert—
Beer /e light penetration depth (26 nm) may not be negligible in the evaluation).
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RESULTS AND DISCUSSION

Highest specific resistances of the 10mm?2 TOF thin film sandwich samples
ranged around 5x10!! Ocm, but most were lower and a number of samples
displayed full through-contacts which we attributed to conductive bridges
caused by pinholes; these could sometimes be burnt off by a voltage pulse.
Charge carrier TOF pulses j(t) were obtained only for electron poling. These
pulses did not show the ideal rectangular shape with a clear-cut arrival time
kink, known from well purified single crystals. Dispersive transport was conclu-
ded therefore, and the curves were tentatively analyzed according to the Contin-
uous-Time Random Walk model devised by Scher and Montroll [1]: A log j ver-
sus logt plot revealed a transition from a lower slope (1) to a larger slope (2)
decay with a transition time t depending on the applied electric field strength,
thus excluding a pure deep trapping situation. Analysis of these slopes
confirmed, as theoretically required by the model, that j, ~ (-, j2 ~p-(ea),
0 < « < 1. Moreover, all measured TOF curves nicely coincided when drawn in
relative units in a master plot, i.e. with each current relative to its value at time
1, versus time in units of t, see Figure 2. This universality behaviour was taken
as a justification to apply the model and to extract mobilities. All mobilities
presented were so checked. (Notice that these are the maximum mobilities,
connected with that class of carriers that find the fastest random walk routes).
Variations of structural order were achieved by using different substrates,
a range of deposition rates and substrate temperatures between 173 and
423K. It was found that the TOF electron mobilities obtained displayed a
strong correlation (across orders of magnitude) with the structural order of the
respective sample, as defined by the rocking width of the (102) Bragg-Brentano
X-ray diffraction peak. PTCDA is known to tend to grow with its (102) plane
preferentially parallel to the substrate surface on most substrates, no matter
whether poly- or single - crystalline. Thus for a range of rocking widths of the
(102) reflection decreasing from 22 deg to 3 deg (fwhm) the (room temperature)
electron mobility increased from 7%10°6 to 3x10-2cm?/Vs, see Figure 3. Between
100 and 370K these mobilities were slightly thermally activated (E, .~ 20 meV).

More details on these TOF experiments in PTCDA films may be found in ref.[2].
Notice that the highest measured mobility was still associated with a rocking

width of 3.4 deg. Better, (102)quasi -epitaxial ordering of PTCDA was observed
on HOP- graphite and MoS, (0001) and on GeS(010) single crystal surfaces with
rocking widths of less than 0.3 deg. These highly ordered layers promise still
much higher electron mobilities, as may be inferred from extrapolating Figure 1.
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FIGURE 1 The X-ray rocking curve width of the (102) reflection
of a highly ordered polycrystalline vapor-deposited PTCDA thin
film is only 3.4 deg in this example.
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FIGURE 3 Electron mobilities (R.T.)in different samples of PTCDA
thin films strongly (anti-) correlate with the X-ray rocking width, which
is a measure of disorder of the respective thin film sample.

Unfortunately, however, we were not yet able to measure TOF mobilities with
such samples so far because of severe through-contact formation during deposi-
tion of the Au cover electrode; this problem is likely to be caused by step edges
formed during the preparation of these substrate surfaces by cleavage.

In summary, from these results and others to be found in literature [3] it is
obvious that it makes sense to try to improve charge carrier transport properties
of organic thin films by improving structural order. This will quite generally
have considerable importance e.g. for increasing extractable power yield in pho-
tovoltaic cells, for reducing heat dissipation in electroluminescent organic thin
film devices, and for speeding up organic thin film transistors.

This work was supported by the DFG in the Collaborative Research Center 329.

[1] H. Sher and E.W. Montroll, Phys. Rev. B12, 2455 (1975)

[2] Marktanner, J., Dissertation, University of Stuttgart (1995)

(3] H.Yanagi, S.Douko, Y.Ueda, M. Ashida, D.Wthrle, ]J- Phys. Chem.
96, 1367 (1992); S.A. Chen and C.S. Liao, Solid State Comm. 87, 993 (1993);
S.R.Forrest, P.E. Burrows, E.L.Haskal, F.F.So, Phys.Rev, B49, 11309 (1994);
Y.Ueda, M.Watanabe, H.Yamaguchi, Mol.Cryst.Liq. Cryst 267, 175 (1995);
K.Narushima, T. Kotani, R.F.Egerton, R.Urao, M. Takeuchi, Appl. Surface
Sci. 1137114, 326 (1997); A.loannidis, J.P.Dodelet, J.Phys. Chem. B 101, 891
(1997); idem, ibidem 5100; R.Hajlaoui, D.Fichou, G.Horowitz, B.Nessakh,
M. Constant, F. Garnier, Adv. Mater. 9, 557 (1997)



