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Research on conjugated polymers and oligomers is a rap-
idly expanding field within materials science due to the
promising opportunities for applications of these p-electron
semiconductors in electronics and photonics. Conjugated
polymers combine properties of classical semiconductors
with the inherent processing advantages of plastics and
therefore play a major role in low-cost, large-area optoelec-
tronic applications. On the other hand the interest in oligo-
mers comes from the well-defined chemical structure and a
defect-free, highly ordered structure in the solid state in
contrast to the disordered phases of the polymers. p-Conju-
gated oligomers such as oligothiophenes or oligophenyl-
enes have been successfully used as active layers in field ef-
fect transistors (FETs)[1] and light-emitting diodes
(LEDs).[2] These molecules are thermally stable up to
300±400 �C, can be obtained as pure materials (up to elec-
tronic grade), and can be processed as thin films in high
vacuum or ultrahigh vacuum conditions. The morphology,
molecular packing, and structural properties of these thin
films are essential for their optical properties and charge
transport through the active layer.[3]

The present work focuses on para-sexiphenyl (PSP), a six
units oligomer of para-phenylene. PSP is a promising can-
didate as an electroactive layer in organic colored LED dis-

plays[4] due to its blue luminescence with high quantum
yield.[2c] The luminescence and the optical absorption of
the PSP films are polarized along the long axis of the mole-
cules. Thus, the macroscopic anisotropy of the absorption
and emission strongly depends on the relative orientation
of the molecules on the substrate.[5,6] In this report we show
that, depending on the growth conditions, anisotropic films
of crystalline PSP with dichroic ratios up to 14 in emission
can be produced.

Sexiphenyl crystallizes monoclinic,[7,8] in a space group
P21/c, with lattice constants of a = 8.091 �, b = 5.568 �,
c = 26.241 � and monoclinic angle of b = 98.17�. The posi-
tions of the atoms in the unit cell are known from single-
crystal investigations:[8] the molecular axes are parallel for
all molecules in the lattice and the planes of the molecules
have two different angles of inclination with respect to the
surface normal in adjacent layers. The molecular axes are
not parallel to the c-axis but slightly inclined relative to it.
The X-ray reflections (the 2y value for Cu Ka radiation)
for sexiphenyl were calculated and experimentally tested
elsewhere.[9a]

Thin films of PSP are traditionally grown by physical va-
por deposition.[5,6,9] It was shown that the substrate temper-
ature during evaporation and the deposition rate are im-
portant parameters for molecular packing in the solid-state
structure. In particular, the films deposited on GaAs, glass,
indium tin oxide (ITO) coated glass, or KCl at high sub-
strate temperatures demonstrate preferred growth in the
(001) orientation with the molecules aligned roughly per-
pendicular to the substrate.[5,6,9] At low substrate tempera-
tures, preferred growth in the (112Å) and (203Å) orientations
develops and the layers consist dominantly of molecules
whose long axes are preferentially inclined parallel to the
substrate.[5,9] Generally, the films grown by vapor deposi-
tion consist of randomly oriented islands whose shapes and
structures depend on the purity of the source material and
on growth conditions.[9a]

Recently, Müller et. al.[10] reported that large islands of
PSP (several micrometers long, about 1 mm wide), which
are well-defined and oriented into two perpendicular twin
directions, can be obtained at similar growth conditions as
reported in the literature[9] on GaAs(001) substrates using
molecular beam epitaxy (MBE). This report demonstrated
the influence of a suitable growth technique on the quality
of structured thin films of oligomers.

In this communication we report on the application of a
comparable simple technique promising for the growth of
conjugated oligomers, namely hot-wall epitaxy (HWE),[11,12]

to produce highly ordered thin films of PSP with high crys-
tallinity at the macroscopic scale. In contrast to the deposi-
tion methods discussed above, HWE allows the growth of
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epitaxial layers close to thermodynamic equilibrium[13,14]

and as a consequence the large organic molecules can find
the most suitable arrangement before being incorporated
into the crystal lattice, resulting in highly ordered structures
of the deposited layers. Hence, HWE growth of PSP on
well-defined crystalline surfaces is interesting not only in
terms of device applications but also in terms of the funda-
mentals of epitaxial growth. In this context, we selected as a
convenient substrate material freshly cleaved mica, because
the extremely small surface roughness of this substrate does
not mask the intrinsic features of the film. The mica is al-
ready well known to be a good substrate for the growth of
C60

[11,12] and sexithienyl (T6)[15] epitaxial layers with re-
markably high crystalline quality. All our samples were
grown at a substrate temperature of 90 �C where pref-
erential orientation of the molecules is expected.[9]

The crystalline structure and the orientation of our PSP
films were determined by X-ray diffraction (XRD) mea-
surements. Only a (111Å) reflection from the film and (00l)
reflections from the mica substrate were observed in y/2y
scans. Hence, from XRD one can conclude that the HWE
technique yields highly crystalline PSP films oriented along
(111Å). This is similar to results obtained for PSP films
grown at low substrate temperatures on GaAs.[9] For this
type of growth the angle between the long axis of the sexi-
phenyl molecules and the substrate surface is rather small,
resulting in ªlyingº molecules.[9a]

Figure 1a shows an atomic force microscopy (AFM) im-
age of the surface morphology of a typical PSP film grown
by HWE on mica within one hour. In contrast to T6 thin
films on mica[15] and PSP films on GaAs[9,10] grown by other
techniques, a long-range ordered structure with a strongly

Fig. 1. AFM images characterizing the needle-like morphology of PSP films
on cleaved (001)-oriented mica. The images show the ªdeflection imagesº
or ªerror imagesº of the feedback signal. a) 20 mm ´ 20 mm image; deposi-
tion time, 60 min. b) 5 mm ´ 5 mm image; deposition time, 6 min. c) 100 mm
´ 100 mm image characterizing the needle-like morphology on flat terraces,
separated by a big cleavage step of the mica.
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expressed preferential direction is observed. This structure
consists of large oriented crystallites looking like very long
ªneedlesº, which are parallel to each other and separated
by relatively flat areas. AFM line profile measurements
show that the ªneedlesº depicted in Figure 1a are typically
about 130 nm high and up to 800 nm wide with flat areas
of 300±400 nm in between. ªNeedlesº with a length of up
to »100 mm were detected, showing a length-to-width ratio
of the order of 100. Hence the ªneedlesº (crystallites) are
strongly anisotropic and their axes align along one pref-
erential direction. Such a needle-like structure can be ob-
served at a growth time as short as a few minutes, as de-
picted in Figure 1b, i.e., for thin films of PSP. Here the
ªneedlesº are smaller but again up to »100 mm long
(length-to-width ratio of the order of 500) and the pref-
erential direction is more pronounced due to the shorter
growth time. On perfectly cleaved mica this preferential di-
rection does not change over the entire film surface of
~20 mm2, as found by light microscopy studies. On mica
terraces, separated by big cleavage steps, the preferential
direction of the ªneedlesº can change by 120� from terrace
to terrace, while the morphology of the ªneedlesº remains
identical. A typical example is shown in Figure 1c. The
turnaround of the ªneedlesº by 120� seems to be based on
an interaction between the deposited PSP molecules and
the different layers of mica.[16] The roughness of the space
between the needles is determined to be 3±4 nm, which is
comparable to the roughness on the ªsurfaceº of the ªnee-
dlesº (»3 nm). Cleaved mica typically shows a surface
roughness around 0.2±0.3 nm. Therefore, we assume that
the PSP films are closed and the areas between the ªnee-
dlesº are also covered by sexiphenyl.

According to XRD and AFM data the PSP films grown
by HWE on mica are highly anisotropic and, consequently,
one would expect to see high dichroic ratios in the absorp-
tion and emission of light. In Figure 2 the polarized UV-vis
absorption spectrum of a film (its morphology is depicted
in Fig. 1a) is shown for different angles of the polarizer
with respect to the ªneedlesº. The plotted curves show a
well-pronounced maximum around 366 nm for the polariz-
er perpendicular to the ªneedlesº. For the excitation beam
polarized parallel to the ªneedlesº, no significant absorp-
tion band can be observed within the experimentally acces-
sible window down to 300 nm. The maximum centered at
»366 nm becomes tilted when the angle between the direc-
tion of the ªneedlesº and the electric field vector of the ex-
citing light is close to 0�. At 366 nm we observe a dichroic
absorption ratio between parallel and perpendicular polar-
ization of more than 11. It was shown earlier that the opti-
cal absorbancy of PSP films depends strongly on the orien-
tation of the sexiphenyl molecules relative to the substrate/
incident beam: the absorption parallel to the chain is char-
acterized by a peak at about 380 nm and perpendicular to
the chain by an absorption band around 280 nm.[6] We
therefore conclude that the dominant peak at »366 nm, ob-
served for the polarization perpendicular to the ªneedlesº,

is due to the p±p* absorption of molecules that are slightly
tilted towards the substrate surface with their long axes al-
most perpendicular to the ªneedleº axis.[6] This is in agree-
ment with our XRD studies presented above and implies a
very well ordered stacking of PSP molecules.

IR spectroscopy provides information on the molecular
basis and is a powerful tool for studying the alignment of
single molecules in oriented, thin organic films.[17] The po-
larization-dependent IR reflection spectra shown in Fig-
ure 3 confirm the alignment of the PSP molecules perpen-
dicular to the ªneedlesº. We concentrate the discussion on
three vibrational bands: according to the analysis of Louarn
et al., the bands at 760 and 815 cm±1 are assigned to the C±H
out-of-plane bending vibration on mono- and para-substi-
tuted phenyl rings, respectively,[18,19] while the band at
1479 cm±1 is assigned to the ring stretching vibration along
the molecular axis.[18] The intensity of the C±H bands (vi-
bration polarized perpendicular to the long axis of the mole-
cules) can be tuned between 0 and 100 % by changing the
angle between the needles and the electric field vector. The
ring stretching band (vibration polarized along the molecu-
lar axis) shows the opposite dependence on the polarization.
The intensities of bands show a strong cosine-type depen-
dence on the angle (see Fig. 3, inset). This behavior can only
be understood if the PSP molecules are mostly arranged
with their long axes perpendicular to the ªneedlesº, showing
only a small inclination towards the substrate surface.

Adv. Mater. 2000, 12, No. 9 Ó WILEY-VCH Verlag GmbH, D-69469 Weinheim, 2000 0935-9648/00/0905-0631 $ 17.50+.50/0 631

Communications

Fig. 2. Angularly resolved polarized UV-vis absorption spectra of a PSP film
(normal incidence). Angle of field relative to needles: 0�, field parallel to
the direction of the ªneedlesº; 90�, field perpendicular to the direction of
the ªneedlesº.
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One of the applications to be developed in the near fu-
ture is polarized LEDs. Obviously, a necessary condition
for polarized electroluminescence is polarized photolumi-
nescence. In order to determine the polarization degree of
the light emitted from these highly ordered PSP films, we
performed photoluminescence (PL) measurements in a
two polarizer geometry for the pump polarization and
probe polarization (Fig. 4, left, inset). Typical photolumi-
nescence spectra are shown in Figure 4. For all four permu-
tations of polarizations a well-known PL spectrum (upper
spectrum) with three pronounced bands[18±20] is observed.
The PL emission shows vibronic fine structure.[18] The max-
imum of emission is observed again if the excitation acts
perpendicular to the direction of the ªneedlesº, consistent
with both UV-vis absorption and IR reflection data. The di-
chroic ratio for 90�±90� emission compared to 0�±0� is »14.
The strong emission bands have the electric field vector
component perpendicular to the film surface, indicating
that the PSP molecules are aligned not absolutely flat on
the substrate, but are tilted slightly out of plane. From our
optical experiments it is very difficult to derive an exact
value for the inclination angle between the molecular axis
of the PSP molecules and the substrate plane.

The driving force for spontaneous formation of the large,
well-ordered ªneedleº structures could come from aniso-
tropic elastic strain induced by the lattice mismatch. Such
phenomena should be more clear expressed at thermody-
namic equilibrium condition because in this case the mole-
cules can find the energetically optimal place more easily
before being incorporated into the crystal lattice. Note that,
in contrast to HWE, the growth
process by flash evaporation or
by MBE of oligomers runs very
far from equilibrium.

In summary, thin films of para-
sexiphenyl with optical dichroic
ratios of up to 14 were grown on
cleaved mica substrates using the
HWE technique. The films are
crystalline and oriented along
(111Å). Self-organization of PSP
molecules occurs during HWE
growth, resulting in long-range
ordered needle-like structures
with a strongly expressed pref-
erential direction, and a length-
to-width ratio of up to 500. Ac-
cording to all optical and XRD
data, the PSP molecules are basi-
cally lying on the substrate at a
small tilt angle to the surface and
with their long axes almost per-
pendicular to the direction of the
ªneedlesº. The potential of HWE
for the growth of highly ordered
structures, as demonstrated in

this work, has interesting implications in terms of polarized
optoelectronic devices based on conjugated oligomers.

Fig. 4. Polarized PL spectra of a PSP film at room temperature for excitation at 350 nm. Inset, left: a schematic
representation of measuring geometry. Inset, right: the angular dependence of the emission for excitation polar-
ized at 90�.

Fig. 3. Angularly resolved polarized IR reflection spectra of a PSP/mica
film. Angle of field relative to needles: 0�, field parallel to the direction of
the ªneedlesº; 90�, field perpendicular to the direction of the ªneedlesº. In-
set: the angular dependence of the 1479 cm±1 vibration.



Experimental

Materials: High-purity para-sexiphenyl (PSP) powder was purchased
from TCI-GR Co., Japan. Further purification was performed by threefold
sublimation at 280 �C under a dynamical vacuum of 1 ´ 10±6 mbar. The sub-
strate used was freshly cleaved (001)-oriented Muskovite mica.

Growth of PSP: Thin films were grown in a HWE system, which has been
used previously for the successful deposition of high-quality crystalline films
of C60 and Ba6C60 [11,12]. In the growth chamber of the system a HWE re-
actor and a preheating/annealing oven were installed. The reactor consisted
of two separately heated ovens for the wall and source zone, which could be
kept at different suitable temperatures during growth. The quartz tube with
the source material at the bottom was mounted inside the oven. The sub-
strate was placed close to the tube end and could be heated separately. The
hot wall zone between the substrate and the source guaranteed a nearly uni-
form and isotropic flux intensity and high kinetic energy of the molecules.
The sample holder could be moved from the preheating oven to the HWE
reactor and back using a computer-controlled step-motor. The vacuum dur-
ing growth was about 6 ´ 10±6 mbar. All films were grown at a constant sub-
strate and source temperature of 90 �C and 240 �C, respectively. The wall
temperature was in the range of 240±260 �C. These growth parameters re-
sulted in a low deposition rate of about 2 nm/min, which gave nominally
»120 nm thick films within the typical deposition time of one hour.

AFM Measurements: The film morphology was investigated by AFM with
a NanoScope IIIa (Digital Instruments, Santa Barbara, CA) operated in
contact mode in air.

XRD Measurements: The crystalline quality of the PSP films was investi-
gated using a conventional X-ray diffractometer in coupled y/2y reflection
mode using Cu Ka radiation.

Optical Characterization: All measurements were performed at room
temperature. Polarized absorption spectra were recorded with an UV-vis
HP spectrophotometer at normal incidence. Polarized photoluminescence
spectra were measured on a Hitachi F-4010 fluorescence spectrometer at
normal incidence. Infrared reflection measurements were performed using a
Bruker IFS-66 FTIR spectrometer.
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Electron Transport Properties of Nanocrystals:
Isolated, and ªSupraº-Crystalline Phases

By Abdelhafed Taleb, Fabian Silly, Alexander O. Gusev,
Fabrice Charra, and Marie-Paule Pileni*

Single electron tunneling on nanometer-sized metals is
recognized as the fundamental concept for ultimate minia-
turization in microelectronics.[1] In recent years, a new class
of electronic devicesÐsingle electron tunneling transis-
torsÐhas been obtained.[2,3] This is a result of the consider-
able progress achieved in imaging, measuring and manipu-
lating material properties down to the atomic length scale.

Scanning tunneling microscopy (STM) is an indispensa-
ble tool for exploring phenomena down to the atomic level.
This is primarily based on the ability to obtain local infor-
mation on electronic,[4,5] chemical,[5,6] and optical proper-
ties.[7±9] A rather large number of groups have investigated
electrical properties of nanocrystals deposited on sub-
strates with various coatings,[2±16] results indicating that
these are promising candidates for future nanoscaled archi-
tecture in microelectronic technology.

For an isolated metallic object of capacitance C, the
energy associated with the transfer of one electron from a
tip to the particle is Ec = e2/2C, where e is the elementary
charge unit. The system composed of a tip and a metallic
particle deposited on the substrate is equivalent to two tun-
nel junctions coupled in series. One (adjustable) tunnel
junction is formed between the STM tip and the metal par-
ticle. A second fixed junction exists between this particle
and a conducting substrate. Coulomb blockades with and
without staircases were previously observed at room tem-
perature.[17,18]
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