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mosphere. The graphite cathode of 10 mm diameter was placed horizontally
facing the composite anode of 6.15 mm diameter. The latter had a 3.2 mm
diameter hole drilled 25 mm filled with a mixture of graphite (Graphit, fein
gepulvert reinst, Merck, Germany) and Si powder in the atomic ratio 1:1.

The experiments were repeated with and without the addition of 0.03 at.-%
of Fe powder to the anode. During arc-discharge evaporation of the graphite/
silicon composite anode a hard cylindrical deposit (the core deposit) grows at
the end of the graphitic cathode. Additionally a soot-like deposit is formed
around the core deposit of the cathode, here called the collaret deposit. Sam-
ples for TEM examination were prepared from the core deposit as well as
from the collaret deposit. The deposits were diluted in chloroform, sonicated
for 5 min and dropped on a TEM Cu grid (300 mesh) with holey carbon film.

The characterization of the samples was performed using TEM, HRTEM,
electron diffraction, and analytical electron microscopy using EELS.

TEM was carried out with a JEM 2000FX (JEOL, Japan), using an accel-
eration voltage of 200 kV, HRTEM was carried out with a JEM 4000EX
(JEOL, Japan), using an acceleration voltage of 400 kV, and EELS was car-
ried out with a PEELS 666 (Gatan, USA) on a dedicated STEM VG HB
501 UX (Vacuum Generators, UK) operating with a cold field emission gun
at 100 kV acceleration voltage. All EELS data were acquired and processed
using the EL/P 3.0 software (Gatan, USA). Pure Si and SiC powder samples
prepared for electron microscopy in the same way as the arc discharge prod-
ucts were characterized by EELS in order to get reference spectra acquired
under comparable conditions.

The Si-L edges were acquired with an energy dispersion of 0.1 eV, a con-
vergence angle of 10 mrad and a collector angle of 6.5 mrad. For the meas-
urement of the Si-K edge the gun-lens was less excited to get a sufficient
electron intensity at energy losses of about 1800 eV; the energy dispersion
was adjusted at 1.0 eV. The Si-K edges were measured with a convergence
angle of 10 mrad and a collector angle of 13 mrad.

The energy location of the Si-L and the C-K edges was calibrated using
zero-loss spectra acquired before the measurements. As a result the error of
the energy location is less than ±0.2 eV. A deconvolution of the low-loss
spectra was performed to remove the effect of sample thickness on the
ELNES of the spectra.
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Gain Effects in Optical Storage: Thermal
Induction of a Surface Relief Grating in a
Smectic Liquid Crystal**

By Andreas Stracke, Joachim H. Wendorff,*
Daniela Goldmann, Dietmar Janietz, and Burkard Stiller

Optical storage processes based on light-induced isomer-
ization cycles in low molar mass and polymeric organic mate-
rials containing azobenzene groups are well-documented in
the literature.[1±9] Linearly polarized light causes a photoin-
duced reorientation process of molecular groups even within
the solid glassy state and thus gives rise to strong optical ef-
fects. Reversible digital and holographic storage have been
demonstrated for amorphous and liquid-crystalline films.
Amorphous materials have the advantage that optically
homogeneous non-scattering films can be manufactured eas-
ily by spin coating from solution, whereas liquid-crystalline
materials require the induction of monodomains. This can be
achieved by the presence of external fields or of pretreated
surfaces of the substrate. Liquid-crystalline materials, on the
other hand, have the tendency to display stronger optical ef-
fects due to the presence of highly ordered domains.

More recently it was shown that the two approaches can
be combined.[10±14] The concept consists of disturbing the
liquid-crystalline phase formation in such a way that it can
be suppressed. Relevant examples are rapid manufacturing
processes such as spin-coating of thin films. Amorphous
homogeneous films result, or films with liquid-crystalline
domains that are too small to be detectable and to give rise
to scattering. Such films display the highly interesting prop-
erty of a gain effect in holographic optical storage. A holo-
graphic grating is written-in by the superposition of two in-
tersecting light beams in the plane of the recording film. The
sinusoidal intensity modulation gives rise to a corresponding
modulation of the optical properties: the refractive index or
birefringence. These modulations can be read out with a sec-
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ond light beam yielding the diffraction ef-
ficiency as a measure of the magnitude of
the induced modulations. The diffraction
efficiency Z is defined as Z = I/I0, where I
and I0 are the intensity scattered along
the first scattering maximum, and the pri-
mary beam intensity, respectively.

It is observed that the efficiency may be
rather limited if the holographic grating is
stored in the amorphous film. Yet it increases strongly, even
in the absence of the writing beams, if the film is annealed
within a temperature range above the glass transition tem-
perature and below the clearing temperature of the liquid-
crystalline phase. Gain factors, g, defined as the ratio of the
diffraction efficiency after and before the annealing, of
more than 10 have been reported in the literature.[15] Such
gain effects have been found for calamitic systems, that is
for systems containing rod-like mesogenic units, and also for
more complex systems containing both rod-like and disc-
like units.[16] The gain effect has been attributed to liquid-
crystalline self-organization processes taking place during
annealing. The orientation of the resulting domains is con-
trolled by the photoinduced orientation taking place during
the writing process in the amorphous state. The strongest
gain effect that can be achieved in this way is thus controlled
by the perfection of the reorientation process and the intrin-
sic orientational order within the liquid-crystalline domains.

More recently it was found that the light-induced isomer-
ization of azobenzene units does in certain cases not only
give rise to photo-reorientation but may also cause surface
modulations. A periodic surface relief grating pattern (SRG)
may result in the case of grating experiments.[17±20] This effect
has been attributed to the formation of additional free vol-
ume by the isomerization process and the resulting pressure
gradients. The formation of such a relief pattern has been
found to depend on parameters such as the state of polariza-
tion of the intersecting beams, the molecular weight and mo-
lecular weight distribution of the materials used for storage.
In any case the surface pattern constitutes a storage process
since it gives rise to the diffraction of the reading beams.

In this contribution we describe our efforts to exploit a
combination of photo-orientation and the formation of a
surface relief pattern to enhance the gain effect even
further. Such an enhancement is of considerable technical
importance. It allows strong optical modulations to be in-
duced, the sensitivity of the material to be increased, and
the energy required for the storage process to be reduced.

We decided to select a low molar mass smectic system
since, in the light of the theoretical approaches,[21] such a
system should have a strong tendency to form the surface
pattern but should also display strong photoreorientation
effects. We selected a material that can be quenched into
an amorphous state despite the low molar mass.

The investigated liquid-crystalline model compound tris-
azomelamine (TAM) consists of a triazine core, linked with
three rod-like azobenzene units bearing a C12-alkyl chain

(Figure 1). The synthesis and a detailed characterization of
the mesophase behavior of TAM and a number of homo-
logues have been reported previously.[22]

The compound is isotropic above 239 �C and a nematic
phase is observed on cooling, which changes to a smectic
phase below 221 �C. By rapid cooling, the Sm-phase can be
frozen into the glassy state (Tg = 32 �C). Amorphous, opti-
cally transparent films can be obtained from a chloroform
solution by the spin-coating technique. These films (with a
thickness of 0.4±2 mm) show no significant birefringence up
to 109 �C on heating, indicating that the liquid-crystalline
phase is kinetically suppressed up to this temperature.

The writing beam propagates in the z-direction and is
y-polarized (s-polarization). We used s-polarized writing
beams to minimize the effect of SRG formation during the
writing process at room temperature, since it is known that
s-polarized beams induce only weak or even no surface
gratings, at least in polymers.[17,23] The set-up of the holo-
graphic grating experiment is described in more detail in
the experimental part.

When irradiated with linearly polarized light a stable op-
tical grating can be induced in an amorphous film of TAM,
as apparent from Figure 2, which displays the increase of
the diffraction efficiency of the amorphous film as a func-
tion of the irradiation time. Diffraction efficiencies of up to

about 5 % (which corresponds to a photoinduced birefrin-
gence of Dn = 0.18) can be achieved in this way for thin
gratings. We will concentrate in the following on gratings
characterized by diffraction efficiencies of the order of
1 %. The grating remains stable if the writing beams are
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Fig. 1. Chemical structure of the smectic trisazomelamine TAM.

Fig. 2. Holographic growth curve.
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shut off: no significant back relaxation of the signal is ob-
served at room temperature during the first hours after the
end of the writing process.

The Dn values calculated from the diffraction efficiencies
agree with those of birefringence measurements within the
limits of experimental error. This indicates that the grating
results predominantly from the bulk effect, that is, the re-
orientation of molecular axes. In fact, the surface of the
film is to a first approximation flat.

The efficiency of the photoinduced grating can be raised
significantly without any additional irradiation by heating
the sample above the glass transition (Fig. 3).

Fig 3. Thermal development of a photoinduced grating (heating rate 15 �C/h).

The enhancement of the grating's efficiency can be quan-
tified by defining a gain coefficient, g:[15]

g � �max

�wrt
(1)

where the indices ªwrtº and ªmaxº indicate the efficiencies
at the end of the writing process and at the maximum of
the diffraction obtained during the thermal treatment, re-
spectively.

Figure 3 displays the increase in the diffraction efficiency
due to the thermal treatment. The experiments reveal that
the gain process depends on the heating rate. A maximum
value of Z of up to 20 % can be achieved by using a slow
heating rate (<20 �C/h). This corresponds to a refractive in-
dex change of 0.25.[24,25] For these conditions gain factors of
about g = 30 can be obtained, if the photoinduced grating is
below the level of optical saturation. The gain effect may
be explained in terms of a thermally induced reorientation
process of the mesogenic chromophores leading to a higher
birefringence.[13,15] On the other hand, it is known that the
formation of sinusoidal surface modulations will result in
high diffraction efficiencies far above the saturation level
of the refractive index grating.[17,25] Indeed, the experi-
ments show the formation of a surface relief pattern due to
the thermal treatment. Figure 4 displays a comparison of a
weak photoinduced SRG profile and the same grating after
the annealing process described above. After the thermal
treatment the modulation depth of the grating is found to

be larger than 400 nm as compared to less than 5 nm prior
to annealing.

The experiment thus gives evidence that the gain effect
is not only caused by a reorientational (bulk) process but is
also due to migration processes (surface modulation).
However, up to now we have not succeeded in separating
both contributions to the overall efficiency, yet further
studies are in progress.

We have thus demonstrated that the strong amplification
of the contrast of photoinduced gratings by a thermal de-
velopment of the liquid-crystalline samples prepared in the
amorphous state is not only due to an enhancement of
photo-orientation in the liquid-crystalline phase. It is also a
consequence of the formation of surface relief patterns and
their amplification during the thermal treatment. The ef-
fect takes place above the glass transition and seems to be
controlled by the suppression of the thermotropic phase
formation in the glassy state on the one hand and the ten-
dency of mesogenic self-organization at elevated tempera-
tures due to the liquid-crystalline potential on the other
hand.

The combination of photo-orientation and surface for-
mation might be used for the development of highly effi-
cient storage materials and optical devices based on liquid-
crystalline azo compounds. In a first step, the information
can be written-in optically with low laser exposure and in a
second step the contrast can be amplified significantly by
thermal development within the mesophase.

b)

Fig. 4. a) Surface profile of the photoinduced grating with only weak surface
modulations (<5 nm), b) AFM image of the irradiated area after thermal
treatment.



Experimental

The set-up of the holographic grating experiment is sketched in Figure 5.
Intensity gratings with a grating constant of L = 5.1 mm were obtained by
the interference of two coherent, linearly polarized laser beams in the plane
of the sample. We used a continuous wave argon ion laser operating at

488 nm and we used laser intensities in the range 30±1600 mW/cm2 for the
writing of the gratings. In this range we found no dependence of the holo-
graphic growth characteristics on the intensity. The resulting refractive index
modulation

n�x� � n0 � n1 cos

 
2px
L

!
(2)

was read out via the diffraction of a HeNe laser beam at 633 nm. The ex-
perimentally obtained diffraction efficiency is proportional to the square
sine of the induced refractive index change n1, which in turn is related to the
induced orientational order of the optical axes of the azo dyes.

Using the Q-parameter, defined as follows:

Q � 2plHeNe d
n0L2

(3)

(d = sample thickness, n0 = refractive index of the material, and L = grating
constant) as a criterion for the classification of thin and thick gratings
(0<Q<1 = thin gratings; Q³10 = thick gratings; 1£Q<10 = intermediate re-
gion) we find that all investigated film samples have Q-parameters <1 and
thus are thin gratings. For the calculation of the refractive index changes
from the measured diffraction efficiencies we thus used an approximation of
the Bessel functions for thin gratings [26].

2n1 »
lC

pd
1:171 arcsin�1:7185

���
�
p � (4)

We employed a polarizing beam splitter and half-wave plates in order to
achieve equal polarization directions for the writing and the reading beams,
as well as two writing beams of equal intensity.

The surface profile measurements were performed with a Dektak profile
analyzer (Dektak3ST, Veeco) and an Atomic force microscope (AFM, SA
1/BD 2, Park-Scientific Instruments).
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Fabrication of a Sexithiophene Semiconducting
Wire: Nanoshaving with an Atomic Force
Microscope Tip**

By Anna B. Chwang, Eric L. Granstrom, and
C. Daniel Frisbie*

Recent advances in organic-based electronics highlight
the potential utility of devices employing organic semicon-
ductors.[1] Also of considerable interest are methods by
which these materials can be deposited and patterned. Vacu-
um sublimation and spin-coating are widely used for the de-
position of organic semiconductor films, and patterning by
soft lithography, photolithography, and printing techniques
has been demonstrated.[2] In previous studies we have used
vacuum sublimation as a reliable method for depositing in-
dividual grains of the organic semiconductor sexithiophene
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Fig. 5. Set-up of the holographic grating experiment (F = filter; Sh = shutter;
BS = beam splitter, PolBS = polarizing beam splitter; M = mirror; l/2 = half
wave plate; D0, D1 = detector; the letters v and h denote the vertical and
horizontal polarization directions of the writing beam, respectively). The
polarization direction of the reading beam can be rotated by an angle g with
respect to the vertical orientation. (The origin of the small change in the
diffraction efficiency at about 55 �C is rather complex and is discussed in a
separate paper [25].)
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