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ABSTRACT

The fabrication of organic nanodots from photoswitchable fulgide molecules is shown. The dots are formed by dewetting of thin precursor
films of the organic molecules on topographically structured substrates. In this way, we are able to control size, density, and arrangement of
nanodots on millimeter-squared sized areas. We show that nanodots can be switched between isomeric molecular conformation reversibly.

The primary attraction of organic molecular nanostructures
is their potential low cost and the extreme flexibility that
the device engineer has in choosing a material whose
properties have been specifically tailored to meet the needs
of a particular application. Yet, controlled nanostructuring
of organic matter while retaining its function or even creating
new functionality is still under deveolopment. Dewetting of
thin organic films, as shown for PS1-5 and for small organic
molecules6,7 is a successful route toward structuring organic
matter with good homogeneity over large areas. The influ-
ence of patterned substrates on the dewetting process has
been analyzed and used for chemical patterning of surfaces
with areas of different wettability.8-10 Topographic patterning
via substrate steps,11 zigzag,12 and groove13 patterns influ-
ences the dewetting of polymer films. In this work, periodic
dot patterns are fabricated by dewetting of a thin organic
film from a small sized molecular photochromic compound
(phenyl-thiophen-fulgide (Ph-T-F)14 and furyl-adaman-
tyliden-fulgide (F-Ad-F) with film thicknessesh from 2
to 22 nm). As substrate material two-dimensional periodic
topographic templates are used (cylindric holes and pillars
of diametersd ) 420, 210, 100, and 50 nm, respectively, in
hexagonal arrangement with periods ofD ) 800, 400, 200,
and 100 nm, respectively, Etching depth is varied from 55
to 72 nm (x-lith GmbH, Ulm)). To fabricate nanodots, thin
organic films are deposited at ultrahigh-vacuum conditions
on helium-cooled substrates. Controlled annealing to room-
temperature transforms these films into isolated dots. Various
types of topographic template structures (cylindrical holes
and pillars, quadratic pits, and groove patterns) have been
tested. For fulgide nanodot formation, structure sizes and
periods are in the range between 1700 and 50 nm. Regular
dot patterns are obtained from hole and groove structures.
In this contribution, we discuss dot patterns and their different

possible morphologies on cylindrical holes in hexagonal
densely packed arrangement. In Figure 1a, the empty
substrate surface with holes of diameterd ) 420 nm and
periodD ) 800 nm is shown. Resulting dot patterns with
periods ofD ) 800, 400, and 100 nm and with dot diameters
of d ) 420, 210, and 50 nm, respectivly, are displayed in
Figure 1b. It should be noted that regular dot patterns are
produced in millimeter-squared sized areas.

In comparison to irregular dots produced on flat substrates,
the ordered dots exhibit a significantly better size homogene-
ity. The size distributions of dot diameter on hole pattern
with d ) 420, D ) 800 nm are shown in Figure 2 and
compared to those dots that form by dewetting on unstruc-
tured substrates. The dot homogeneity is measured by the
quality factor
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Figure 1. 5 × 5 µm AFM-scan of a glass substrate with cylindric
holes in a hexagonal pattern with diametersd ) 420 nm, depthh
) 55 nm, and periodD ) 800 nm. AFM scans of periodic nanodots
on hole patterns with different hole diameters. Scan sizes are 5×
5 µm, 2.5× 2.5 µm, and 625× 625 nm with dot diametersd )
420, 200, and 50 nm, respectively, and periodsD ) 800, 400, and
100 nm, respectively. Length of white line is 1µm. AFM
topographic images have been taken ex-situ in a commercial AFM
(MFP-3D by Asylum Research).
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wheredh is the average dot diameter andσ is the width of
the dot diameter distribution.Q is about 10 times higher for
dots on structured substrates than for those on unstructured
supports. This can be easily understood when considering
the influence of Laplace pressure

of differently filled dots (R, curvature of surface andσsv,
interface tension surface to vapor). Less filled dots have
bigger curvatureR causing smaller pressurep than more
filled dots. Pressure differences equilibration results in a
compensation of filling differences between neighboring dots.

In contrast to dewetting structures on unpatternd surfaces,
all dots on patterns are long-term stable and do not undergo
a coarsening process.

As the template structure determines the dot-position and
dot-diameter, the initial film thicknessh determines the dot
volume. Analysis of the amount of evaporated material versus
the achieved dot volumina shows in good approximation the
accumulation of the complete film material in the hole
pattern. Upon varyingh, the amount of material accumulated
in each dot can be regulated. The resulting filling degree of
holesF thus can be calculated by

where Apattern is the area size of one hexagonal pattern
element,Ahole is the cross-sectional area of holes, andhetch

is the etched depth of holes.
Examinations of the dewetting process on structured

substrates by optical and atomic force microscopy (AFM)
how that the topographic edges act as nucleation centers for
the dewetting process. In competition to dewetting the
material, transport by surface diffusion rearranges the mo-
lecular material. The driving motor for diffusion is the
concentration gradient caused by Laplace pressure difference
between droplets in wetted holes and structures on top of
the substrate surface.

To get a quantitative estimate of the different dot mor-
phologies as a function of dot filling, simulations with the

software Surface Evolver15 have been performed. In a first
step, the behavior of a fluid in proximity to a topographic
step has been simulated (Figure 3a).

Two principal effects can be observed:
(1) Accumulation of material in the concave edge of the

step for low hole filling.
(2) Fixation (pinning) of the fluid contact line at the convex

edge of the step with variable contact angle between the
equilibrium contact angleθ andθ + 90° (at 90° steps).

Material accumulation can be understood qualitatively
when looking at the surface and interface free energyG of
such a system, which is

with Axx the surface/interface area between phases substrate
(s), liquid (l), vapor (v) andσxx the interface tension.Asl and
Asv are of similar value for the structures used. When wetting
a substrate by a fluid in the partial wetting regime, the gain
or loss of free energy depends on the sizes of drop surface
(Alv) and drop-substrate interface. For droplets on flat surfaces
always, the drop surfaceAlv is bigger than the interface (cap
shape) causing increasing energy costs with increasing such
droplets. For droplets in concave edges, the wetted surface
is much bigger than for comparable dots on flat surfaces,
which means that these droplets have lower energy.

Pinning of the contact line can be explained by geometric
considerations. At sharp edges, the fluid contact line can
achieve its equilibrium contact angle by moving infinitesimal
small steps around the edge.16,17By this the interface surface
is quasi constant. Examples for such pinning effects can be
found for polystyrene films on structured surfaces18 and
chemical-structured substrates with areas of different wet-
tability.8,9

In a second step, the behavior of fluids in cylindrical
substrate holes has been simulated and compared with
experiment. As shown in Figure 3b different morphologies
are obtained dependent on the filling degreeF. For smallF,
all material is accumulated in the concave edge forming a
ring-shaped filling. Upon increasingF, first pinning of the
upper fluid borderline on the hole edge is observed. A further
increase ofF results in closed surface morphologies.

Morphological transitions can be calculated analytically
for each contact angleθ by using different filling degreeF

Figure 2. Size statistics of (a) dot diameters and (b) dot heights of periodic dots withd ) 420 nm andD ) 800 nm from a 25× 25 µm
AFM scan.
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and hole aspect ratiox ) hetch/d, whered is the hole diameter.
Results of these calculations forθ ) 30°, which is the
equilibrium contact angle of our organic material, are shown
in Figure 4. Different morphologies are shown at the bottom
of this figure coded by different colors. Areas of correspond-
ing morphologies are filled with the same color.

Dot morphologies obtained in experiments with dots of
different sizes and filling degrees are marked in the morphol-
ogy diagram and coded by color of the observed morphology
type. Close agreement of theoretically predicted and experi-
mentally observed filling morphologies is found. Results for

different surface structures yield similar agreement between
theory and experiment. We would like to stress that currently
the smallest dot patterns we create have dot diameters of 50
nm with a dot spacing of 100 nm.

We apply the present structuring technique to create a
fulgide-based memory device. Fulgides are photochromic
molecules that undergo a conformational transition between
two isomers upon absorption of UV light. The molecule used
in the present experiments is a P-T-F (see Figure 5), which
is switched by light of 350 nm wavelength from the E to
the C isomer. The C isomer emits intense fluorescence, which

Figure 3. (a) Behavior of a fluid at a topographic step, linescans from simulated fluid surfaces (calculated with Surface Evolver15).
Accumulation of fluid in the concave edge, pinning of the fluid borderline at the convex edge. (b) Calculations of fluid surfaces in a
cylindric hole of diameterd ) 400 nm and depthh ) 55 nm for different filling degreesF, aspect ratiox ) hetcn/d ≈ 0.14.

Figure 4. Calculated morphology diagram for fluid dots in cylindric holes of different aspect ratiosx and filling degreesF. Measured
points for filling of different hole sizes with different filling degrees. Position is defined by hole aspect ratios and evaporated material
amount. Color is given by found morphology in AFM.
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is used to read out the isomeric state the molecule is in. On
the basis of these properties, the construction of a fulgide-
based memory has been proposed.14,19 However, while
photochromic switching works for molecules in solution and
for isolated molecules on surfaces it does not work in bulk
molecular crystals due to steric hindrance of neighboring
molecules. The small dots created however can be switched
reversibly from one isomeric conformation to the other one
as shown in Figure 5. Because of the regular arrangement
of the dots, it is possible to calculate each individual dot
position from period and orientation of the pattern. Therefore,
it is possible to write binary information into whole matrices
without knowledge of the prior memory state. We have to
point out that due to destructive read-out (fluorescence
excitation and 1-0 switching at same wavelength)19 unlike
in conventional optical memory devices, precautions to avoid
loss of data have to be taken into account. One possible
solution could be applying refresh procedures to stored
optical information (writing of read data after reading).

In conclusion, we have created regular arrays of nanodots
on millimeter-squared areas of topographic patterned sub-
strates. In contrast to dots on unpatterned substrates, the dot
arrays are long-term stable, thatis, do not undergo Ostwald
ripening. We are able to predict and design dot morphologies
in dependence of material contact angle, filling degree, and
hole aspect ratios.

For fulgide dots, we demonstrate optical single-dot access
with memory application. For the smallest dot size fabricated
so far, a storage density of 74 Tbit/in2 can be achieved that
outperforms current optical storage technology by a factor
of 720 (HD-DVD 10Tbit/in2).
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Figure 5. Data pattern “nano” stored into photochromic dot
memory. Information detected by scanning an image in confocal
fluorescence microscopy; bright dots store “1”, dark dots store “0”.
Obtained on a homemade confocal microscope. Molecular structure
of Phenyl-Thiophen-Fulgide (Ph-T-F). E-Isomer: 2-isopropy-
lidene-3-[1-(2-methyl-5-phenyl-3-thienyl)ethylidene]succinic an-
hydride. C-Isomer: 7,7a-dihydro-4,7,7,7a-tetramethyl-2-phenylbenzo-
[b]thiophene-5-6-dicarboxylic anhydride.
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