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MATERIALS

rise to strong m—m interactions, and hence induces more stable
columnar phases!™® and gelling ability. The formation of co-
lumnar molecular assemblies through macroscopic phase sep-
aration plays a crucial role in the gelling process.**!

Experimental

Materials: Compounds 5-9 were prepared by the reaction of 5-cyanotropo-
lone, 2-amino-5-cyanotropone, and 2-aminomethyl-5-cyanotropone, respective-
ly, with 3,4,5-trialkoxybenzoyl chloride. Elemental analyses and spectral data of
the new compounds were satisfied, and details are available from the authors.

ESEM: Environmental scanning electron microscope (ESEM) images of
dried gels in hexane and of octanol gels (3 wt.-%) were taken with a Nikon
ESEM-2700 under water with a pressure of 200 Pa for dried gels and 480 Pa for
octanol gels.

Characterization: X-ray diffraction analysis was undertaken using a Rigaku
Rint 2100 system and Ni-fillered Cu-Ka radiation. A polarizing microscope
(Olympus BHSP BH-Z microscope equipped with a Linkam TH-600RMS hot-
stage) was used for optical characterization.
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Organic Light-Emitting Devices Fabricated from
Semiconducting Nanospheres**
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Harald Plank, Franz P. Wenzl, Satish Patil,
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The trend towards nanoscale organic electronics raises the
quest for novel materials and concepts that allow control of
the deposition of the active material on the nano- to meso-
scopic scale. Gaining control over the material at such a scale
will enable the fabrication of novel as well as improved de-
vices from organic semiconductors such as conjugated poly-
mers in a cost-effective way. As demonstrated over the last
decade, conjugated polymers can be utilized as the active
medium in organic light-emitting diodes (OLEDs),!! light-
emitting electrochemical cells (LECs),m solar cells,”! photo
detectors,! lasers,”! field-effect transistors,® and all-polymer
integrated electronic circuits.”!

By adopting the so-called miniemulsion process one can
combine the properties of semiconducting polymers with
those of nanostructured matter, as has been shown recently.!
Miniemulsions are understood as stable emulsions of droplets
with a distinct size of 50-500 nm, made by shearing a system
containing water, a solution of a highly water insoluble com-
pound (hydrophobe, e.g., a polymer), and a small amount of a
surfactant.’] Polymer particles can be obtained from such
droplets after evaporation of the solvent. Using such an ap-
proach semiconducting conjugated polymer nanospheres
(SPNs) dispersed in water have been produced successfully.[w]
This novel approach enables the application of environmen-
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tally friendly water-based deposition techniques such as ink-
jet printing and opens new ways to controlled multilayer for-
mation, simply by using one of the materials as an aqueous
SPN dispersion.'”! Moreover, aqueous SPN dispersions facili-
tate sol-gel processing[“] and may be used for the generation
of SPN-based photonic crystals,[lz] e.g., via self assembly tech-
niques.

The application of SPNs to optoelectronic applications re-
quires, however, that neither the formation of the SPNs nor
the deposition and film formation alters the electronic and
structural properties of the semiconducting polymers. This
question requires careful investigations, since the preparation
of the miniemulsions involves the application of strong ultra-
sonic shear. Yet, as a first step towards SPN-based devices we
have built OLEDs with a SPN-active layer. In this study we
report on the characteristics of such SPN single-layer OLEDs
and compare them to OLEDs fabricated by a common spin-
coating process from organic solvents.

It has been demonstrated that the optoelectronic properties
of conjugated polymers, such as the photoluminescence (PL)
and PL quantum yield, are extremely sensitive to chemical
defects,!"”! impurities,[“] and solid-state packing effects.!”]
Hence, the properties of SPNs of different sizes, ranging from
69-154 nm, have been characterized carefully by means of
optical spectroscopy.

In Figure 1 the emission and absorption spectra of an
SPN dispersion based on a methyl-substituted ladder-type
poly(para-phenylene) (m-LPPP)°! (see inset of Fig. 1 for
chemical structure) are compared to those of a dilute
m-LPPP solution (toluene) and spin-coated films; all pre-
pared from an identical batch of m-LPPP.
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Fig. 1. Top, right: Normalized photoluminescence and absorbance spectra of a
dilute solution of m-LPPP in toluene (dashed lines), and normalized photolumi-
nescence and absorbance of the SPN (m-LPPP) dispersion in water (solid lines).
Top, left: Chemical structure of m-LPPP. Bottom, right: Normalized photolumi-
nescence and absorbance spectra of a m-LPPP film (dashed lines), and normal-
ized photoluminescence and absorbance spectra of an SPN film (solid lines).
Bottom, left: Photoinduced absorption of a m-LPPP film (triplet exciton ab-
sorption at an energy of 1.3 eV, solid line) and of a m-LPPP colloid film (triplet
exciton absorption at an energy of 1.3 eV, dashed line)
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Note that the emission and absorption spectra of SPN dis-
persions of different particle sizes do not reveal significant dif-
ferences, i.e., the optical properties of the particles are not size
dependent. SPN dispersion, SPN film, and ‘“common”
m-LPPP, both in solution and the solid state, display no signif-
icant differences in their spectra. All emission spectra are
characterized by a steep onset at 2.7 eV accompanied by well-
resolved vibronic side bands; they are a mirror image of the
absorption spectrum as discussed in detail elsewhere."”)

The nearly identical absorption spectra of m-LPPP in dis-
persion and solution—despite the high dielectric constant of
water!'8! —show that there is no significant interaction be-
tween the SPNs and the surrounding water. The tailing of the
thin-film absorption spectra originates from scattering effects.

Yet, although the emission spectrum of m-LPPP-based
SPNs in aqueous dispersion basically resembles that of a di-
lute m-LPPP solution (toluene) the spectra slightly differ as a
consequence of the solid-state nature of the polymeric SPNs.
The 0-1 (2.52 eV) as well as 0-2 vibronic replica become
more dominant due to weak solid-state interactions of the
polymer chains,*! which can also account for the observed
slight PL red shift of the SPN dispersion in comparison to a
toluene solution. Moreover, a low-energy tail due to an en-
hanced energy transfer to defect sites (as also known for thin
films of the polymer)[zol can be observed in the PL spectrum
of the SPN dispersion.”!! Spin- or drop-casting the aqueous
SPN dispersions yields thin layers whose emission properties
are not altered.

No significant differences in the solid-state quantum yields
have been observed for bulk and SPN layers. The photoin-
duced absorption spectrum, which indicates defect-stabilized
excited states,' such as polarons, shows a very similar shape
and relative intensities for bulk and SPN-based films. This
provides evidence that no additional electronic defects are in-
corporated upon processing of m-LPPP into SPNs. In both
spectra the triplet absorption is observed at 1.3 eV, while a
weak trace of the polaronic absorption is located at 1.9 eV.

For optoelectronic investigations homogeneous single
layers of closely packed SPNs with a layer thickness given by
the diameter of the particles (see the atomic force microscopy
(AFM) image in Fig. 2) were spin-coated onto ITO-coated
glass substrates supported with a very thin poly(3,4-ethylene-
dioxythiophene)/poly(styrene sulfonate) (PEDOT/PSS) layer.
It is known from the literature that the quality of nanosphere
layers prepared from aqueous dispersion strongly depends on
the wetting of the substrate, the spinning speed, and the con-
centration of the dispersion.l””! For low spinning speeds the
film consists of domains of multilayers with an irregular varia-
tion of the thickness across the sample surface. If the spinning
speed is too high, a monolayer is formed but the coverage of
the substrate will not be complete. However, within a certain
speed range a continuous monolayer of closely packed parti-
cles can be deposited. Within this speed range deposition of
SPNs from aqueous phase always results in monolayer cover-
age with a defined thickness. This behavior is common to all
the SPN particle sizes investigated.”*! Optical microscopy cer-
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Fig. 2. A) AFM height image (tapping mode) of an SPN monolayer on a glass
substrate. B) 3D AFM image of an SPN monolayer on a glass substrate, where
part of the material has been removed.

tifies that the films are very homogeneous over an area of typ-
ically more than 5 mm x 5 mm. Atomic force microscopy
reveals no cracks in the closely packed SPN layers and a root
mean square (rms) roughness of less than 15 nm for SPNs of
94 nm diameter (not shown).

Removing part of an SPN-based film composed of 94 nm
particles by scratching revealed a total step height of 85 nm
using the Tolansky technique, independent of whether the
glass/ITO substrate had been coated with PEDOT/PSS or
not. A parallel AFM investigation of the SPN films on glass
provided a step height of ca. 83 nm (not shown). This observa-
tion can be explained by the fact that the PEDOT/PSS layer
with a typical thickness of 60—100 nm is almost completely re-
moved during the deposition of the SPNs from aqueous dis-
persion. This assumption has been verified by spin-coating
pure water onto PEDOT/PSS films and determining the resid-
ual film thickness. Investigations of the single-layer homoge-
neity by comparing several films deposited on pristine sub-
strates and substrates bearing a PEDOT/PSS layer confirmed
better film formation on PEDOT/PSS-coated substrates.
Therefore, the PEDOT/PSS films may assist monolayer film
formation.

As depicted in Figure 3, devices fabricated from m-LPPP
SPNs with a mean diameter of ca. 94 nm exhibit light emis-
sion with a current onset at the SPN energy gap (ca. 2.7 eV
for m-LPPP) in the forward bias direction and a maximum
brightness of ca. 145 cdm™ at 8 V. The emission occurs homo-
geneously across the layer, reflecting the homogeneous cover-
age with nanoparticles. This electrical characteristic is inde-
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Fig. 3. A) I-V (squares) and L-V (triangles) characteristics of an OLED pre-
pared from m-LPPP SPNs with a mean diameter of ca. 94 nm. The inset shows
the electroluminescence emission spectrum of the OLED at a bias of 5 V.
B) I-V (squares) and L-V (triangles) characteristics of an OLED prepared
from dialyzed m-LPPP SPNs with a mean diameter of ca. 125 nm. The inset
shows the electroluminescence emission spectrum of the OLED at a bias of
5 V. C) I-V (squares) and L-V (triangles) characteristics of an OLED with a
bulk m-LPPP layer, prepared from solution. The inset shows the electrolumi-
nescence emission spectrum of the OLED at a bias of 12 V.

pendent of the presence of an additional PEDOT layer. The
low electroluminescence (EL) onset of the SPN OLEDs in
forward bias direction is surprising, especially in relation to
“common” OLEDs fabricated from m-LPPP solutions by
spin-coating (see Fig. 3C). Such OLEDs exhibit an EL onset
at ca. 7 V in forward bias direction.

In order to check the influence of the small amount of sur-
factant (sodium dodecyl sulfate (SDS)) used in the SPN prep-
aration® on the OLED performance, devices based on care-
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fully dialyzed SPNs (i.e., the surfactant had been removed)
were also fabricated and tested as depicted in Figure 3B. The
surfactant could cause some electrochemical doping of the
polymer during operation, subsequently lowering the onset
voltage as observed in light-emitting electrochemical cells
(LECS)[Z] or a space—charge assisted charge injection as sug-
gested by de Mello et al.”* Both devices show the same onset
and almost the same EL characteristics, thus one can conclude
that such ion-mediated effects, if present, have only a minor
influence. Moreover, both kinds of devices reveal a very simi-
lar maximum brightness of up to 145 cdm™ at 8 V. On the
other hand, several devices prepared from dialyzed SPN dis-
persions suffered shorts that are related to pinholes as ob-
served by optical microscopy. This behavior clearly classifies
SPN dispersions containing residual SDS above dialyzed SPN
dispersions. Yet, to achieve further improvements in the film
formation behavior of SPN dispersions different surfactants
will be used and tested.

Since the low turn-on voltage of the SPN-based OLEDs can
be predominately assigned neither to the PEDOT layer nor to
the presence of ionic species, we attribute the significant onset
reduction of the SPN-based devices to an enhanced electron
injection from the cathode. Note that onsets as low as 3 V in
m-LPPP OLEDs can normally be achieved only by applying
low work function cathodes such as calcium.”! We therefore
propose that the observed low onset is caused by an enhanced
local electric field resulting from the “stalactite”-type, nano-
structured aluminum cathodes. Such structured electrodes are
formed when the Al cathode is deposited on top of the rough
surface of the SPN monolayer. We note that a similar effect
was observed by Yang et al. utilizing high surface area hole-in-
jection electrodes fabricated from polyaniline.”®! The high
local electric field caused by the rough polyaniline electrode
resulted in lower voltage operation and higher efficiency of
the devices investigated. Typical devices fabricated from SPNs
also exhibited a slightly better device efficiency of ca.
0.5 cd A™ compared to “traditionally” fabricated m-LPPP-
based OLEDs (0.3 cd A™). All devices show color stable and
reproducible I-V and L-V characteristics over the character-
ization period of a few hours. No further testing for stability
of the devices has been undertaken.

In addition to the above-presented SPN OLEDs with an
emission layer of shape-persistent m-LPPP particles, OLEDs
have also been prepared from SPNs of low glass transition
temperature (7,) polymers. In this case, the particles already
coalesce during film formation at room temperature and flat
polymer layers can be realized. This approach can be further
exploited for the build-up of smooth multilayer structures
with defined interfaces. For LED fabrication, we used SPNs
prepared from poly(9,9-bis(3,7,11-trimethyldodecyl)fluorene)
(PF111/12), a polyfluorene derivative with a T, close to room
temperature. As described recently, individual particles can-
not be detected after film formation from PF111/12 SPNs.!
These layers are rather homogeneous and withstand quite
large current densities of more than 100 mA cm™ without
breakdown and single-layer OLED devices based on SPN
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films of this PF derivative show similar brightness to that ob-
served for m-LPPP SPN devices.

In conclusion, we report for the first time the successful fab-
rication of OLEDs utilizing organic semiconducting polymer
nanospheres. The devices consist of a homogeneous single
layer of nanosized SPNs and reveal improved opto-electronic
characteristics (lower onset, slightly higher efficiency) com-
pared with “traditionally” fabricated OLEDs for which the
active layer is cast from a solution of the conjugated polymer
in an organic solvent. We attribute this behavior to an en-
hanced electron injection from the cathode as a consequence
of in-situ formation of a “stalactite”-type nanostructured cath-
ode during aluminum evaporation. Optical spectroscopy has
evidenced that conjugated polymers can be converted into
aqueous SPN dispersions without generation of electronic de-
fects; the SPNs display the photophysical properties of the
bulk polymer.

However, the enhancement of the local electric field in the
SPN-based OLED:s also introduces local stress and may cause
device failure at higher voltages. Nevertheless, the SPN con-
cept may be a first step towards a novel variety of nanoscale
organic electronics.

Experimental

The preparation of the SPNs is described in detail in the literature [8] as is
the synthesis of the utilized conjugated polymers m-LPPP and PF111/12 [16,24].
Commercially available ITO-coated glass substrates were cleaned in a series of
different organic solvents and treated with chromosulfuric acid. PEDOT/PSS as
purchased from Bayer (Baytron P) was spin-coated and dried according to the
specifications of the distributor. Afterwards the SPN dispersions were spin-coat-
ed, and the films were dried in an oven for about 15 min at 75 °C. The thickness
of the SPN layers was verified by optical absorption measurements, atomic force
microscopy (DI Nanoscope Dimension 3100, tapping mode), and Tolansky mea-
surements. A Balzers MEDO10 vacuum coating unit was used to deposit the alu-
minum top electrodes at a base pressure of 4 x 10" mbar. The different devices
were fabricated under identical experimental conditions and operated in house-
made sample holders in argon atmosphere. The current/luminance/voltage (I/L/
V) characteristics were recorded in a customized setup using a Keithley 236
source measure unit for recording the current/voltage characteristics while the
luminance characteristics were recorded using a calibrated photodiode attached
to an integrating sphere. Electroluminescence spectra were recorded using an
ORIEL charge coupled device (CCD) spectrometer. UV-vis transmission spec-
tra were measured using a Perkin-Elmer A9 spectrophotometer. PL emission
spectra were recorded using a Shimadzu RF5301 spectrofluorometer. For the
photoinduced absorption measurements the samples were mounted in a cryostat
and cooled to a temperature of 80 K. As transmission source we used a standard
160 W halogen lamp. As excitation source an Ar* laser operated in the multiline
UV mode (3.64 eV, 3.42 eV) was used. The lifetimes of the triplet excitons were
determined by modulation spectroscopy from frequency-dependent photoin-
duced absorption measurements at an energy of 1.3 eV.
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Benchtop Fabrication of Submicrometer Metal
Line and Island Arrays Using Passivative
Microcontact Printing and Electroless Plating**

By Cristin E. Moran, Corey Radloff, and Naomi J. Halas*

The controlled fabrication of two- and three-dimensionally
(3D) ordered structures is important for the nanoengineering
of materials and devices.'™ In particular, metal nanostruc-
tures are increasingly important building blocks for new mate-
rials due to their shape-dependent plasmon response and thus
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their tunable optical properties.*®! The emergent field of
plasmonics is particularly concerned with how surface plas-
mons propagate, localize, or interact on metal nano- and mi-
crostructures. Exploitation of surface plasmon propagation in
these regimes can be used to develop new devices in nano-op-
tics and optical computing,m waveguides,[m] biomolecular,
and chemical sensor arrays,[“] optical filters,[lz] and surface-
enhanced Raman substrates.*'4]

Our goal is to fabricate arrays of discrete metal nanostruc-
tures which can be easily varied in size and shape, and are rep-
licated over large areas, on an optically transparent substrate.
Microcontact printing, a form of soft lithography, is a non-
photolithographic technique in which molecular patterns are
transferred to surfaces using a polydimethylsiloxane (PDMS)
stamp.[15‘16] The polymer stamp is molded from a master tem-
plate, which is the relief of the desired printed pattern, and is
wetted by a solution of the molecule to be transferred. This
technique is fast, simple, and inexpensive and has inspired
several new fabrication methods. Other groups have pre-
viously fabricated planar metal structures using microcontact
printing.m] Whitesides and co-workers have developed a
method which involves stamping a pattern of protective al-
kanethiols onto a metal surface and using a chemical etch to
remove the non-stamped regions."®??! A second method uses
a PDMS stamp to transfer palladium colloid directly to a sur-
face onto which copper is deposited by electroless plating.*’!
Others have functionalized surfaces with molecules that ren-
der the surface hydrophobic or hydrophilic. These molecules
are designed to encourage or discourage metal colloid attach-
ment.?*3% Selective deposition of Pt and Pd can be accom-
plished using hexafluoroacetylacetonate complexes and met-
al-organic chemical vapor deposition (MOCVD).'!! By
comparison, the method we report here requires no chemical
etching and can be used to create a wide variety of geometri-
cally distinct two-dimensional (2D) arrays of metal patterns
without lithographically defining a different 2D master tem-
plate for each new pattern.

In this work PDMS stamps were molded from commercial
diffraction gratings with periods ranging from 417 nm (2400
groovesmm™") to 3.3 um (300 grooves mm™') and used to print
well-defined patterns of hydrophobic, passivating siloxane
molecules on silica substrates. The stamped substrate is ex-
posed to a metallization precursor, then to an electroless plat-
ing solution. This process results in directed electroless plating
of the metal to form discrete metal structures over the entire
surface. Because the surface is pre-patterned with passivated
regions inert to metal deposition, the metal is directed only to
the unstamped regions. This allows the formation of uncon-
nected metal structures without any chemical etching steps.
These metallic arrays are varied in size, separation and shape
by using gratings of different periodicities and blaze angles as
the stamp templates. A variety of well-defined geometric pat-
terns have been fabricated and imaged using scanning probe,
scanning electron, and optical microscopies.

Silver and gold gratings and 2D island arrays were fabri-
cated on microscope slides cut into 1 cm? pieces to match the
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