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High-Efficiency Soft-Contact-
Laminated Polymer Light-Emitting
Devices with Patterned Electrodes™*

By Tae-Woo Lee,* Jana Zaumseil, Seong Hyun Kim,
and Julia W. P. Hsu

Organic light-emitting diodes (OLEDs) are well-suited for
a wide range of existing and future display applications, espe-
cially when they are combined with flexible active-matrix cir-
cuits that incorporate organic thin-film transistors (OTFTs).
OLEDs!"? and OTFTs"! often use metal electrodes deposited
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directly onto the organic active layers by thermal or electron-
beam evaporation or by sputtering.'"! In certain cases, this
deposition process produces organic/metal interfacial regions
characterized by metal in-diffusion and chemical or morpho-
logical disruption of the organic region.[4’6‘7] Interfaces of this
type can adversely affect the device performance, especially
for OLEDs, where they potentially introduce quenching cen-
ters that can reduce quantum efficiencies and long-term sta-
bility. To avoid these problems, inactive buffer layers can be
placed between the active organic region and the metal.*]
Our recent work suggests that OLEDs formed by physical la-
mination of metal electrodes to organic electroluminescent
(EL) layers have fewer interfacial quenching sites and better
quantum efficiencies than those formed by metal evaporation
in vacuum.”®! This soft-contact lamination (ScL) approach re-
lies upon van der Waals’ interactions when an EL layer is
brought into contact with a thin metal electrode supported by
a conformable, elastomeric substrate. Unlike conventional la-
mination techniques,”'” this method does not require applied
pressure, heating, or adhesives to establish high-quality elec-
trical contacts. Since this method is inherently compatible
with the tools of soft lithography,[“'m it can be used to pro-
duce devices with geometries (i.e., OLED emissive areas or
OTFT channel lengths) deep into the submicrometer
range. 1514171

Here we describe high-efficiency patterned and unpat-
terned organic light-emitting devices with Au electrodes by
use of ScL with polymer EL layers that are blended with or-
ganic salts. Ionic species in polymer light-emitting devices
greatly enhance the light intensity and luminous efficien-
cy.[lg'm Expanding on previous work,!"8! in which organic am-
monium salts were shown to improve the efficiency of multi-
layer polymer EL devices, we blended the salts directly into
the EL polymers. The dipole layers formed by organic salts at
the electrode/organic interfaces enhance charge injection and
reduce the dependence of device performance on the work
function of the electrodes. The resulting devices differ from
light-emitting electrochemical cells (LECs)??!! in that the ions
are not mobile in organic-salt blend devices, because of the
absence of an ion-conducting medium such as poly(ethylene
oxide) (PEO). For the work presented here, we use Au as an
electrode since it does not form a surface oxide. We compare
the luminous efficiency and stability of these devices to those
produced in the usual way by thermal evaporation of Au.

Figure 1a schematically illustrates the ScL process. The de-
vices consist of two parts: 1) an elastomeric element of polydi-
methylsiloxane (PDMS) (shown with a relief structure de-
signed to generate patterned emission) coated with a thin
metal film, and 2) a transparent substrate that supports an
electrode and an EL organic film. When these two compo-
nents are brought together, van der Waals’ interactions pull
them into intimate contact at room temperature without any
applied pressure. The resulting contact is mechanically robust,
and cannot be peeled apart without additional force. We use
the established techniques of soft lithography to form the
elastomeric elements. In particular, a pre-polymer of PDMS
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Figure 1. a) Schematic illustration of the ScL process for fabricating polymer EL devices by laminating a recessed Au/PDMS electrode with relief struc-
ture on the EL layer. The techniques of soft lithography can produce elements of the elastomer PDMS with fine features of surface relief (~2 um
depth). Blanket deposition of thin electrodes of Ti (1 nm)/Au (60 nm) forms an electrically continuous coating on the PDMS. A transparent substrate
supports an EL layer on indium tin oxide. When these pieces are brought together, van der Waals’ forces pull the electrodes into intimate contact with
the EL layer at room temperature, without application of external pressure. The device characteristics of the ScL (M) and thermally evaporated (@)
polymer EL devices based on a blend of MEH-PPV/TBABF, (in a ratio of 0.87:0.13 by weight), with an EL-layer thickness of 190 nm, are plotted as
b) current-voltage, c) luminance—voltage, and d) device efficiency—voltage. The Au layer thickness was 60 nm. e) Schematic illustration of the ScL
process for fabricating polymer EL devices by laminating patterned plain Au/Ti electrodes on PDMS. The electrodes can be patterned, by metal evapo-
ration through a shadow mask, for example. f) The luminance-voltage characteristics of polymer EL devices fabricated by ScL with plain (@) and re-
cessed () PDMS. Both the devices show similar behavior. The thickness of the evaporated Au layer in this case was 20 nm.

(Sylgard 184, Dow Corning) is cast and cured (60 °C for 3 h)  gen plasma for about 2 sec (Plasma-Therm reactive-ion etcher
on a Si wafer with or without a photoresist pattern on its sur-  operating at 30 sccm, 30 mT, 100 V). Blanket deposition of Ti
face. After peeling away from the master, the PDMS (-4 mm (1 nm, 0.3 nms™') to promote adhesion, followed by Au
thick) is laminated to a glass slide and then exposed to an oxy- (60 nm, in three sequential depositions of 20 nm at 1 nms™)
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produces the metal electrode. A transparent glass substrate
supports a spin-cast blend EL layer on indium tin oxide
(ITO). In this case, the blend consists of the EL polymer,
poly(2-methoxy-5-(2’-ethylhexyloxy)-1,4-phenylenevinylene)
(MEH-PPV) and the organic salt, tetrabutylammonium tetra-
fluoroborate (TBABF,). Laminating these two elements to-
gether by hand in air completes the device. For patterned light
output, a uniformly coated stamp with structured relief can be
used (Fig. 1a), in which case only the contacting regions emit.
Alternatively, patterns of metal electrodes can be formed on
flat PDMS elements (Fig. 1e) by shadow-mask evaporation or
soft lithography.

Figures 1b—d compare the characteristics of ScL and ther-
mally evaporated devices. The current density versus voltage
curve (Fig. 1b) shows an almost symmetric shape. Similar be-
havior is exhibited in the radiance versus voltage response
(Fig. 1c), in spite of the difference in the work function (W) of
Au (W~5.1 eV) and ITO (W~4.7 eV). Figure 1b shows that
the current densities of the ScLL and evaporated devices are
similar in the range from -5 V to +8.8 V. The thermally evap-
orated device fails, however, at approximately +11 V in the
forward and -11 V in the reverse direction. (The average
breakdown voltage for 16 thermally evaporated devices in
both directions was 10.6+0.97 V.??)) The current of the ScL
device steadily increases beyond £20 V, and eventually fails at
126 V. (The average breakdown voltage for 21 ScL devices
was 24.4+3.8 V.) As shown in Figure 1c, the radiance versus
voltage curve is also nearly symmetric. The EL intensity of
the ScL device is, however, higher than that of the evaporated
device. Figure 1d indicates that the highest luminous efficien-
cy of the ScL device is ~2.25 cd A™ (or ~2.5 % photons/elec-
tron, ph/el) (ITO-positive direction) and ~1.62 cd A™ (or
~1.8 % ph/el) (Au-positive direction), at moderate voltages of
+3.4 V and -3.4 V, respectively. (The average maximum effi-
ciency for 12 ScL devices in the ITO+ direction was
2.1240.16 cd A™'.) These values are nearly a factor of ten
higher than those of the evaporated devices at these voltages.
(The average maximum efficiency for eight evaporated de-
vices in the ITO+ direction was 0.149+0.077 cd A™'.) We be-
lieve that the improved characteristics derive from favorable
metal/organic interfacial properties in the ScL devices.
Further study is required to understand the detailed chemical
and morphological properties of the interfaces.

Patterned emission in ScL devices can be achieved in sever-
al ways, ranging from the use of structured PDMS elements,
as illustrated in Figure la, to patterned metal electrodes on
flat pieces of PDMS, as illustrated in Figure le. Figure 1f
shows radiance versus voltage characteristics of ITO/MEH-
PPV+TBABF, blend (190 nm)/Au(20 nm)/PDMS devices
fabricated by both approaches; these devices (the flat-PDMS
case used electrodes patterned by shadow mask evaporation)
show the same characteristics. (The average device efficiency
in the Au+ direction was 0.99+0.17 cd A™" for recessed PDMS
and 1.00£0.21 cd A" for flat PDMS, measured for eight de-
vices for each type.) The flat PDMS approach has the advan-
tage that the techniques of soft lithography (e.g., microcontact
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printing, phase-shift lithography) can be used to pattern the
electrodes directly. Devices that use uniform coatings on
structured PDMS elements have the advantage that the elec-
trodes are effectively patterned at high resolution without ex-
posing them to any form of processing (which could contami-
nate their surfaces and alter charge injection).

Figure 2a shows a schematic illustration of the polarization
of organic salts near both electrodes during the operation of
the polymer EL device of ITO/(EL blend layer with organic

(o

Impedance (Q)

10’ 10° 10° 10° 10° 10°
Frequency (Hz)

Figure 2. a) Schematic illustration of the role of organic salts (TBABF,)
in the polymer EL devices. Applied electric fields polarize the salts; the re-
sulting dipoles near the electrodes improve charge injection. b) Imped-
ance spectroscopy of the ScL device fabricated from the blend of MEH-
PPV and TBABF,, at 0 V DC bias. The inset shows the equivalent circuit,
which can be described as a single parallel resistor R, and capacitor C,
network with a series resistance R.

salts)/Au, where in this case the blend consists of MEH-PPV
and TBABF,. An applied electric field polarizes the salts and
generates dipoles that improve the charge injection. Charge-
carrier injection is believed to be enhanced similarly for de-
vices that use dipole-adsorption layers, ionomers, single-ion
conductors, and other ion-containing layers."#2*%-26 In those
cases, dipoles near the electrodes create a drop in the energy
barrier @ at the interface for an applied field F, given by

ADP=Fd=odle,e=Nule, ¢ (1)

where d is the distance between positive and negative partial
charges, ¢, is the permittivity of vacuum, ¢ is the static dielec-
tric constant, o the surface charge density, N is the number of
charges per unit surface, and u is the dipole moment.
Although this simple argument predicts that the barrier for
charge injection decreases with the number of charges near
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the electrodes, it is also important to note that the dipoles in-
side the active film may introduce scattering centers for
charge transport, since their field will be oriented against the
applied electric field.? One might therefore expect that
there is a salt concentration that optimizes performance. For
all of the devices described here, we did not attempt to identi-
fy the optimal concentration. Instead, we simply used an
amount that yielded some significant improvement in the effi-
ciency.

We performed alternating current (AC) impedance spec-
troscopy for ScL devices made of pure MEH-PPV and the
blend of MEH-PPV and TBABF,. Figure 2b shows impedance
versus frequency data taken on a ScL device of the blend at
0 V direct current (DC) bias. The result is well fitted using the
equivalent circuit shown in the inset of Figure 2b. The ScL de-
vice of pure MEH-PPV was also well fitted using the same cir-
cuit. The fitted parameters of pure MEH-PPV and the MEH-
PPV/TBABF, blend devices formed by ScL are summarized
in Table 1. Unlike in LEC devices,””) the capacitance (Cp)
does not show any noticeable change in response to the ap-

Table 1. Parameters obtained by fitting the impedance data of the ScL
devices to the equivalent circuit. DC voltages were applied to the Au
electrode.

Material Bias Rs Rp G
V] [kQ] (k€] [nF]
MEH-PPV 0 0.40 735 0.666
1 0.40 590 0.667
2 0.40 499 0.665
4 0.40 359 0.660
7 0.40 220 0.653
15 0.40 72 0.655
MEH-PPV 0 0.12 110 0.884
+TBABF, 3 0.12 48 0.905
6 0.12 16 0.851
9 0.12 14 0.875
12 0.12 13 0.900

plied voltage in the salt-blend device, indicating ion dissocia-
tion does not occur and interior ions do not move to the elec-
trodes. Therefore, the organic-solid-salt-doped MEH-PPV can
form dipole moments in the device in the absence of an ion-
conducting medium such as PEO. The series resistance (R;) of
organic-salt-doped MEH-PPV devices is lower than the pure
MEH-PPV devices, favoring charge injection from the elec-
trodes. As the bias voltage increases, the device resistance (Rp)
becomes smaller as a result of charge-carrier injection.

The EL device based on the blend of MEH-PPV with
TBABF, tended to form dark spots during operation under
ambient conditions. For this reason, we used commercially
available polyfluorene derivatives supplied by Dow Chemi-
cal® to examine patterned emission and to quantify device
stability. Figure 3 shows optical micrographs of patterned
emission from an ScL EL device operating under an ITO-pos-
itive-bias field. This device uses a blend of a polyfluorene de-
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Figure 3. Optical microscopy of devices formed by ScL with patterned Au
electrodes on PDMS, corresponding to the device type shown in
Figure Te. Reflection images of devices with a) 12 um and b) 3 um Au-
patterned microcontact-printed lines. c¢,d) EL from (a) and (b), respec-
tively. In all cases, the Au was 20 nm thick and the EL layer is composed
of polyfluorene derivative blended with 17 wt.-% of TBABF, (100 nm
thick layer).

rivative with 17 wt.-% of TBABF, (100 nm). Figures 3a,b are
reflection optical microscopy images of devices that use Au
electrodes patterned on PDMS by microcontact printing of
hexadecanethiol “inks”, followed by wet etching and a short
exposure to an oxygen plasma to remove the printed thiol.
The devices, with Au electrode linewidths of 12 um and 3 um,
appeared clean and free of cracking, as observed by optical
and scanning electron microscopies. This device shows stable
operation under ambient conditions; dark-spot growth was
not observed even after 1-2 h of operation at voltages from 4
to 7 V. Thermally evaporated devices (with Au or Al) that use
the same EL material show dark spots after operation for as
little as a few seconds.

To quantify these observations, we fabricated ScL and evap-
orated devices with EL layers of the polyfluorene derivative
without the organic salts but with a poly(3,4-ethylenediox-
ythiophene):poly(styrene sulfonate) layer (PEDOT:PSS) be-
tween ITO and the emitting layer. In this case, a polyfluorene
layer without salts was used to eliminate salt-related degrada-
tion pathways. The PEDOT:PSS layer between ITO and the
EL layer reduces the effect of ITO on the device stability.?*”!
Figure 4 shows that operation of ScL and evaporated devices
using these materials at current densities of 30 mA cm™ (high
enough to induce rapid aging of the devices) revealed similar
short-term degradation (within 30 min). The ScL device, how-
ever, exhibited stable output after this initial stage, while the
evaporated device continued to rapidly degrade. We believe
that these differences might be due to interfacial differences
that could also influence the device efficiencies.*"!

In summary, we demonstrated high-efficiency patterned
polymer light-emitting devices formed by ScL and a blend of
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1 nm, 3 As™)/Au (20-60 nm, 10 As™) over
both the mold PDMS with relief structure
and flat PDMS was performed by an elec-
tron-beam evaporator (Temescal BJD 1800)

while rotating the samples with distance of
40.6 cm between the PDMS and the metal
source during the evaporation. The metal-
coated PDMS was used either to build de-
vices immediately after evaporation, or after
removal from brief storage in a dry-nitrogen
environment. The thermally evaporated de-
vice was fabricated by evaporating the Au at
a rate of 1 As™ on the same materials de-
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Figure 4. a) Aging tests of ITO/PEDOT:PSS/polyfluorene(100 nm)/Au (20 nm) devices formed by
ScL and evaporation. The devices were operated at a high current density of 30 mAmm™=. b) Lumi-
nescence decay within 1 h. The initial light intensities of the two devices were normalized to their

maxima. The test was performed in a flowing-nitrogen-gas environment.

EL polymer with organic salts, achieved even with a high-
work-function metal, Au. The blend of EL polymer with or-
ganic salts was employed as an emitting layer to improve the
charge-injection efficiency at the EL layer/electrode interface
according to the electrostatic Equation 1. Impedance spec-
troscopy showed that the organic solid salt forms dipole layers
inside the film without dissociation under a DC electric field.
Our study suggests that the ScL device can be greatly im-
proved by modifying the EL layer without changing the work
functions of the electrodes. Devices of this type show electri-
cal and optical characteristics nearly independent of bias po-
larity. The ScL device showed higher efficiency than the ther-
mally evaporated devices when the same EL and electrode
materials were used. We also showed that it is possible to pro-
duce high-efficiency patterned EL devices that have microme-
ter-scale light-emitting areas by combining ScL with the estab-
lished techniques of soft lithography. The ScL devices also
showed better stability under electrical stress. These results
suggest that ScL may represent a useful tool for studying
OLED behavior, enabling devices that have well-controlled
organic/electrode interfaces. In addition, we believe that the
reversibility of the ScL contacts will be useful for studies of
device degradation.

Experimental

Spin-casting forms a uniform film of the electroluminescent materi-
al (a mixture of poly(2-methoxy-5-(2’-ethylhexyloxy)-1,4-phenylene-
vinylene), MEH-PPV, or a polyfluorene derivative and tetrabutylam-
monium tetrafluoroborate, TBABF,) on a thin layer (190 nm for
MEH-PPV, 100 nm for the polyfluorene) of indium tin oxide (ITO;
sheet resistance ~15 Q [17") on a glass slide (0.4 mm thick). When the
bottom (ITO/emitting layer) and top pieces (Au/polydimethylsilox-
ane, PDMS) are brought together, van der Waals’ forces pull the elec-
trodes into intimate contact with the electroluminescent (EL) layer at
room temperature, without application of external pressure. Typically,
this contact initiates on one side of the structure; a wetting front then
progresses naturally across the sample until the entire surface is in
contact. The vertical blanket deposition of Ti (adhesion promoter,
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scribed above using an Edward Auto 306
thermal evaporator with a distance of
29.2 cm between the samples and the metal
source. An electrical poling to obtain the best
performances from the EL devices was per-
formed as described in the literature [31].

After microcontact printing, the Au/
PDMS was exposed to oxygen plasma for 5—
10 s, which was followed by soft-contact la-
mination in the same manner as described
above. We followed the same microcontact-printing process as report-
ed in the literature [11,12,14]. We observed the complete lamination
over the entire surface through a microscope after laminating the top
electrode over the electroluminescent materials on the ITO-glass sub-
strate. We blended the MEH-PPV  (molecular weight
MW-~90000 gmol™, H. W. Sands) with TBABF, (Aldrich) in a ratio
of 0.865:0.135 by weight and with the polyfluorene derivative (Dow
Green B, Dow Chemical) in a ratio of 0.83:0.17 by weight. For the
aging study, we fabricated evaporated and laminated devices of ITO/
poly(3,4-ethylenedioxythiophene):poly(styrene  sulfonate) (PED-
OT:PSS)/polyfluorene/Au structure. A 35 nm thick PEDOT:PSS
(Bayer) layer was spin-cast on ITO and baked at 110°C in a vacuum
oven for 50 min. The impedances of the samples are measured by an
impedance gain/phase analyzer (SI11260, Solatron) at 0.05 V alternat-
ing-current bias.
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High Efficiency Fine Particulate
Filtration Using Carbon Nanotube
Coatings**

By Gunaranjan Viswanathan, David B. Kane,* and
Peter J. Lipowicz

The ultimate goal of carbon nanotube research is the fabri-
cation of functional macroscopic structures that can fully uti-
lize the individual nanotube properties. Although ordered
nanotube assemblies!'?! are required for making integrated
devices, simpler macroscopic constructs that reflect the intrin-
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sic random fiber morphology of the nanotubes offer potential
applications such as media for aerosol filtration. Although
gas-phase filtration properties of nanotube macrostructures
have never been studied, there have been reports on nano-
tube pore structure®! and gas permeability of nanotube
membranes.”! In this communication, we present the first in-
vestigation of the use of multiwalled carbon nanotubes
(MWNTs) as highly efficient, airborne particulate filter me-
dia. Filter efficiencies in excess of 99 % were achieved from
films of MWNTs deposited onto cellulose fiber filters. The
MWNT-coated filters exhibited low pressure drops and better
filter quality than cellulose filters even for very low MWNT
coverages (0.07 mgcm ™). The MWNT filter performance was
comparable to the highest efficiency HEPA (high efficiency
particulate air) filter standards.

Filtration of airborne particulate matter is essential in many
instances, including air purifiers, respiratory protection equip-
ment, and clean rooms. Fibrous filters are the most common
type of filter media used for such applications, and are usually
made from cellulose, glass, or polymer fibers. Fibrous aerosol
filters do not work like sieves (that allow only particles small-
er than the holes to pass through), rather, the mechanisms of
interception of particles by the fiber surface, inertial impac-
tion of a particle on a fiber, and Brownian diffusion of parti-
cles in the filter pores are mainly responsible for particle re-
tention in the filter. These three mechanisms each dominate
for different particle sizes. Fiber diameter is an important
parameter that affects filter performance. Typically filters
have fiber diameters on the order of 10 um, therefore filters
made from nanotubes with diameters in the range of
20-50 nm should display unique properties due to their small
dimensions.

Figure 1 shows scanning electron microscopy (SEM) images
of the MWNT-coated filter morphology. The top view (Figs.

Figure 1. SEM images of MWNT-coated filters. a) Top view shows a fi-
brous filter morphology and b) high magnification image of (a).
c) Cross-sectional view shows a continuous MWNT film (~ 1-2 um thick,
as seen in (d)) on top of the cellulose layer.
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