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Semiconductive Polymer Blends:
Correlating Structure with Transport
Properties at the Nanoscale**

By Cristian lonescu-Zanetti, Adam Mechler,
Sue A. Carter, and Ratnesh Lal*

Conjugated polymer blends are the focus of scientific and
commercial interest due to their wide range of applications,
from organic light-emitting diodes (LEDs)!!! and organic
polymer electronics® to chemical sensors,”! biological sen-
sors, and microactuators.’!  Poly(3,4-ethylenedioxythio-
phene) (PEDOT) is a semiconducting polymer that becomes
conductive when doped with either poly(styrene sulfonate)
(PSS) or other charged groups, such as PFs. PEDOT-PSS is a
member of a class of polymers used as charge-injecting elec-
trodes. In particular, it holds promise for applications such as
polymer LEDs!"! and solar cells.!®! For electro-optical devices
such as LEDs and solar cells, improving efficiency requires a
detailed understanding of the molecular superstructure of the
blend and control of transport properties.m The role of inter-
faces (e.g., indium tin oxide (ITO)-polymer) in injection effi-
ciency was recently highlighted,[8] and previous scanning tun-
neling microscopy (STM) studies suggest that the polymer
morphological inhomogenities strongly influence the charge
carrier injection and transport properties.”)

For structural studies, macroscopic methods such as X-ray
diffraction (XRD) are often employed.'”) These methods
average over a large area, typically over 1 mm? giving a view
of the overall structural properties. The paracrystalline struc-
ture of tosylate doped PEDOT blends was shown by XRD.!""!
Anisotropies in sample conductivity have been determined by
bulk methods,""! and comparison with X-ray data demon-
strates that the orientation of the lamellae shows a clear
correlation with the conductivity—anisotropy. In particular,
conductivity is higher parallel to the plane of lamellar orienta-
tion. There is a lack of information, however, about the local
morphology of the blend, as well as about the effect of struc-
tural features on charge injection at the polymer surface.
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MATERIALS

Atomic force microscopy (AFM) is a widely used surface
characterization tool. In addition to morphological character-
ization, AFM also has spectroscopic capabilities. Phase imag-
ing AFM (PI-AFM) is sensitive to the nature of the tip—sur-
face interaction, and therefore to the material composition.“zJ
In addition, when combined with the new high-sensitivity con-
ductive working mode (C-AFM),!"3 local structural, composi-
tional, and transfer properties can be studied on a nanometer
scale. Unlike transmission electron microscopy (TEM) mea-
surements,'¥ C-AFM allows imaging morphology in parallel
with local currents. Recording such a multi-dimensional map
assures that matching sets of the different sample properties
are collected.

In the present study we apply multimodal AFM to map the
local charge transfer properties in correlation to the molecu-
lar superstructure of the polymer blend. We identify the struc-
tural basis of the correlation between charge injection effi-
ciency and local blend composition. At the polymer surface,
our results show that efficient charge injection occurs in re-
gions where the lamellar edges are exposed to the probe. This
correlation suggests that the efficiency of charge injection at
the polymer—electrode interface can be enhanced by control-
ling lamellar orientation.

Large-scale scanning electron microscopy (SEM) imaging of
the PEDOT-PSS surface (Fig. 1) reveals an anisotropic sur-
face, in terms of metallic properties. Electron-rich regions vary
in size from 5-30 wm (bright regions, Fig. 1). The PEDOT-PSS
blend has an average thickness of 1 wum (marked A on the SEM
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Figure 1. A schematic representation of the AFM imaging modes em-
ployed. A) In C-AFM, a conductive tip is biased with respect to the sam-
ple at a voltage V. Current measurements are taken while the tip raster
scans the surface and assembled into a map of current intensity.
B) Phase images (PI-AFM) are obtained in tapping mode AFM. The
phase shift between the piezo drive signal and the cantilever oscillation
is measured at each point and assembled into a phase image of the sur-
face.
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image of the cross-section, Fig. 2 inset), while the bottom ITO
electrode (arrow, Fig. 2 inset) is 200 nm thick.

Figure 2. Scanning electron micrographs of the PEDOT-PSS film in
cross-section (inset) and top view. In the cross-section, the horizontal
band labeled A is the PEDOT-PSS layer, while an arrow indicates the thin
band that is the ITO bottom electrode on top of the insulating plastic
substrate (labeled B).

The AFM experimental setup used is shown in Figure 2.
Height mode images of PEDOT-PSS show two types of dis-
tinct surface structures, a rough one and a smooth one
(Fig. 3A). They can be unambiguously distinguished in the
first derivative of the height image (Fig. 3B), which highlights
sharp features (edges).

The corresponding current map is obtained by biasing the
conductive tip (Pt/Ir coated Si tip) at a constant voltage with
respect to the ITO substrate and recording current intensities
at each image pixel (C-AFM, Fig. 2A). C-AFM measure-
ments (Fig. 3C) reveal an average current of 10 pA at a bias
of 6 V recorded over rough regions, while on the smooth re-
gions of the sample the current is below instrument sensitivity.

Phase data for the same sample area was obtained in tap-
ping mode AFM (TM-AFM, Fig. 2B).' Phase imaging has
previously been used to visualize different chemical compo-
nents of nanostructured surfaces."” PI-AFM was used to map
the local physical properties of the sample along with the mor-
phology. Phase images of the conductive regions reveal signif-
icantly higher phase shift variability as compared to the insu-
lating regions (Fig. 3D). An overlay of conductivity data
(from Fig. 3C) onto a three-dimensional (3D) representation
of topography (from Fig. 3A) is presented in Figure 3E. Cur-
rent is represented by the color scale (0-60 pA).

In order to elucidate the differences between the conduc-
tive and insulating regions of Figure 3E, we imaged the inter-
face between the two regions (small square in Fig. 3E). The
height and phase mode images of the 450 x 450 nm? area are
shown in Figures 3F,G. While the lower part of Figure 3F,
(area 2) is flat, the upper part shows a number of sharp edges
and corrugated features (area 1). The phase image of area 1
(Fig. 3G) shows numerous sharp phase changes (~25°), which
are not present in area 2 of the image. The phase changes ap-
pear in proximity to edges seen in Figure 3F. Thus, higher con-
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Figure 3. Atomic force microscope images of A) topography, B) the first
derivative of topography, C) conductivity, and D) phase of a thin PEDOT—
PSS film. Highly conductive regions are co-localized with regions of high
roughness and high phase variability. In contrast, the conductivity of flat
regions is lower by at least two orders of magnitude. e) A 3D overlay of
current and topography. The color scale represents current (0-60 pA) and
is projected onto the 3D representation of the height data from (A). F) A
topography zoom into the interface region marked by a square on (E);
Q) is the corresponding phase image. Panel (F) (height) shows a smooth
region (2) and a rougher lamellar region (1). The height scale ranges from
0-56 nm (dark-light). The phase scale is from 0-70°.

ductivity is a feature of regions where the sample topography
contains a large number of edges and high phase variability.
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Higher resolution (smaller scan size) images of the region
of the sample that showed high conductivity are presented in
Figure 4. At this scale, the terraced structure of the polymer
surface becomes evident. The surface morphology suggests
that the polymer is organized into lamellar building blocks of
an approximate thickness of 3 nm (Fig. 4A-C). By compari-
son, X-ray measurements of PEDOT doped with thyosilate
ions, a smaller dopant, showed a spacing of 1.4 nm between
PEDOT lamella."”

In Figure 4B the phase data has been projected onto the 3D
reconstruction of the topography. Note that lamellar edges
are often marked by a phase change. Some transitions from
one layer to another show only a transient phase shift at the
layer step, related to topographic perturbation of the phase.“zl
In this case, the two layers consist of the same material. Other
layer to layer transitions are accompanied by a 25° phase shift,
indicating a change in the nature of tip-surface interaction,'?
and thus a different material composition of the bottom layer
(Fig. 4B,D). Accordingly, the paracrystalline structure of
PEDOT-PSS is explained by a layered structure with PSS
sandwiched between some of the PEDOT layers (Fig. 4E).

From PEDOT-PSS current maps one can estimate the con-
ductivity perpendicular to the surface. Averaging over all im-
age pixels and assuming a tip-sample contact area of 100 nm?
yields an average sample conductivity 6=2.5x10"* Q' cm™
normal to the substrate plane. By comparison, our macroscop-
ic in-plane conductivity measurement for the same blend was
four orders of magnitude higher (5 Q' cm™). This agrees well

MATERIALS

with reported in-plane bulk conductivities for PEDOT-PSS
blends,”! which are in the range of 1-10 Q™' cm™. For conduc-
tivity normal to the substrate plane, no other measurements
are available.

Previous studies suggest that charge mobilities are consider-
ably higher along polymer lamellae, as compared to normal
mobilities for polymer-based conductors with a transport
mechanism similar to PEDOT.'Y) Our data show that high
currents are associated with regions where a high number of
lamellar edges are exposed. This implies that in regions where
the AFM tip has access to orbitals that belong to a lamellar
edge, efficient charge transport occurs. Therefore, high cur-
rents are observed. In contrast, when the AFM tip is scanning
on top of an intact lamella, the transport is limited by the high
inter-sheet barrier.

In order to estimate carrier mobility, current—voltage (I-V)
characteristics of different parts of the sample can be obtained
by varying the bias applied to the AFM tip. The microscopic
I-V curve presented in Figure 5 was obtained at a conductive
location on the PEDOT-PSS sample. While macroscopic I-V
curves show ohmic behavior (data not shown), microscopic
I-V curves show a quadratic dependence on the bias. In the mi-
croscopic case small tip-sample contact areas (~100 nm?) lead
to current densities at the point of contact that are on the order
of 10° A m™. Since macroscopic current densities at the con-
tacts are smaller by about four orders of magnitude, micro-
scopic I-V measurements probe a regime of very high local
current density. The observed quadratic dependence of voltage
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Figure 4. A) Detailed structure of a highly conductive region of the sample. B) A 3D overlay of morphology

and phase data at higher resolution. The color scale indicates phase shifts and ranges from 0-70°.

C) Asec-

tion profile along the line segment in (B). It shows the edges of several sheets, with an average step height

of ~3 nm. D) A schematic of the proposed PEDOT-PSS structure.
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Figure 5. a) Current—voltage relation for the tip-sample path over a con-
ductive region of the PEDOT-PSS blend. The bias voltage is applied to
the sample with respect to the tip. b) Mobility plotted as a function of E
field. Superimposed on the mobility data is a linear fit, following the pre-
dictions of SLSC (u a E'3).

on current suggests that the junction can be described by
space charge limited current models (SCLC), as applied to
previous conductive probe experiments."®! The microscopic
current density (/) fits the simple analytical relation for space
charge-limited injection as derived by Mott and Gurney!"”!

2
J= g peeg % (1)

where V is the bias, L is the thickness of the material, u is the
charge-carrier mobility, and ¢¢ is the dielectric constant. The
hole mobility obeys the Poole-Frankel relationship

1/E/E0 @)

U= Hoe

where uq is the zero-field mobility, E the electric field, and E,
the field coefficient. Using Equation 1 with E=V/L, we may
plot the mobility versus the applied field (Fig. 4B). The
straight line fit corresponds to Equation 2. The fit parameters
are 1o=0.065+0.015 and VE;=2.5x 107, This gives an esti-
mate for ug and E, for the PEDOT-PSS film in a direction
perpendicular to the substrate.

In summary, we present a high-resolution morphology, con-
ductivity and phase-shift AFM study of a conductive polymer
blend, PSS-doped PEDOT. PEDOT-PSS has a paracrystal-
line structure that consists of molecular lamellae of PEDOT
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and PSS. The interlamellar distance was estimated to be 3 nm
by AFM. Efficient charge injection occurs in regions where
the AFM tip can contact orbitals from exposed PEDOT la-
mellar edges. When probing the top lamella, low currents are
observed. Accordingly, transport largely occurs along the la-
mellae, leading to anisotropic injection efficiency along the
top surface and the increased conductivity in the xy plane that
has been observed by bulk methods. The distribution of the
two different blend components is visualized by phase-imag-
ing AFM. This correlation offers insight into the structural un-
derpinnings of charge transport and can be applied to a vari-
ety of conductive polymer blends. Our results suggest that
injection efficiency for macroscopic contacts to PEDOT-PSS
surfaces can be improved by controlling lamellar orientation
at the polymer—metal interface.

Experimental

Sample Preparation: PEDOT-PSS (Agfa, Orgacon) [18] was solu-
tion cast on a plastic-ITO substrate and annealed for 1 h at 100°C.
The resulting polymer layer is 1 um thick, while the bottom ITO layer
is 200 nm thick (Fig. 2 inset).

Atomic Force Microscopy: Electrical current was measured with
the AFM tip in continuous contact with the surface (contact-mode
AFM—see Fig. 1A). A conductive tip (Pt/Ir coated Si tip) is biased at
a constant voltage with respect to the indium tin oxide (ITO) sub-
strate. Current intensities are recorded at each image pixel while the
AFM tip raster scans the surface (Fig. 1A).

Phase data for the same sample area was obtained by tapping-mode
AFM (TM-AFM) [15]. In this working mode the cantilever is driven
at its resonance frequency via a piezoelectric actuator and the ampli-
tude and phase of oscillation is monitored (see Fig. 1B). When this os-
cillating probe is moved into the non-linear force field of the surface,
the amplitude decreases while the phase lag between the drive and
the measured signal changes as a function of the tip-surface interac-
tion. The amplitude is maintained at a constant value by controlling
the probe—surface distance during scanning, such that it is tracking the
surface morphology. The phase shift map is recorded simultaneously
by phase-imaging-mode AFM, PI-AFM [19].
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Polyelectrolyte Micropatterning Using
a Laminar-Flow Microfluidic Device**

By Dmitry G. Shchukin, Dinesh S. Kommireddy,
Yongjun Zhao, Tianhong Cui, Gleb B. Sukhorukov,
and Yuri M. Lvov*

The study of inter-polyelectrolyte complex formation at
interfaces is one of the important areas of interfacial and poly-
mer chemistry. Linear polyelectrolyte,'!’ DNA/polyelectro-
lyte,”! and protein/polyelectrolyte®! systems have been stud-
ied in bulk solution. Protective, synergetic, catalytic, and
hydrophilic (hydrophobic) effects of polyelectrolyte/bioma-
cromolecule combinations could be demonstrated. Such com-
posite polyelectrolyte structures are of practical importance
for medical purposes, as components of biosensors, protective
coatings, and as biocompatible tools for targeted DNA or
enzyme delivery in cells. A number of approaches, including
layer-by-layer assembly,!*! mixing of polyelectrolytes in stoi-
chiometric and non-stoichiometric ratios and in-situ inter-
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polymerization[sl have been developed to provide polyelectro-
lyte structures with desired composition, properties, and
biofunctionality. Ordered, functional polyelectrolyte micro-
structures allow the production of nanoengineered systems
for cell treatment and complex inter-polyelectrolyte sensor
elements.'! Conventional photolithography was used to fabri-
cate such microstructures;”’! however it is not applicable for
biological materials, because in photolithographic processes
high-energy physical or aggressive chemical treatments are
required. Therefore, lithographic methods have strong limita-
tions with respect to the type of materials that can be em-
ployed and the resulting microstructures.

One of the most facile and versatile approaches for micro-
fabrication in mild, ambient conditions is laminar-flow synthe-
sis inside microchannels, as proposed by Whitesides and co-
workers.”®! This method employs a laminar stream of two or
more miscible solutions in one capillary or microchannel.
Laminar streams of multiple solutions in the same channel
flow individually, and the only method of interaction between
dissolved reagents is transverse molecular diffusion. A multi-
phase laminar-flow approach has been used for the microfab-
rication of engineered inorganic structures, 5! patterned
delivery of cells,’®! manipulation with lipid bilayers,[g] separa-
tion and detection,'"! and in the adsorption of protein
microstrips.'?! This approach is especially useful in handling
proteins, cells, and other delicate biological structures, and it
allows control of the spatial delivery of reagents inside micro-
channels.

In this work, we developed a microfluidic approach for the
complex formation of polyelectrolyte and polyelectrolyte/pro-
tein microstrips on a glass surface. We also demonstrate ex-
perimentally a new, soft micropatterning technique for the
anisotropic modification of micrometer-sized objects such as
spherical microparticles and polyelectrolyte capsules. Synthe-
sis of poly(dimethyldiallylammonium chloride)/poly(styrene
sulfonate) (PDDA/PSS) and poly(dimethyldiallylammonium
chloride)/bovine serum albumin (PDDA/BSA) microstrips is
demonstrated with a laminar-flow microfluidic reactor. Re-
sulting micropatterns are 8-10 um wide, separated by a gap of
a few micrometers. The width of these microstrips, as well as
their position in the microchannel, can be controlled by vary-
ing the flow rate and concentration of the individual compo-
nents.

The synthetic procedure is schematically illustrated in Fig-
ure 1. Y- and S-type microchannel reactors (Figs. 1a,b) were
employed to realize the formation of inter-polyelectrolyte and
polyelectrolyte/protein micropatterns. To fabricate polyelec-
trolyte microarrays on a glass support, a poly(dimethylsilox-
ane) (PDMS) membrane with a pattern of channels molded
into its surface was placed onto the flat surface of a glass slide
(Fig. 1c). Each reactor channel was provided with two inlets
and one outlet. Reagents from the inlet channels converge
into a single laminar stream in the reactor microchannel. Each
reagent solution was gently pumped into its inlet by a
KdScientific pump. When two or more liquids flow in parallel
at low Reynolds numbers (Re < 2000), there is no turbulence
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By Cristian lonescu-Zanetti, Adam Mechler,
Sue A. Carter, and Ratnesh Lal*
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The following errors appeared in the above article.

Figures 1 and 2 have been printed in the wrong order.
The figures with their correct numbers are printed below:

Figure 1.
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Figure 2.

On page 386, there are two incorrect references to Figure 2.
The corrected sentence, beginning on page 385 reads:

“The PEDOT-PSS blend has an average thickness of 1 um
(marked A on the SEM image of the cross-section, Fig. 1 in-
set), while the bottom ITO electrode (arrow, Fig. 1 inset) is
200 nm thick.”

On page 387, in the last sentence of the second paragraph, the
reference to Figure 4E is incorrect. The reference should be
to Figure 4D.

On page 388, the sentence below Equation 2 refers incor-
rectly to Figure 4B. The reference should be to Figure 5B.

In reference [12a], the citation of Phys. Rev. Lett. is incorrect.
The correct journal citation is Appl. Phys. Lett. 2003, 82, 3740.

The authors apologise for any confusion that may have arisen
due to these errors.
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