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ABSTRACT: The dispersion of CdTe tetrapods in a conducting polymer
and the resulting charge transfer is studied using a combination of confocal
fluorescence microscopy and atomic force microscopy (AFM). The results
of this work show that both the tetrapod dispersion and charge transfer
between the CdTe and conducting polymer (P3HT) are greatly enhanced
by exchanging the ligands on the surface of the CdTe and by choosing
proper solvent mixtures. The ability to experimentally probe the relation-
ship between particle dispersion and charge transfer through the combina-
tion of AFM and fluorescence microscopy provides another avenue to
assess the performance of polymer/semiconductor nanoparticle compo-
sites.
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B INTRODUCTION

Polymers have tremendous potential to make an impact in many
types of flexible electronic and optical devices." * Organic based
devices are relatively cheap and easy to manufacture when compared
to traditional inorganic devices, as they avoid high temperature
processing and complex lithography. Polymer based devices are also
amenable to mass production using inkjet technologies.>® When a
polymer cannot be chosen or engineered with the exact properties

desired, it is often practical to incorporate inorganic nanoparticles

addressing the fact that the typical exciton diffusion length in organic
photovoltaics (OPVs) is only approximately 10 nm.">~"” Blending
nanoparticles into a hole-conducting polymer for photovoltaic appli-
cations provides sites for exciton charge separation prior to recombi-
nation, similar to bulk heterojunction fullerene/conducting polymer
solar cells.

Although great strides have been made in the synthesis of
semiconductor nanoparticles, allowing us to control their size,
shape, aspect ratios, composition, and surface chemistry,'® >*

into the polymer matrix and improve the final composite’s properties
(optical absorption, charge mobility, dielectric constant, etc.). The
benefits of nanoparticle/polymer composites has been shown in a
variety of different applications including photorefractives, solar cells,
dielectric materials, and organic light-emitting diodes (OLEDs).”**

Through careful control of their synthesis, the diameter of nano-
spheres and nanorods can be controlled, which in turn affects their
electronic and optical properties, i.e. the nanoparticle bandgap. By
properly choosing the material and size of nanoparticles added to a
polymer matrix, the properties of the resulting composite can be
tuned to match the desired application. One specific example of an
application where a nanoparticle/polymer composite is useful is in
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the full potential of improving organic device performance through
polymer/nanoparticle blends has not yet been fully realized. Much
of the challenge lies in choosing the proper ligands to passivate
the semiconductor surface and at the same time allow control
over the blending and dispersion of the nanoparticles within a
polymer matrix.”*** In addition, controlling the nanoparticle
surfactant can have a great effect on the charge transfer between
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Figure 1. (a) Illustration of a polymer film blended with particles or
particle agglomerates. A pathway for electron transport is not present.
(b) Hlustration of a polymer film blended with tetrapods of sufficient
density to form a pathway for electron transport. (c) TEM image of a
sample CdTe tetrapod used in this study.

the polymer matrix and the nanoparticles, providing a pathway to
potentially tailor this interaction.

We set out to blend the hole-conducting polymer regioregular
poly(3-hexylthiophene) (RR P3HT), with CdTe tetrapods and
examine the spatiotemporal charge transfer between the inor-
ganic semiconductor and polymer. There are a number of
potential applications for such a composite of semiconducting
nanoparticles and conducting polymer such as OPVs and
photorefractive devices. RR P3HT was chosen because it has
one of the highest reported hole mobilities of conjugated
polymers (as highas 0.1 cm® V" s "), which can vary depending
on the molecular weight of the polymer and the ordering of the
film.>* ! We focused on the tetrapod geometry of CdTe since
the rod structure could potentially provide a much better path-
way for electron transport than nanospheres.”® Tetrapods will
also be much less sensitive to orientation than nanorods within a
polymer matrix. One can imagine if CdTe tetrapods were used in
a device such as a solar cell that at the proper blend mix, they can
readily form a network of overlapping rod portions. The tetra-
pods can then form a pathway for electrons along their axes from
one electrode to another, no matter how random their orienta-
tion within the polymer matrix. The same cannot be said for
semiconductor nanorods. In fact, nanorods have a tendency to
align themselves parallel to the electrode surfaces, when using
typical processing techniques such as spin or dip coating, rather
than form a pathway for electrons from one electrode to
another.®® An illustration of the benefit of blending tetrapods

in a polymer matrix versus any other particle shape can be seen in
Figure 1a, b.

Once assembled, our films were analyzed using a combined
atomic force microscope (AFM) and confocal fluorescence
microscope. A confocal fluorescence microscope holding an
AFM tip within the confocal probe volume and permitting
sample scanning with a piezo scan stage allowed us to simulta-
neously capture AFM and fluorescence microscope images from
the same location in the sample. This technique proved to be a
valuable way to analyze polymer/semiconductor nanoparticle
blend films. In this way, both topography and charge transfer and
quenching information can be obtained and correlated. We
believe this technique will prove to be quite valuable in the
further investigation of polymer and nanoparticle blend films.

Our data show that adding tri-n-octylphosphine oxide
(TOPO) capped CdTe tetrapods to a conducting polymer
matrix produced very irregular films. Instead of dispersing evenly
throughout the polymer film, the tetrapods agglomerated into
large masses. Additionally, the TOPO surfactant hinders charge
transfer between the polymer and semiconductor nanoparticles,
leading to large areas of fluorescence. Replacing TOPO on the
CdTe tetrapods by pyridine lead to the formation of very
homogeneous films. Additionally, the well-dispersed CdTe tetra-
pods exhibited very little fluorescence, indicating that charge
transfer between the polymer matrix and nanoparticles was
occurring.

B EXPERIMENTAL SECTION

Trioctylphosphine (TOP, 90%) was purchased from Fluka and
n-Octadecylphosphonic acid (ODPA, 99%) was purchased from Poly-
carbon Industries. All other chemicals were purchased from Aldrich. No
further purification was done before using any of the chemicals.

CdTe tetrapods were synthesized using a TOPO-based synthesis
described in detail in the literature at a ratio of Cd:Te of 3:1 and Cd:
ODPA (n-octadecylphosphonic acid) of 1:3."* These precursor ratios
were chosen to yield tetrapods of a rather large aspect ratio while
retaining good solubility in organic solvents. The tetrapod arms were
approximately SO nm in length and 5 nm in diameter. A sample
transmission electron micrograph (TEM) image of one of these tetra-
pods is shown in Figure 1c. Additionally, the UV—vis absorption spectra
of the CdTe tetrapods is available in Figure S1 in the Supporting
Information.

Ligand exchange on the CdTe particles was accomplished by refluxing
them in pyridine for a period of eight hours, precipitation of the particles
by the addition of excess hexanes, centrifuging, and recovering the
particles.'®>***** This process was repeated three times and is reported
to replace more than 95% of the TOPO capping agent on the CdTe
surface with pyridine.

To fabricate the sample films, we dissolved regioregular P3HT
(MW ~ 87000) in either chloroform or a 6.3 vol % pyridine in chloro-
form mixture along with the measured percentage of CdTe tetrapods.
The films were spin-cast using a Chemat Technology KW-4B spin coater
at 2500 rpm on clean microscope cover slides from polymer solutions of
0.5 wt %. This yielded films with a thickness of 30—50 nm as measured
by AFM. The UV—vis absorption spectra of P3HT films (both annealed
and unannealed) are available in the Supporting Information (see Figure
S2). Photoluminescence (PL) spectra of P3HT are also available in the
Supporting Information (see Figure S3).

These films were characterized using a confocal fluorescence micro-
scope with the 488 nm line from an argon ion laser (Coherent Innova
70) at 700 uW focused to a diffraction-limited spot. A 100x air objective
(0.9 NA) was used on the microscope. All data were collected with the
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Figure 2. (a) AFM image of a pure RR P3HT polymer film. (b)
Corresponding confocal fluorescence microscope image of the same area.

same microscope objective, filtered by a 520 nm steep-edge long-pass
filter (520LP, Chroma Technology), and detected by red-enhanced
single photon counting avalanche photodiode detectors (SPCM-AQR-
14, Perkin-Elmer). A Digital Instruments AFM was colocated with the
confocal microscope and used to obtain matching AFM images in
contact mode.

Fluorescence lifetime imaging data were collected on a commercial
FLIM microscope (MicroTime200, Picoquant GmbH, Berlin, Germany).
The same detectors and filters as utilized for PL imaging were used, but
fluorescence was now excited with a 470 nm picosecond-pulsed diode laser
(70 ps pulse duration). Fluorescence was collected with the same APD
detectors as mentioned above with 300 ps timing jitter.

B RESULTS AND DISCUSSION

Films of P3HT and P3HT/CdTe blends were first prepared with
as-synthesized TOPO-capped CdTe tetrapods using chloroform as
a solvent. Once both the polymer and tetrapods were dissolved, the
blend was spin-cast onto glass cover slides. The CdTe concentra-
tions used were 0, 1, and 10 wt %. Overlapping AFM and confocal
fluorescence microscope images were acquired of each of these
films. Spin-casting plain P3HT using chloroform as a solvent yielded
relatively uniform films containing only a few minor defects as can
be seen from Figure 2. When the CdTe tetrapod concentration was
increased to just 1 wt % the defects became readily apparent in
both the fluorescence microscopy and AFM images (Figure 3). At
10 wt % concentration of tetrapods, the entire film was covered with
extremely large nonuniformities, which are readily visible by AFM.
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Figure 3. (a) Contact mode AFM image of a 1 wt % CdTe tetrapod
concentration in a RR P3HT polymer film. (b) Corresponding confocal
fluorescence microscope image of the same area.

These nonuniformities were also the sites of strongly localized
fluorescence. Figure 4 provides an excellent example of how these
defects visible in the AFM topographic image exhibit perfect overlap
with sites where quenching was absent and strong fluorescence is
very apparent.

The figures described above demonstrate that even low concen-
trations of TOPO-coated CdTe particles produced films with
significant surface roughness on the order of hundreds of nanome-
ters and a large number of defects in the otherwise smooth film.
Overlapping AFM and confocal fluorescence microscope images
revealed that areas of nonuniformity in the films also act as sources
of high fluorescence. In this case the TOPO-coated tetrapods tend
to agglomerate rather than evenly disperse throughout the polymer—
solvent mixture and act as defect sites in the films. In addition to
hindering the preparation of uniform films, the large nonconducting
TOPO molecules appear to also hinder charge transfer between the
P3HT and the tetrapods. TOPO prevents the charge separation of
excitons formed in the CdTe or in the polymer near the CdTe,
causing them to recombine and fluoresce. Without this TOPO
barrier, CdTe should act as an electron acceptor and P3HT as a hole
acceptor, allowing for charge separation and preventing exciton
recombination (see Figure S4 in the Supporting Information).
Without a pathway for charge transfer, the tetrapods and their
aggregates emit their excitation energy in the form of fluorescence.

To improve the films produced with TOPO-capped CdTe, we
sought to replace the TOPO with a significantly smaller ligand that
could promote charge transfer. Based on results from the literature,
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Figure 4. (a) Contact mode AFM image of a 10 wt % CdTe tetrapod
concentration in a RR P3HT polymer film. (b) Corresponding confocal
fluorescence microscope image of the same area.

pyridine was chosen as the new surfactant because of its small size
(relative to TOPO) and conjugated ring structure.”>** By also
switching to a solvent blend of chloroform and free pyridine it was
possible to create homogeneous films where the tetrapods appeared
to be evenly dispersed throughout the polymer matrix. Additionally,
the pyridine remaining on the surface of the CdTe after spin-casting
the films could be removed by annealing the films in a vacuum oven
at 120 °C for 4 h.** The removal of pyridine allows for better charge
transfer between the nanoparticles and the conducting polymer.

Following this logic, films were produced using CdTe tetra-
pods where the TOPO ligands had been exchanged with pyridine
using established procedures."”****** Once pyridine-capped
CdTe particles were obtained they were added to the polymer
and solvent blend of pyridine and chloroform. By estimating the
surface to volume ratio of our tetrapods and following results in
the literature a solvent mixture of 6.3 vol % pyridine in chloro-
form was chosen in order to provide for the most uniform
blending of our particles throughout the polymer.”* These
blends were then spin-cast and analyzed using AFM and confocal
fluorescence microscopy. Films with CdTe concentrations of 0,
1, 10, and 20 wt % were produced.

All samples were then annealed for 4 h at 120 °C in a vacuum
oven to remove the pyridine from the surface of the CdTe
particles.** Care must be taken when annealing these films in the
absence of light and oxygen which can cause photobleaching of
the P3HT. When heated in the presence of light or oxygen, the
films have a tendency to lighten in color due to a shift in their

absorption spectrum. If heated for only a short time under such
unfavorable conditions, the photobleaching was found to be
reversible. However, if the films were exposed to these conditions
for an extended time, the inactivation of the films became
permanent.

As expected, the films created using the pyridine-capped CdTe
tetrapods showed a dramatic improvement over films with
TOPO-capped CdTe particles. The surface roughness of these
films decreased dramatically and we were unable to find fluores-
cent “bright spots”. This indicates that the CdTe tetrapods were
indeed dispersed evenly throughout the film and charge transfer
between the CdTe and the P3HT was not inhibited, allowing for
quenching of the fluorescence.

Films of pure P3HT spin-cast with 6.3 vol.-% pyridine in chloro-
form blend and then annealed showed no defects in the fluorescence
microscope images (Figure Sa). When 10 wt % of CdTe was added
to the P3HT, the film remained defect-free, indicating both excellent
blending of the tetrapods throughout the polymer film and excllent
charge transfer between the two components(Figure Sb). Even the
films with 20 wt % tetrapods did not show any appreciable defects or
fluorescence irregularities (Figure Sc).

Fluorescence lifetime data with corresponding intensity images
are displayed in Figure 6. Here, all samples were annealed for 4 h at
120 °C in a vacuum oven. The intensity images with their
corresponding scale bars are shown on the left-hand side of the
figure and the corresponding fluorescence lifetime images with their
matching scale bars are shown on the right-hand side of the figure. A
film with 10 wt % CdTe tetrapods passivated with TOPO ligands is
shown in the topmost set of images. The intensity image shows
many ring shaped regions of high intensity which we believe are
defects resulting from clumps of tetrapods where charge transfer
between the P3HT and CdTe is inhibited. The lifetime image is
fairly uniform and is dominated by fluorescence lifetimes on the
order of 1 ns or less. Because there is little or no charge transfer
between the CdTe and polymer, excitons do not separate and
recombine quickly. Additionally, the presence of many defects
provides sites for rapid recombination. The middle set of images
contains data from a film of 10 wt % CdTe tetrapods where the
TOPO ligands have been exchanged for pyridine molecules. Here,
the fluorescence intensity image is much more uniform than in the
film with TOPO covered tetrapods. We believe the bright regions
are furthest from any tetrapods and thus are regions of higher
recombination and intensity. Interestingly, the fluorescence lifetime
image contains a much higher percentage of pixels with lifetimes
ranging from 4.5 to 3 ns. In this case, the charges from any generated
excitons can separate at the CdTe/polymer interface and remain
separated for a much longer time before recombining. Finally, the
bottom set of images shows a neat P3HT film and is provided for
comparison. The neat film produces very uniform intensity and
lifetime data. The average lifetime of neat P3HT is considerably
shorter than the film containing pyridine capped films. However, it
does have a longer average lifetime than the film containing TOPO
coated tetrapods, most likely because the neat P3HT film is free of
most defects, which provide sites for rapid recombination.

B CONCLUSIONS

We have shown that blends of CdTe tetrapods and hole-
conducting RR P3HT form very uniform blends by exchanging
the TOPO surfactant on the tetrapods with pyridine and dissol-
ving the polymer and nanoparticles in a pyridine and chloroform
solvent blend. When spin-cast, these films are very uniform and
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Figure S. Confocal fluorescence microscope images of (a) pure RR
P3HT film, (b) 10 wt % CdTe tetrapod concentration in a RR P3HT
polymer film, (c) 20 wt % CdTe tetrapod concentration in a RR P3HT
polymer film. All tetrapods were pyridine-capped and the films annealed
at 120 °C for 4 h.

exhibit excellent charge transfer throughout the films between
semiconductor nanoparticles and organic polymer. Furthermore,
we have shown that such films exhibit highly localized defect sites
on the micrometer-scale, which can be analyzed by a combined
confocal fluorescence microscope/AFM to characterize the
spatiotemporal structure of polymer/semiconductor nanocrystal
blends for opto-electronic applications.

Future studies should focus on increasing the ratio of CdTe
tetrapods in the polymer matrix and continuing to study the
effects in these types of films. Measuring the charge mobility in

H 45ns
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Figure 6. Lifetime data and matching intensity images from a series of
CdTe tetrapod and P3HT blend films. The intensity images and their
scale bars are on the left and the lifetime images with their corresponding
scale bars are on the right. All samples were annealed for 4 h at 120 °C in
a vacuum oven. Top: Film of 10 wt % CdTe tetrapods with TOPO
ligands. Middle: Film of 10 wt % CdTe tetrapods with pyridine ligands.
Bottom: Film of neat P3HT shown for comparison. All images are 20
um X 20 um in size. Intensity data are shown as photon counts/pixel
with a pixel dwell time of 4 ms.

tetrapod and P3HT blends with an emphasis on finding the
percolation density for CdTe tetrapods in RR P3HT will also be
an important future step. All of this knowledge could be used to
significantly improve the design of polymer/semiconductor
nanoparticle blend organic electronic and optical devices.
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© Supporting Information. UV —vis absorption spectra of
CdTe tetrapods, both annealed and unannealed P3HT films, the
PL spectra of P3HT, and the band energy diagram of CdTe and
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Internet at http://pubs.acs.org/.
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