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Executive Summary 
 

Cadmium selenide nanoparticles and nanoclusters were prepared and added to polymer solar 
cells to improve their photon capture ability. These nanoparticles did exhibit some beneficial 
effects on the photon conversion efficiencies of selected polymer solar cells. Ternary bulk 
heterojunction systems based on composites of methyl viologen-doped, CdSe nanoparticles 
blended with poly (3-hexothiopene) (P3HT) and 6, 6-phenyl C61-butyric acid methyl ester 
(PCBM) were also tested.  It was found that the devices with methyl viologen-doped CdSe 
nanoparticles do produce more photocurrent in a region surrounding the absorption peak of 
the particles (560 to 660nm) when compared to pristine P3HT:PCBM devices. Gold 
nanorods were also prepared and tested in some solar cells. These nanorods did produce a 
very small enhancement in photon absorbance, but the observed increase the photon 
conversion efficiency was not sufficient to make the effort worthwhile. 

 
Comparison of Accomplishments with Goals and Objectives of the project. 
 

Our goals were (1) to prepare cadmium sulfide and cadmium selenide clusters and 
nanoparticles to be tested as photon absorbers to enhance the photon conversion efficiency of 
polymer solar polymer solar cells and (2) to prepare gold and silver nanorods to be added to 
polymer solar cells to enhance their photon capture capability. The cadmium sulfide and 
cadmium selenide nanoparticles and some new nanoclusters were prepared. The cadmium 
selenide nanoparticles were also tested in solar cells and did exhibit some positive effects 
when they were combined with certain co-absorbing polymers. Due to solubility problems 
that were not solved in the available time, the new nanoclusters were not tested in solar cells.  
Ternary bulk heterojunction systems based on composites of methyl viologen doped, CdSe 
nanoparticles blended with poly (3-hexothiopene) (P3HT) and 6, 6-phenyl C61-butyric acid 
methyl ester (PCBM) have been examined in detail.  The methyl viologen was added to 
promote charge separation of the initially formed excitons. It was found that the devices with 
CdSe produce more photocurrent in a region surrounding the absorption peak of the particles 
(560 to 660nm) when compared to a pristine P3HT:PCBM device. Gold nanorods were 
prepared and tested in some solar cells. These did show a very small enhancement in photon 
absorbance. However, the increase in short circuit current was negligible, which suggests that 
this antenna effect produces no significant increase in photocurrent generation.  Efforts to 
synthesize niobium-doped zinc oxide nanoparticles for use in polymer solar polymer solar 
cells were also made. The nanoparticles were prepared, but they were not tested in the cells 
before the termination of the funding of the project. 
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A) Research Results 2008-2011. 
 
Details of the work during this period are also available in 7 publications cited at the end of this 
report.  
 
1)  Spectroscopic and Photophysical Studies of Charge-transfer in a Cd8 thiolate cluster 
complex containing a coordinated N-Methyl-4,4-bipyridinium ligand 

Hybrid nanomaterials assembled from covalently bonded organic and inorganic nanoclusters 
have developed into an important new research field in modern materials science. Applications 
for energy conversion, information storage and photo-electrochromic display, chemical and 
biological sensors are highly sought. Hybrid solar cells for the transformation of light into 
electricity have been the focus of considerable attention. Dye-sensitized nanocrystalline TiO2 
thin film devices and bulk heterojunction fullerene/conjugated polymer cells doped with various 
nanoparticle quantum dots (QDs) have been of high interest. Advantages of QDs over 
conventional organic dyes in QD-sensitized solar cell include narrow luminescence emission 
profiles, resistance to photobleaching, and continuous absorption above the band gap, but also 
include the production of multiexcitons by charge carrier multiplication that is not achievable by 
organic compounds. Efficiency of QD-sensitized cells can potentially be improved by the 
mechanism of multiple exciton generation (MEG) through which one absorbed high energy 
photon is transformed into multiple charge carriers. However, the application of the MEG 
process requires ultrafast charge transfer from electron donors to acceptors before the Auger 
recombination which occurs on the 10s to 100s time scale. Elucidation of photoinduced energy 
and electron-transfer processes in fluorophore-QDs is important in understanding the 
photochemical behavior of molecules bound to semiconductor nanoparticles. There have been a 
number of reports of ultrafast charge transfer (CT) between QDs and the molecular electron or 
hole acceptors absorbed on the surface and CT dynamics at the sensitizer-semiconductor 
nanoparticle interface. More recently, ultrafast electron transfer (ET) between multiexcited CdSe 
QDs and the molecular electron acceptors (methyl viologen and methylene blue) adsorbed on the 
surface of the nanoparticles have also been investigated. However, colloidal nanoparticles 
normally have less well-defined compositions and sizes than discrete cluster complexes. Zero-
dimensional hybrid complexes based on stoichiometrically-precise nanoclusters coordinated to 
organic fluorophore molecules could serve as valuable model systems for understanding the 
structures and properties of large colloidal nanoparticles and their superlattices. The structures of 
some CT salts of Cd(chalcogenide) cluster complexes with methyl viologen have been reported 
recently. The methyl viologen in these salts serve to balance the charge of the clusters. The 
properties of these hybrids depend on the nature of the individual clusters, their spatial 
arrangement, and the properties of crosslinking ligands. Until now, there have been few well-
defined examples of covalent coassemblies between metal-chalcogenide clusters and organic 
ligands. 

N-Methyl-4,4-bipyridinium, MeQ+, has attracted attention because it is a strong electron 
acceptor and it can also serve as a ligand. It has been shown to engage readily in metal to ligand 
charge-transfer processes. Herein we report the synthesis, structural characterization and 
investigation of the photophysical properties of the first example of a cadmium thiolate cluster 
complex, Cd8S(SPh)15(MeQ)CH3CN 1 (MeQ+ = N-Methyl-4,4-bipyridinium), in which the 
MeQ+ ligand is effectively coordinated to one of the cadmium atoms. The complex 1 may be 
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good model for understanding the electron transfer (ET) dynamics at the organic molecule-
nanoparticle interface which is crucial to the development of QD-based solar cells.  

An ORTEP diagram of the molecular structure of 1 is shown in Figure 1. The structure of 1 
is similar to that of the [Cd8S(SPh)16]

2- anion 2 reported previously which contains a tetrahedral 
Cd4S core having a Cd(µ2-SPh)3 cap on each Cd3 face and  one terminal ligand SPh- or MeQ+ on 
each of the four outer cadmium atoms. Complex 1 can be viewed as a combination of the 
monoanion [Cd8S(SPh)15]

- coordinated to the moncation MeQ+ formed by the replacement of 
one of the terminal SPh- thiolate ligands (on cadmium Cd(6)) by the MeQ+ ligand. The Cd-S 
bond distances range from 2.5060(8) to 2.5865(9) Ǻ, which are comparable with those reported 
in the Cd-S cluster 2. The MeQ+ ligand is coordinated to atom Cd(6) by the pyridine group. The 
Cd(6)-N(1) bond distance is 2.339(3) Ǻ, lies within the typical range for Cd-N values in the 
literature, 2.235-2.411 Ǻ. Compound 1 is insoluble in all common solvents. It was dissolved in 
DMSO-d6 to record an 1H NMR spectrum, but the chemical shifts of the resonances of the MQ+ 
ligand were indistinguishable from those of the free ion, and it is thus believed that the DMSO, 
which is itself an effective ligand, has displaced the MeQ+ ligand from the complex. 

Because of its lack of solubility and reactivity toward strong donor solvents such as DMSO, 
see above, the visible spectra of 1 were recorded only in the solid state by the diffuse reflectance 
technique. The diffuse reflectance absorption spectra of 1 over the range 300 - 800 nm are shown 
in Figure 2. For comparison diffuse reflectance absorption spectra of 2 are also shown in Figure 
2. It is apparent that the spectrum of 1 is dramatically red-shifted compared with the 
corresponding absorptions of 2. This dramatic change in the absorption of 1 results from low 
energy electronic transitions between cluster and the MQ+ ligand. To understand the nature of 
the electronic transitions in 1 and 2, time-dependent density functional molecular orbital 
calculations were performed on both on 1 and 2. These calculations have revealed that the 
addition of MQ+ to 1 as a ligand introduces unoccupied low energy orbitals L – L+3 that permit 
new low energy electronic transitions. The most important one involves a transition from the 
cluster-based occupied molecular orbital HOMO-1 (H-1) orbital to the unoccupied LUMO+2 
(L+2) orbital on the MQ+ ligand 1, see the energy level diagram on right hand side of Figure 3. 
The calculations indicate that the low energy absorption is formally a cluster to ligand charge-
transfer transition (CLCT). In the absence of the MQ+ ligand, anion 2 shows only high energy 
transitions from the cluster-based occupied MOs: HOMO (H), HOMO-1 (H-1), HOMO-2 (H-2) 
and HOMO-3 (H-3) to the cluster-based unoccupied MOs: LUMO (L), LUMO+1 (L+1), 
LUMO+2 (L+2) and LUMO+3 (L+3), see left hand side of Figure 3. Feng recently reported that 
an MV2+ salt of anion 2 also exhibits highly red-shifted absorptions in the UV-vis spectrum and 
attributed this to charge-transfer effects.  

It was reported extensively in the literature that the photophysical properties and composition 
of QDs are strongly depend on the nature of surface ligands.  The diffuse reflectance excitation 
and emission spectra of 1 and 2 in the solid state are shown in Figure 4. Comparison shows that 
the emission from 1 at 484 nm is greatly reduced compared to that of 2 which lies at essentially 
the same position. This is attributed to quenching effects caused by electron transfers from the 
excited state to the MeQ+ ligand. Viologens are strong electron acceptors that readily engage in 
electron transfer reactions and have been shown to form a variety of intra- and intermolecular 
charge-transfer (CT) complexes with a wide range of donors including halides, ferrocyanide, 
carboxylate anions, amines, phenols, arenes and calixarenes. Recently, methylviologen have also 
been used as electron acceptor for CdSe QDs and the fluorescence of QDs can be totally 
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quenched. The calculated results of 1 and 2 show that CT from the nanoclusters to MeQ+ ligand 
leads to quenching of the fluorescence. 

MeQ+ has been shown for the first time effectively binding with nanocluster to form 
stable CT complex which exhibits dramatically red-shifted UV-visible absorptions compared to 
parent nanocluster and fluorescence can be greatly quenched by MeQ+. The complex can serve 
as an excellent model for understanding electron-transfer dynamics at the organic molecule-
nanoparticle interface, which is crucial to the development of many nanoparticle-based photonic 
devices, especially QD based solar cells.  
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Figure 1. An ORTEP diagram of the neutral molecular structure of 
Cd8S(SC6H5)15(C10H8N2CH3). Hydrogen atoms have been omitted for clarity. Thermal ellipsoids 
are shown at the 20% probability level. 
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Figure 2. Solid state absorption spectra of Cd8S(SPh)15MeQ, 1 and [NEt4]2[Cd8S(SPh)16], 2 
compounds. 
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Figure 3. DFT calculations of the energy states (top) and electronic transitions (bottom) in the 
cluster complexes 1 (right) and 2 (left). 
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Figure 4. Fluorescence spectra of Cd8S(SPh)15MeQ, 1 and (Et4N)2[Cd8S(SPh)16], 2 compounds. 
 
 

2) Synthesis, Crystal Structure, Photophysical Properties, and DFT Calculations of 
a Bis(tetrathia-calix[4]arene) tetracadmium Complex 

 
Interest in calix[n]arenes as novel polydentate, metal-assembling and cluster-forming ligands 

continues to grow. The frameworks of calix[n]arenes ligands are flexible and calix[4]arenes are 
the most widely used ones. The original calix[4]arenes contain four phenol groups connected by 
four methyl groups. In most cases, they behave as tetradentate ligands, bonding to one or more  
metal ions via phenolic oxygen atoms. Their ability to coordinate metal ions can be enhanced by 
introduction of heteroatoms to the parent calixarenes. Usually the upper and lower rim positions 
of the calix[4]arenes are modified with groups such as alcohols and amines. In addition, it has 
been shown that the methylene units can be replaced by dimethylsilyl groups, sulfur, sulfoxide 
and sulfone.  

 
Thiacalix[4]arenes have a unique ability to serve as polydentate, metal-assembling ligands, 

because they can coordinate to metal atoms and ions by using both their four soft sulfur atoms 
and their four hard phenolic oxygen atoms. p-tert-Butylthiacalix[4]arene (H4tca) was first used 
for applications in solvent extraction with first-row transition metal ions. Thiacalixarene was also 
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used successfully for the concentration and separation of heavy metal ions. The UV-vis 
absorption spectra of thiacalixarenes have potential use for spectrophotometric detection of metal 
ions and can act as an antenna group to absorb photons for interesting energy-transfer 
luminescence. CdS and CdSe quantum dots have attracted attention as light harvesting agents for 
use in photovoltaic devices. We have now synthesized and studied the structure and 
photophysical properties of the new bis(tert-Butylthiacalix[4]arene)tetracadmium (II) complex, 
Cd4(tca)2, 3. Compound 3 was obtained in 66% yield from the reaction of cadmium acetate with 
deprotonated H4tca in 1:2 ratio in DMF/CH3CH2OH mixture solvent at reflux. The cadmium 
acetate salt can be replaced with cadmium nitrate, cadmium chloride or cadmium sulfate etc. 
with similar results. Also, the 1:2 ligand/metal stoichiometry is not essential in order to obtain 
the complex 3. The compound 3 was characterized by 1H NMR, mass spectrometry and single-
crystal X-ray diffraction analysis.  

An ORTEP diagram of the molecular structure of 3 is shown in Figure 5. The complex is 
composed of a square of four Cd2+ ions sandwiched between two tca4- ligands which have a 
‘cone’ conformation similar to that of the free ligand. The two fully deprotonated tca4- ligands 
are coordinated to four Cd2+ cations and have an eclipsed conformation relative to one another. 
The edge length of the Cd4 square is 3.5217(2) Ǻ, and each cadmium cation is coordinated to an 
O4S2 donor-set consisting of an O2S group from each ligand. The two O2S groups have an 
eclipsed arrangement which produces an approximate trigonal-prismatic geometry about each 
cadmium ion. All oxygen atoms serve as bridges across two Cd ions. The Cd–O distances range 
from 2.202(5) Ǻ to 2.423(5) Ǻ and Cd–S distances of 2.6611(14) Ǻ and 2.6766(13) Ǻ. The Cd–
O bond lengths are in good agreement with those previously reported for CdII–O(phenoxo). The 
CdII–S bond lengths are shorter than the few previously reported for thioether complexes (2.716 
Ǻ –2.748 Ǻ). This may be attributed to the rigidity of the structure of the macrocycle which 
brings the sulfur atoms closer to the cadmium ions. This Cd4(tca)21.5CH2Cl2 complex closely 
resembles the previously reported complexes M4(tca)2 (M = Mn, Co, Cu, Hg, Zn).  

The absorption spectrum of compound 3, shown in Figure 6, exhibits two peaks, 230 nm and 
323 nm; the latter peak is red-shifted by 27 nm from the corresponding absorptions observed for 
the free ligand H4tca, 230 and 296 nm. Molecular orbital calculations were performed both on 3 
and the free ligand H4tca in order to understand the electronic states and the electronic transitions 
that are responsible for their UV-vis absorptions in both of these compounds (Figure 7). The 
electronic transitions were calculated by using time-dependent density functional theory. The 
simulated spectra, shown in Figure 8, are very similar to those recorded experimentally.  All of 
the transitions are based primarily in the aromatic rings of the calixarene ligand.  

The excitation and emission spectra of free H4tca ligand and 3 are shown in Figure 9. The 
excited spectra of free H4tca ligand and 3 are comparable. The emission of H4tca ligand located 
at 331 nm, while the emission peak of 3 was red-shifted to 373 nm. The calculated results of 
emission for free H4tca ligand, 331 nm, and for 3, 375 nm, are in excellent agreement with the 
experimental data. 

Viologens are electron deficient ions that readily engage in electron transfer reactions. 
Herein, the absorption, fluorescence properties of H4tca ligand and 3 with and without methyl 
viologen (MV2+) were studied here.  
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As shown in the Figure 10, the absorptions at 262 nm and 250 nm can be attributed to the 

absorption of the MV2+ in the mixtures of H4tca and 1, respectively. The fluorescence spectra are 
more interesting (Figures 11 and 12). In particular, the emission of H4tca ligand is totally 
quenched by the addition of MV2+, but the emission of Cd4(tca)2 is still strong. This can be 
explained by the formation of stable CT complex between H4tca and MV2+ which effectively 
quenches the emission of the free ligand but upon complexation to cadmium atoms the CT 
transfer associations that facilitate the quenching of the emissions are no longer possible. 

The tetranuclear cadmium (II) complex 3 has been synthesized by reaction between 
deprotonated p-tert-butylthiacalix[4]arene and various CdII salts. Complex 3 has been 
characterized by single crystal X-ray diffraction analysis and has been shown to be a sandwich 
complex containing four cadmium ions arranged in a square. Electronic transitions for free 
molecule H4tca, and the bis-(tca)Cd4 complex 1 are based in the arene rings of the tca ligand. 
The cadmium atoms induce a red shift of the absorptions and emissions of the complex relative 
to the free ligand. Dimethylviologen appears to form a CT complex with the free H4tca ligand 
that completely quenches its emission, but it cannot effectively quench the emission of the 
complex 3 suggesting that the presence of the cadmium atoms may block the formation of an 
effective CT association with the complex. Methylviologen is well known to effectively quench 
the emission of a variety of ruthenium bipyridinium complexes.  
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Figure 5. An ORTEP diagram of complex 3 with 30% probability. Hydrogen atoms have been 
omitted for clarity. The oxygen atoms and some of the carbon atoms of the calixarene are 
disordered. For clarity only one component of the disorder is shown.  
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Figure 6. Absorption spectrum of H4tca (ligand) (230 and 296 nm) and Cd4(tca)2, 3 (230 with a 
side peak and 323 nm) in CH2Cl2.  
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Figure 7. Diagrams of the molecular orbitals for 3 (left and center) and the free ligand H4tca 
(right) and the calculated energy levels for 3 (left) and the free ligand H4tca (right).  MO energies 
are in eV (left scale).  Broken green bars correspond to quasi degenerate states. 
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   (a) 

 
   (b)  

Figure 8. Simulated absorption (blue lines) and emission (red lines) spectra for (a) 3 (frontal 
view) and (b) the free ligand H4tca (top view) calculated under dichloromethane solvent. 
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Figure 9. Emission (right) and excitation spectra (left) for the H4tca (ligand) and 1 in CH2Cl2 
solvent.  a)  excitation spectrum of H4tca, emission measured at 331 nm; b) emission of H4tca 
when excited at 260 nm; c) excitation spectrum of 3, emission measured at 373 nm; d) emission 
of 3 when excited at 260 nm. 
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Figure 10. Absorption spectra of H4tca ligand (pks at 230 and 296 nm) and H4tca ligand with 
[MV]Cl2 (pks at 230, 262 and 296 nm); and 3 (pk at 230 with a side peak and 323 nm) and 3 with 
[MV]Cl2 (230, 250 nm and 323 nm) in CH2Cl2. 
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Figure 11. Fluorescence spectra of the free molecule H4tca with and without [MV]Cl2 in CH2Cl2: 
a) excitation spectrum of H4tca ligand when emission was measured at 330 nm; b) emission 
spectrum of H4tca ligand without [MV]Cl2 when excited at 280 nm; c) emission spectrum of 
H4tca ligand with [MV]Cl2when excited at 280 nm. 
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Figure 12. Fluorescence spectra of 3 with and without [MV]Cl2 in CH2Cl2. a) and b): Cd4(tca)2  
without [MV]Cl2; a) excitation spectrum when emission was measured at 373 nm; b) emission 
spectrum when excited at 330 nm; c and d: Cd4(tca)2 with [MV]Cl2; c) excitation spectrum when 
emission was measured at 373 nm; d) emission spectrum when excited at 330 nm. 
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3)    Metallic Nanoantennae and their Use in Organic-Polymer Photovoltaics 
 

Organic photovoltaics, particularly bulk heterojunction devices, have shown promise as 
alternatives to standard semiconductor based solar cells (1).  One of the main limitations of these 
designs is the low charge carrier mobility of the polymer blend.  This leads to losses due to 
radiative recombination and to space charge build up which limits collection of current from the 
device.  In order to avoid this, the absorbing layer is typically between 90 to 150 nm in thickness; 
this introduces another limitation as the thickness of the layer is now smaller than the 
wavelengths of light that it is intended to absorb.  In the standard device architecture, this layer is 
placed directly in contact with the rear metal electrode, as shown in Figure 13, which then forms 
a mirror at which the parallel component of the electric field goes to zero. 

 
Figure 13: Schematic diagram of length scales in a planar organic photovoltaic 
 

For the case of the P3HT and PCBM bulk heterojunction (P3HT:PCBM) absorber, this 
means the electric field maximum actually occurs outside of the absorbing layer for normally 
incident light.  As Moule, et. al. have shown, when this effect is integrated over all incident 
angles, the “thin film effect” can limit the total absorptivity of a 100 nm layer to less than 70% of 
the total intensity.  So if one integrates all the photons in the absorption band of P3HT:PCBM, 
one gets a maximum photocurrent ~28 mA/cm2, but thin film effects limit this to ~11 mA/cm2 

(3).  Thus, while recent theoretical calculations predict that such devices can reach 10.8% power 
conversion efficiency, (4)  the best measured efficiencies are between 5% and 6% (5).  

An approach to this problem is to “shape” the optical field within the device such that the 
light intensity is strongest in the absorber.  Traditionally, this sort of ‘shaping’ is done with a lens 
in the optical regime (i.e. an optical concentrator).  The use of nanoscale antennas (where the 
dimensions of the antenna << wavelength of scattered light) has been suggested as an alternative 
because the scattering caused by them can lead to a field coupled to propagation directions that 
place the E-field maximum within the absorption layer of a solar cell.  In contrast to a lens, these 
antennas can be incorporated into the device itself.  Nanorods of noble metals (such as gold and 
silver) have just such interesting absorption and scattering properties and have been shown to act 
as ‘optical antennae’.  One possible explanation of this antenna effect is that the stimulation of 
plasmons in the nanorod is ‘driven’ by incident optical radiation; the nanorod then radiates in a 
pattern similar to a classical half-wavelength dipole antenna that is driven by an alternating 
current.  This pattern has lobes perpendicular to the long axis of the antenna.  The wavelength(s) 
that are radiated by the ‘nano-antenna’ depend on both the dimensions of the nanorod and the 
material it is made from. 



 

 

7

Gold nanorods were blended into the PEDOT layer of standard P3HT:PCBM organic 
photovoltaic cells.  Increases in both the broad spectrum absorption and the device fill factors (as 
compared to solar cells created without the nanorods) were observed.  A direct comparison of the 
internal resistance and absorption characteristics allows estimation of the change in performance 
that can be attributed to greater absorption and that which might be associated with increases in 
buffer layer conductivity.  In contrast to earlier work which included Au and Ag nanoparticles in 
the absorbing layer directly (8), here the hole injection layer of poly(3,4-ethylene 
dioxythiophene): poly(styrene sulfonate) (PEDOT:PSS) of the organic solar cell (Figure 13) was 
loaded with the nanoparticle antennae.  This increases the broad spectrum absorption 
(presumably) as well as the sheet conductivity of the buffer layer.   

The photovoltaic devices were fabricated as described in literature. The buffer layer of 
composite PEDOT:PSS solution was blended with 0%, 1%, 5%, 10%, and 15% by volume of a 
gold nanorod solution.  The gold nanorods had lengths of 59 ± 3 nm and diameters of 12 ± .3 nm 
corresponding to an aspect ratio (length/width ratio) of 5.0.  The nanorods were synthesized as 
described in literature to achieve a particle concentration solution of 3.3 x 10-10 moles/liter.  The 
device size was 0.380 cm2 with two devices per sample. 

Absorbance in the devices was determined using an Ocean Optics USB 2000 photometer, 
and all samples were tested against a reference of cleaned, ITO coated glass.  The absorption was 
measured from devices with each length and several loadings of the nanorods.   Figure 14 shows 
a comparison between the absorption in devices with 0%, 5%, and 15% nanorod loadings.   

 

 
Figure 14:  Absorption spectra of devices made with 59 nm long Au nanorods.  All units are 
arbitrary absorption vs. cleaned ITO coated glass. 

 
The area under the curve, or the “oscillator strength” of the P3HT feature was calculated 

and is shown in Figure 15. 
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Figure 15:  Oscillator strength based on nanorod loading in devices with 59 nm Au nanorods. 
 (Illumination is 100 mW/cm2). 

 
Notice that as the loading of nanorods in the buffer layer is increased, by weight of Au, 

the absorption line of the P3HT increased by nearly 5%.  Based on microscopic examination, as 
well as from the background scattering, the overall aggregation or distribution of nanorods in the 
PEDOT matrices was roughly the same in all of the devices.  Of course we expect that if the 
loading is increased further, at some point reflection from the layer will surpass the increase in 
absorption of the P3HT. 

As length increases, the response of the rods changes as the wavelength that ‘drives’ it 
changes according to the effective wavelength. We expect its oscillator strength to increase with 
increasing length.  Also, the increasing length shifts the plasmon resonance of the rods toward 
the infrared. This could result in greater plasmon excitation in nanorods and thus greater near 
field enhancement around the rods.   

Next, device efficiencies and performance characteristics were determined using an Oriel 
AM 1.5g solar simulator.  This was done for devices with the 59 nm long rods and for an 
absorption layer spin coated from P3HT:PCBM dissolved in 1,2-dichlorobenzene, resulting in 
thinner absorption layers (~80nm).  The simulator was calibrated using a standard calibrated 
diode detector from NIST and following the procedures by Emery et al (10).  The spectral 
mismatch factor of the simulator was determined to be 0.2 over the absorption range of the 
P3HT:PCBM.  Perimeter current and waveguiding artifacts were not corrected for in this study.  
However, the magnitude of these artifacts was estimated by illuminating some of the devices 
through an aperture smaller than the pixel size and collecting current-voltage (IV) curves and 
comparing to the IV of full area illumination.  It was determined that the overall effects of 
perimeter artifacts in devices with and without nanorods were minimal.  It is important to note 
that this was done to insure that changes in performance between devices with and without 
nanorods did not arise from an increase in the current collected from the perimeter.  Such 
artifacts are quite important as they can lead to misleading interpretations of data and may have 
played some role in similar measurements reported in the literature.   
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Figure 16: I-V curves of devices processed with 1,2-dichlorobenzene. 

 

 
It can be seen in Table 1 that the difference in short circuit current is negligible but that 

there is a definite increase in fill factor (FF).  We believe that this is due to a decrease in the 
resistance of the hole injection layer, as evidenced by the improvement in series resistance of the 
devices incorporating nanorods.   

In conclusion, we have shown that doping the hole injection layer of a bulk 
heterojunction organic photovoltaic cell with Au nanorods produces improved device 
characteristics. Absorption spectra show small increases in absorption at wavelengths that 
overlap with the absorption of P3HT:PCBM bulk heterojunction cells at suitable concentrations..  
This effect is broad and may point to an ‘antenna’ effect from the nanorods.  However, we have 
also shown that the increase in short circuit current is negligible, which suggests that this antenna 
effect produces no significant increase in photocurrent generation.  We have also seen that there 
is an improvement in device characteristics tied to an improvement in the internal resistance of 
the device itself.  This decreased resistance appears to be due to increased conductivity in the 
hole injection layer which one would expect after doping with metal nanoparticles.  This is the 
main source of improvement seen in devices containing gold nanorods.  So, contrary to earlier 
reports, it appears that the ‘antenna’ effect is negligible when nanorods are incorporated into a 
device in this way.  If we look at the nanorod ‘antenna’ as analog to the classical dipole antenna 
this is what we would expect as the radiation pattern would cause a significant portion of the 
field to propagate out of the solar cell and away from the absorbing layer of the device.  Recent 
experiments support this assumption (13).   

 
Table 1:  Characteristics of devices processed with 1,2-dichlorobenzene.  Loading is % nanorod 
solution. 
 

Sample Loading    VOC(V) JSC(mA/cm2)  FF EFF Series R(Ω) Shunt R(Ω ) 
      A                     0          .528        4.53           .462   1.06          99       1085.5     
      B                       5%        .521               4.63           .513      1.2              63                 1275 
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4) Niobium doped ZnO nanorods, as nanomaterial “dopants” for organic polymer 
solar cells 

In the last 18 months, the Murphy group synthesized and characterized ZnO nanorods, with and 
without additive ions, as nanomaterial “dopants” for D. Carroll’s organic solar cells.  Nanorods 
were grown either in solution, to enable solution processing, or on substrates, to enable direct 
device fabrication. 
The synthesis for these ZnO nanorods was adapted from: Cheng, B.; Samulski, E. T.  Chem. 
Commun.  2004 , 986 – 987. In a typical procedure, 10 mL of 0.1M zinc acetate dehydrate in 
methanol was mixed with 20 mL of 0.5 M sodium hydroxide.  The resulting clear solution was 
transferred to a Teflon-lined stainless steel autoclave and heated at 150 C for 24 hours.  A white 
precipitate was collected, centrifuged at 7000 rpm for 20 min, and the supernatant was removed. 
The centrifugation/supernatant separation was repeated twice on ethanol-suspended pellets, 
before re-suspending the pellet in ethanol for final analysis.  Electron micrographs (Figures 13-
16) of dropped-dried solutions show that the average dimensions of the nanorods were 30-40 nm 
in width and 100-400 nm in length. 
 

 
Figure 17.  Scanning electron micrograph (SEM) of ZnO nanorods; scale bar = 1 micron. 
 

 
Figure 18. SEM of ZnO nanorods. Scale bar = 500 nm. 
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Figure 19. Transmission electron micrograph (TEM) of ZnO nanorods. Scale bar = 50 nm. 

 
Figure 20.  TEM of ZnO nanorods. Scale bar = 10 nm. 
 
The exciton diameter in bulk ZnO is approximately 5 nm (Bahnemann, D. W.; Kormann, C.; 
Hoffmann, M. R. J. Phys. Chem. 1987, 91, 3789-3798); therefore, these ZnO nanorods were 
expected to have bulk electronic and photonic behavior. Based on previous results from the 
Carroll lab, which implied that niobium doping of ZnO nanospheres prepared by a pyrolysis 
technique improved the function of organic solar cells (Kruefu, V.; Peterson, E.; Khantha, C.; 

 
 

 
Figure 5.  SEM of Nb/ZnO products, with highlighted spots 1 and 2.
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Siriwong, C.; Phanichphant, S.; Carroll, D. L. Appl. Phys. Lett. 2010, 97, 053302), niobium 
doping of ZnO nanorods was attempted.  Simple mixtures of niobium ethoxide or niobium 
chloride with zinc precursors, however, yielded particles that no longer maintained a rodlike 
shape; and in addition, spatially-resolved elemental analysis of the Nb/ZnO products showed that 
the sample is a mixture of Zn salts and Nb salts (Figure 21). 
 
Figure 21. (upper left): SEM of Nb/ZnO product material, with highlighted spots 1 and 2. 
Sample was overcoated with Au an Pd to prevent charging in the microscope. (bottom) EDS 
spectra of material in spot 1(bottom left) and spot 2 (bottom right), showing that the amount of 
Nb and also the ratio of Zn to Nb varies greatly across the sample. 
 
Aligned ZnO nanorod arrays grown on substrates 
The ZnO nanorods prepared in solution, described above, were not particularly homogeneous in 
size.  Moreover, alignment of ZnO nanorods in organic solar cells is expected to improve bulk 
heterojunction properties compared to randomly oriented nanorods (Bi, D.; Wu. F.; Yue, W.; 
Shen, W.; Peng, R.; Wu, H.; Wang, X.; Wang, M. J. Phys. Chem. C 2010, 114, 13846-13852).  
Therefore, ZnO nanorods were grown on several different substrates, including ITO glass. 
Substrates were cleaned, then dip coated with 5mM zinc acetate, and subsequently heated to 350 
C for ~30 minutes.  This produces aligned ZnO seed crystallites on the surface of the substrate 
with the c axis of the ZnO normal to the surface plane.  The substrates were then immersed in a 
solution containing 25 mM zinc nitrate and hexamethylenetetramine, and then heated to 90 C in 
a closed container for 1 - 3 h. The procedures are similar to that of the Bi et al paper cited above.  
The nanorod arrays shown in Figures 22-25 are indicative of the type of arrays formed when 
following the above procedure.  The resulting arrays and the methods used to create them are 
independent of the substrate.  The average diameter of the arrayed rods was approximately 100 
nm and their lengths was around 260 nm.  The nanorod arrays are uniform over large (10 
micron) distances. 

 
 
Figure 22. SEM of ZnO nanorod array on ITO glass. Scale bar = 1 micron. 
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Figure 23.  Larger-field SEM of the same array in Figure 22; scale bar = 2 microns. 
 

 
Figure 24.  Larger-field view of the same array from Figures 22 and 23; scale bar = 10 microns. 
 

 
Figure 25.  Cross-sectional SEM of the array shown in Figures 22-24; scale bar = 1 micron. 
 
It is of critical importance to be able to control the wetting of these ZnO nanorods with the 
hydrophobic polymers used by the Carroll group in their organic solar cells.  To this end three 
different molecules were used to modify the surface of the nanoparticles: n-hexylphosphonic 
acid, octadecanethiol, and stearic acid.  In all cases the acid or thiol group should bind to the 
ZnO, leaving the hydrophobic tails to face the solvent and future hydrophobic polymers.  In 
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these experiments, arrays of ZnO nanorods were made on a large piece of silicon and 
subsequently cut into smaller pieces.  In each solution (2-5 mM in ethanol) a rod array was 
immersed overnight with one of the three capping molecules and then rinsed with EtOH the next 
day to remove any unbound molecules.  Advancing contact angles were measured using a 
goniometer and the results are tabulated below in Table 2. The most hydrophobic ZnO surface by 
this measure was the octadecanethiol one. 
 
Table 2.  Results of contact angle measurements of chemically modified ZnO nanorods on 
silicon. 

Capping molecule Contact angle 

n-hexylphosphonic acid 43.1  1.9 

Octadecanethiol 162.8  5.3 

Stearic acid 161.1  1.7 

As Prepared ZnO 16.4  3.3 
 
ZnO nanorods, both in solution and as immobilized arrays, with and without the chemical 
surface modifications in Table 2, were sent to the Carroll group for incorporation into organic 
solar cells.  
 

5) Studies of Charge Balance and Photon Collection in Polymer Based Ternary Bulk 
Heterojunction Devices 

 
Ternary bulk heterojunction systems based on a composite of methyl viologen doped, 2.5nm 
CdSe nanoparticles blended with poly (3-hexothiopene) (P3HT) and 6, 6-phenyl C61-butyric acid 
methyl ester (PCBM) have been examined in detail.  We found that the devices with CdSe 
produce more photocurrent in a region surrounding the absorption peak of the particles (560 to 
660nm) when compared to a pristine P3HT:PCBM device.   For a low ratio of CdSe to PCBM, 
photocurrent collection is accompanied by space charge build up that limits the performance of 
the devices.  When we raise the ratio of CdSe to PCBM, space charge disappears and 
performance recovers, somewhat.  The IV curve shape analysis suggests that charge balance is 
achieved, however, electrode self-selection is reduced. 

Organic photovoltaics are seen as a low-cost alternative to traditional semi-conductor 
solar cells.  Of the organic systems, polymer based photovoltaics are the most widely studied.  
The bulk heterojunction design, which relies on a composite of conjugated polymer and some 
electron acceptor, is, to date, the most efficient polymer based system.   
 One of the basic challenges of these systems is maximizing both absorption of photons 
and collection of the resulting charge carriers.  Poly (3-hexothiopene) (P3HT) has a band gap of 
around 2.1eV; this results in absorption in a narrow band that does not match up well with the 
solar spectrum.  One way around this is the engineering of new, low band gap polymers that 
absorb in a more favorable range.   
 In this work we examine the role of a ternary heterojunction system in which P3HT is a 
host polymer, PCBM is used to achieve electron mobility and CdSe is used to enhance photon 
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capture.  Although, much work has been done on the use of CdSe nanoparticles in polymer 
photovoltaics, primarily using these particles as an electron acceptor in a bulk heterojunction 
system, relatively little has been done with three phase systems.  In our approach, the 2.5nm 
CdSe nanoparticles used are functionalized with the electron acceptor methyl viologen (MV) to 
aid in exciton separation on the nanoparticle and transfer of the charge to the host.   We found 
that this can result in a relative charge balance within the system 
 Experimentally, device fabrication began with making solutions of P3HT and PCBM 
combined in one of two different ratios (1:.8, 1:.5).  This solution was stirred for at least 8 hours 
and then filtered.  CdSe-MV, synthesized as discussed in prior literature, nanoparticles were 
dissolved in chlorobenzene via sonication and then mixed with the filtered P3HT:PCBM 
solutions.  The concentration of CdSe-MV material to chlorobenzene was 15mg/mL.  These 
solutions were combined so that there were solutions containing 6.7%, 10%, 13.4%, 16.7% and 
20% of the CdSe-MV solution.  This had the effect of slightly diluting the P3HT:PCBM 
solution.  Devices were fabricated with a sandwich structure composed of 
ITO/PEDOT:PSS/P3HT:PCBM:CdSe-MV/LiF:Al as described in literature.  Device size was .38 
+/- .04 cm2 and all devices were annealed at 150C for 4 minutes. 
 Devices were tested using a 150W Oriel Solar Simulator with curves taken by a Keithly 
260 SMU.  The lamp was calibrated against a NIST calibrated silicon detector and power was 
calibrated using an NREL Si diode.  External quantum efficiency (EQE) was determined by 
passing light from a 300W Oriel Xenon lamp through a Cornerstone 260 monochromator.  The 
light was chopped and the signal was read on a Merlin Lock-In Amplifier. 

 
 
Figure 26: a) Jph for devices containing varying concentrations of CdSe particles (0% open 
squares, 6.7% open circles, 10% open diamonds, 13.4% open triangles, 16.7% closed circles, 
20% closed squares b) dJph/dV for the same sets of devices, the peak for the 0% case (open 
squares) occurs at Vbi.  (1:.8 P3HT to PCBM ratio) 
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 Figure 26a shows the photocurrent for the 1:.8 PCBM ratio devices.  In order to obtain 
this, the dark IV curve was subtracted from the illuminated IV curve to isolate the current 
generated due to light.  The dark IV curve, as shown in the literature, is representative to the 
current generated by the photovoltage caused by illumination.  This results in a curve that is 
nearly antisymetric.  The temperature of the devices was not held constant between dark and 
light curve measurements.  These differences in temperature make comparison by points of 
symmetry difficult, as increased temperature due to illumination increases the current generated 
by the device, particularly after charge injection begins to dominate the current through the 
device.  To find the symmetry points, the curves were numerically differentiated over a range of 
-1.46V to 1.46V in order to capture the behavior in the area of interest.  These curves are shown 
in Figure 26b.  The devices without CdSe exhibit a peak at the built in voltage (Vbi) 
corresponding to the point of symmetry outlined in, indeed as the shape of the Jph curve is very 
similar to an inverse distribution function, once would expect its derivative to be Gaussian in 
nature.  Interestingly, the width of the curve is inversely related to the fill factor of the device.  
Ooi, et al., (Z.E. Ooi, R. Jin, J. Huang, Y.F. Loo, A. Sellinger, J.C. DeMello, Journ. Mater. 
Chem. 18, 1644 (2008) describe this point of symmetry as a consequence of the electric field 
going to zero when the applied voltage is equal to the built in voltage within the device, given by 
Equation 1. 

                                                    
d

VV
E BI )( 
                                                       (1) 

 The negative current seen at this voltage can be attributed to self-selectivity at one or 
both contacts, which serves to offset the total current in the device.  The devices containing CdSe 
are not as easily described by this method, as they lack similar symmetry. The dJph/dV curves of 
these devices show a double peak (of varying intensities). These features, as well as the S-shaped 
curve seen in the IV curves taken under illumination, is commonly attributed to space charge 
build up within the device.   
 Working from the conclusion reached by Ooi, et al, we can postulate that there is another 
term (or combination of terms) that represent the effect the nanoparticles have on the internal 
electric field of the device.  Space charge effects within a device have previously been attributed 
to and modeled as dipoles at the interfaces of the device.  Kumar, et al., (A. Kumar, S. Sista, Y. 
Yang, Journ. App. Phys. 105 094512 (2009) presents an experimental argument by building 
these dipole inducing layers into devices and proposing that dipoles formed at the interface 
provide a field that opposes the applied field, leading to anomalous device behavior. 
 The devices in this study differ, however, from the devices tested by Kumar in that the 
nanoparticles are distributed throughout the active layer of the device rather than simply forming 
a layer at an electrode interface.  Also, where Kumar, et al, shows a model at forward bias based 
on specific dipole configuration (where the dipole orientation is the same regardless of which 
electrode is being utilized), these devices show a much different behavior.  In their argument, 
Kumar, et al, attribute turning points (peaks in the derivative curve) to Eext=Ed and Eext=Ed+Ebi, 
where Eext is the applied external field, Ed is the dipole induced field, and Ebi is the internal field 
of the device.  This would be the case if Ed and Ebi were aligned in the same direction.  Figure 
26a shows a decrease in the internal electric field with increased particle loading, suggesting that 
the dipole induced field is working in the opposite direction of the built in field, effectively 
decreasing it.  This would lead us to attribute the first peak in the derivative curve to the adjusted 
internal voltage, or Vadj.  The second turning point occurs when injection current starts to 
dominate the device current, effectively suppressing the other components.  
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Figure 27: a) Jph for devices containing varying concentrations of CdSe particles (0% open 
squares, 6.7% open circles, 10% open diamonds, 13.4% open triangles, 16.7% closed circles, 
20% closed squares b) dJph/dV for the same sets of devices, the peak for the 0% case (open 
squares) occurs at Vbi.  (1:.5 P3HT to PCBM ratio)  
 
 When the PCBM ratio is changed, results change significantly as seen in Figure 27.  
Looking at the derivatives in Figure 27b, there are two major differences as the PCBM ratio 
shifts from 1:.8 PCBM to 1:.5 PCBM.  All devices now exhibit a single peak in their derivative, 
although the peak broadens as the nanoparticle concentration increases.  Vadj is slightly lower 
than the standard device, but the dependence on nanoparticle loading has disappeared, as all 
loadings exhibit peaks at a similar voltage.   
 Figure 27a has superficial similarities to Figure 26a, the compensation voltage (V0- the 
voltage where Jph is 0), still decreases as nanoparticle concentration increases, although without 
the accompanying ‘S-curve’.  The mechanism of this decrease is different, however.  Here, Vadj 
becomes less and less offset as nanoparticle concentration increases, indicating that one or both 
electrodes are becoming less self-selective.   

 
Figure 28: a) Vadj  (squares) and photocurrent (circles) from 560 to 660nm vs. CdSe nanoparticle 
concentration for 1:.8 PCBM ratio devices. b) Photocurrent from 560 to 660 nm vs. CdSe 
nanoparticle concentration for 1:.5 PCBM ratio devices. 
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 Figure 28 shows the observed photocurrent enhancement for these devices about the 
nanoparticle absorption peak (560 to 660 nm).  Figure 28a also shows Vadj for the 1:.8 PCBM 
ratio devices, while Figure 28b only shows the current collected by the 1:.5 PCBM ratio devices, 
all as a function of nanoparticle loading.  We can see that the nanoparticles provide similar 
enhancement from the standard device in both cases.  The 1:.8 devices, however, exhibit a drop 
in that enhancement sooner than the 1:.5 devices.  This can be attributed to the space charge 
build up within the 1:.8 devices which is not seen in the 1:.5 devices. 
 These results emphasize the complexity of bulk heterojunction systems, particularly 
when another material (phase) is added to the blend.  The change in CdSe to PCBM ratio within 
these devices leads to large changes in the performance and operation of the devices.  This 
change is not readily observable from the device characteristics themselves; the EQE curves 
show similar characteristics and the Voc drops with nanoparticle loading in both cases.  Further 
analysis reveals that different mechanisms are at work.  Here, we attribute the space charge build 
up in the 1:.8 devices to a displacement field created by the nanoparticles that serves to oppose 
the built in voltage of the device.  Another interpretation could be that the dipoles enhance the 
applied field, which leads to what is essentially the same effect.  This effect seems to disappear 
as the ratio of CdSe to PCBM is adjusted up, although this leads to other undesirable effects.  
The apparent change in selectivity of one or both of the electrodes in this case is curious and 
requires more thorough analysis to determine the cause.  We would expect these effects to 
change as the composition, size, and concentration of nanoparticles within the device change as 
well as with any changes to the conducting polymer or fullerene used.  Understanding these 
effects could lead to another route for improving the performance of bulk heterojunction devices 
as well as adding to our understanding of the physical processes involved in device operation. 
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