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Executive summary. 
The focus of this project was to advance the science and technology of new, low bandgap, materials for 
organic photovoltaics.  First generation PV are based on Silicon wafers onto which the device is fabricated.  
Most commercially available PV systems fall in this category, that has severe cost limitations because of the 
requirement of pure and expensive wafers for device fabrication.    Second generation, or thin-film, PV are 
composed of large area thin films deposited onto conducting glass substrates.  While there is a cost benefit in 
eliminating the need for expensive silicon wafers in the 2nd generation devices, they still involve costly and 
energy intensive vacuum and high temperature processes for their fabrication.  Second generation PV are 
slowly increasing their market share.  Figure 1 outlines the Efficiency vs. cost regimes of these technologies, 
along with the present and theoretically attainable efficiency limits. 
 

 
 

Figure 1. Efficiency vs. cost for the three generations of PV devices. The present efficiency limit is shown, as well as the 
theoretically attainable thermodynamic limit to future device efficiency.  OPV is expected to reside in the low-cost, moderate 

efficiency section of 3rd generation PV. 
 
The need to drastically reduce the cost of PV has driven intense research efforts into new, revolutionary, 3rd 
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generation approaches to solar energy conversion.  While the science of these devices is advancing rapidly, 
their technology has not yet reached a mature, commercializable, state.  One of the most promising 3rd 
generation PV systems is Organic Photovoltaics (OPV), also called Plastic Photovoltaics.  These are based on 
benchtop chemical processing methods that do not require high temperature or high vacuum conditions.  The 
solution processibility and plasticity of OPV makes them amenable to high-throughput roll-to-roll deposition 
by printing or spraying, that have the potential to drastically reduce manufacturing costs.   
 
The efficiencies of OPV devices have been rising steadily over the last decade, reaching a record of 5.9% in 
2008.  While this is an impressive number if one takes into account the simplicity of fabrication of these 
devices, there is little doubt that higher efficiencies can be reached.  In fact, it is widely believed that 
efficiencies of 8-10% are needed before commercialization of OPV can commence. 
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Figure 2. Absorption spectra of OPV materials: A state of the art polymer (P3HT) is shown, along with four of the materials 

designed and synthesized in this project.   
 
To date, the organic polymers used in the fabrication of OPV are largely a result of trial-and-error design 
schemes.  As a result, it has taken about 10 years for the current state-of-the-art polymer P3HT (poly(3-
hexylthiophene)) to exceed the 4% efficiency mark in OPV devices.  Some of the limitations of existing 
materials are well understood and overcoming these provided the initial thrust of this proposal.  Specifically, 
the absorption onset of commonly used polymers is too high to take advantage of solar photons, as shown in 
Figure 2.  In this project we have designed, synthesized and characterized materials with low bandgaps, i.e. 
with absorption spectra that have a better overlap with the solar spectrum, as shown in Figure 2.  The general 
goal of this research project was to advance the science of OPV and lead to a guided design of new materials 
with tailored properties for OPV devices.  To this end, we have advanced the theoretical understanding of the 
molecular structure of new materials and how the structure determines properties pertaining to the 
performance of OPV devices.  We have used the acquired knowledge base to design and synthesize materials 
with low bandgaps, i.e. with absorption spectra that have a better overlap with the solar spectrum.  We have 
investigated the properties of a variety of new materials for OPV, from the molecular level to that of a 
complete device and have developed a feedback loop in which the characterization results of our materials, 
along with a firm theoretical understanding of their properties, guides the design of the next round of 
materials.  An example of this process is depicted in Figure 2: after designing an initial series of dendrimers 
and establishing their viability in OPV devices (efficiency 1.3%), we were able, guided by computational 
design, to modify the molecular structure and achieve a bandgap of 1.75 eV that has a better overlap with the 
solar spectrum, without losing device performance.  Furthermore, polymers we designed, synthesized and 



 
 

optimized have even lower bandgaps (1.55 eV). 
 
In this project we investigated every aspect of OPV, from computational molecular design, to synthesis of 
dendrimers and polymers, to the formation of films and devices.  Over the course of this work we published 6 
papers in peer-reviewed scientific journals and gave 20 conference presentations.  In the following, we 
summarize the findings and achievements of this project. 
 
Project overview. 
The active layer of an OPV device is composed of a mixture of two organic materials, an electron donor and 
an electron acceptor.  Deposition of the active layer is done from casting a solution of the donor-acceptor 
blend onto a conducting substrate.  Evaporation of the solvent results in a self-assembled structure where the 
donor and acceptor phases form a network that shuttles electrons out of the device to produce photocurrent.  
Light absorption in OPV primarily creates excitons, bound electron-hole pairs, that are dissociated to free 
carriers at the interface between the donor and the acceptor.  The design of the molecules can enhance their 
light harvesting properties and the optimization of the processing conditions for solution and casting is an 
important step toward improving the generation and transport of photocarriers to create a functioning device.   
 
In order to address the goals of this project, we took a multifaceted approach in terms of the design, synthesis 
and characterization of materials.  UMN concentrated on synthesizing block copolymers and low bandgap 
polymers for the project, and NREL focused on organic dendrimers and polymers.  Each of these systems has 
potential advantages.  Dendrimers are easier to synthesize and demonstrate good molecular ordering on a 
length scale of a few nanometers and as a consequence are expected to have good charge transport properties.  
Our studies confirmed these expectations.  Block copolymers, while a little more difficult to synthesize, have 
the ability to form self-organized structures with lengths scales of 10’s of nm.  This allows for the possibility 
of tuning the domain size in the donor-acceptor blend, which is a critical factor in determining the device 
performance.  New versatile monomers were also synthesized as building blocks for low bandgap 
copolymers. 
 
The project was divided into 6 subtasks. In the following we summarize the progress in each one.: 
Task 1, computational molecular design:  We are able to precisely determine the optical absorption spectrum, 
and to some extent the transport properties, of pi-conjugated dendrimers, via ab initio calculations.  We have 
routinely used these calculations prior to synthesis to pre-evaluate the structure and optical absorption 
properties of the molecules. We have also developing the ability to calculate properties pertaining to charge 
transport in these systems. We also calculate formation energies of donor-donor and donor-acceptor 
complexes in various configurations. We can estimate the distribution of charges (electrons and holes) in the 
excited state of a molecule, which is crucial to current generation by electronic communication between 
molecules in donor-acceptor heterojunctions.  We have developed a code to simulate exciton diffusion in 
dendrimer films that has provided insight into the factors that influence this process at the molecular level.  
Results from these calculations have revealed interesting correlations between the structure of the films and 
the dynamics of exciton diffusion.  We have developed a similar approach to simulate charge transport in 
dendrimer films.  At this point we are in a position to simulate every physical process in the film that is 
relevant to its photovoltaic response.  
Tasks 2 and 3, synthesis and characterization:  P3DDT-PLA block copolymers have been synthesized, and 
removal of the PLA component has been demonstrated. Optimization of the morphology of films has been 
performed. New synthetic routes to these copolymers have been developed.  New triblock copolymers 
exhibiting good microphase separation are demonstrated and characterized. New ITN-based copolymers as 
well as new covalently-bound donor-acceptor structures have been synthesized and used in photovoltaic 
devices.  New synthetic routes have been developed and fine-tuned.  The effect of ionic liquids in the 
performance of OPV is demonstrated.  We have completed the synthesis of the second round of dendrimer 
structures based upon our theoretical calculations and feedback from the characterization of the first round of 
dendrimers.  Dendrimers with electron-withdrawing as well as with electron donating groups at different 
locations in the molecule have been investigated. Also, control molecules with one and two arms are being 



 
 

synthesized to serve as simplified test beds for our understanding of the structure and properties of the 
complete 3 and 4 arm dendrimers. The synthesis of polymers with repeat units similar to the ones of the 
dendrimers has also been performed. We recently synthesized polymers with bandgaps as low as 1.52 eV, 
which is very close to optimum for the absorption of solar photons.  We have optimized the side-chains of 
these polymers to enhance solubility and obtain high molecular weights. We have also synthesized new 
versatile monomers that also reach low bandgaps around 1.55 eV.  Organic nanoparticles have been 
synthesized to control the nanomorphology of donor-acceptor blends.  Multiple synthetic routes and building 
blocks have now been developed.   
Task 4, structural characterization:  XRD studies have been carried out for most of the materials synthesized 
at NREL and UMN to date. SAXS studies were used to characterize domain size. XRD measurements of 
pristine dendrimers indicate a preferred orientation of dendrimers with their plane perpendicular to that of the 
substrate.  XRD studies of donor-acceptor heterojunctions reveal partial crystallization of the acceptor in 
blends with large acceptor to donor weight ratio.  Also, the influence of the acceptor on the morphology of 
the blend is evaluated.  We have examples of materials that demonstrate  order dominated by the donor or by 
the acceptor.   
Task 5, transport measurements:  Carrier mobility data (using Time Resolve Microwave Conductivity) have 
been taken for the complete series of dendrimers synthesized to date.  Clear correlations with device data 
have been seen. The efficiency of carrier generation in the active layer is investigated and correlations with 
molecular structure are shown.  Recombination lifetimes are being measured and correlated to the structure of 
the heterojunctions. We have developed a Time-of-Flight photoconductivity capability to measure drift 
mobilities of electrons and holes.  We have also carried out Mott-Schottky and dark conductivity experiments 
to investigate the dark carrier concentration in dendrimer films.   
Task 6, device fabrication:  We have made inroads to using dendrimers for OPV devices and have presented 
the first thiophene dendrimer OPV with high open circuit voltage (over 900 mV) and power conversion 
efficiencies over 1%.  Specifically, we have achieved a peak quantum efficiency of 35% and an overall 
power conversion efficiency of 1.3% in a dendrimer:fullerene blend device.  This is an impressive result 
given the non-optimal band gap (2.1 eV) of this early-stage material.  We have also achieved a power 
conversion efficiency of over 1% for a lower band gap dendrimer (3G1-2S-CN, Eg = 1.8 eV) still retaining 
the high open circuit voltage of over 900 mV. We recently achieved a bandgap of 1.52 eV from our newly 
synthesized polymers. Optimization of PV devices has been performed, utilizing our ability to vary a number 
of different components of the devices, from the composition of the active layer to the annealing conditions 
and the choice of metal contacts.  Feedback from transport and structural measurements has been used to 
guide optimization of device structures.  We are investigating the effects of acceptor crystallization in the 
active layer on the performance of devices.  Bilayer structures with ionic additives have been fabricated and 
characterized.  
 
Project benefits. 
Many significant contributions to the scientific understanding of the properties materials used in OPV have 
been made in the framework of this project.  As mentioned above, understanding the physical mechanisms 
underlying the design and properties of materials for OPV is paramount for the design of new materials and 
device architectures.  The knowledge developed under the framework of this project will guide our research 
on OPV in the following years toward the development of a successful, commercializable technology. 
 
The importance of the scientific contributions from this project is evidenced by the 6 publications in peer 
reviewed scientific journals and 20 presentations at national and international conferences.  Though these, 
Xcel Energy has gained visibility as a source of funding for innovative research toward a clean energy future. 
 
This project was carried out as a collaboration between the National Renewable Energy Laboratory in 
Colorado and the Department of Chemical Engineering and Materials Science of the University of 
Minnesota; UMN has received 37% of the total budget.  During this collaboration, there have been two visits 
of graduate students from UMN to NREL that enhanced the transfer of knowledge and expertise between the 
two institutions.  In particular, the project provided the funds and expertise for UMN to start an OPV research 



 
 

program.  Through this program two new graduate student and one postdoctoral researcher positions were 
created at the University.  The creation of research hotspot for OPV is a direct benefit to the state of 
Minnesota. It is expected that UMN will leverage the success of this work to attract further funding to expand 
its OPV effort.  If OPV follows its current evolution path, it is reasonable to expect that a practical 
technology will arise in 5-10 years, with corresponding benefits to states that have existing expertise in the 
field.  
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