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ABSTRACT  

Trimetallic nitride endohedral C80 fullerenes (TNEF) materials offer a reduced lowest 

unoccupied molecular orbital energy (LUMO) offset when compared with many of the 

polymer donor systems currently being employed in Organic Photovoltaic (OPV) research. 

This lower LUMO offset allows for higher open circuit voltages, and therefore, higher 

efficiencies in OPV devices. Presented here is a comprehensive study of the room 

temperature absorption and emission of a series of trimetallic nitride endohedral 

metallofullerenes, M3N@C80, (M= Er, Gd, Ho, Lu, Sc, Y), as well the investigation and 

demonstration of TNEFs use as an acceptor material in OPV devices.  Morphology and 

electrode contacts are shown to have large influence on TNEF-based OPV performance, in 

poly(3-hexyl)thiophene (P3HT) and 1-(3-hexoxycarbonyl)propyl-1-phenyl-[6,6]-Lu3N@C81 

(Lu3N@C80-PCBH) based OPV devices.  Decreasing the LUMO offset  between P3HT and 

the acceptor material, reduced energy losses in the charge transfer process, which yield an 

increased open circuit voltage to 280mV above reference devices made with P3HT & [6,6]-

phenyl-C61-butyric methyl ester (C60-PCBM). OPV energy conversion efficiencies of > 4% 
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are observed with P3HT/Lu3N@C80-PCBH active layer with a predicted upper limit on 

power conversion efficiency of > 6% for this donor/acceptor system. The data displayed 

within this work constitutes proof of concept that the varying reduction potential (160 -290 

meV vs. C60-PCBM) of the TNEF acceptor molecules provides a pathway to enhancing 

OPV device performance by closing down the molecular orbital offset of the donor/acceptor 

heterojunction. TNEF acceptor materials in single bulk heterojunction devices offer a viable 

path to 11% conversion efficiency with already-reported-on low-band-gap donors, such as  

poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b′]-dithiophene)-alt-4,7-(2,1,3-

benzothiadiazole), PCPDTBT. 
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Introduction: 

Since their discovery more than two decades ago, carbonaceous fullerenes have been 

extensively investigated. Initial work focused on standard fullerenes such as C60, C70, and 

C84, which can be synthesized with relatively high production yields, resulting in a wealth of 

literature on these fullerene materials.[1, 2] Fullerenes, most of which are semiconducting, 

have unique ellipsoidal geometries due to their hybridization, that can be useful in building 

electronics in the nanometer domain. However, the utility of these high-yield empty cage 

fullerenes is limited by their fixed chemical and physical properties.  Methods that have 

been devised for tailoring fullerene properties include chemical addition of functional 

groups, [3-6] and more recently, encapsulation of molecule within the fullerene cage.[7] The 

encapsulation of metal ions is of particular interest, both for the entrapped species’ effect on 

the fullerene’s electronic structure and the fullerene’s ability to provide isolation of the 

entrapped chemistry.[8-11]  

 

In 1999 C80 fullerenes, which were not produced in high yields due to their instability, were 

found to form very stable molecules upon entrapping a rare-earth metal cluster, in particular 

a trimetallic nitride, which does not readily exist in nature.[8, 12] Both of these unstable 

molecules, the cage and the metal cluster, are stabilized via a charge transfer of six electrons 

from the trimetallic nitride cluster to the C80 fullerene cage.[8]   
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Figure I.1: Image of C80 Trimetallic Nitride Endohedral Fullerene molecule; which is a C80 fullerene 

enclosed around a trimetallic nitride cluster. 

 

Due to the large variety of metals that can be used to make the endohedral cluster, these 

nano-materials are expected to be multifunctional. Trimetallic Nitride Endohedral C80 

Fullerenes, TNEFs, have been sought for their unique properties in such applications as MRI 

contrast agents[13]and optoelectronics.[14] Until recently, lower yields in a Krätschmer-

Huffman arc generator and the subsequent purification process had prevented scientists from 

rigorously testing the physical properties of this new subset of fullerenes.[9] Luna 

Innovations Inc. has improved the production yields of these TNEF and produces the TNEFs 

and their derivatives under the registered trade name TRIMETASPHERE® carbon 

nanomaterials. The production and purification methods of these novel TNEF materials are 

published elsewhere.[15] The larger scale production of these TNEFs has enabled a pathway 

for understanding the useful nature of these novel materials.[8]  

 

For a little more than a decade, organic electronic devices have gathered attention in the 

electronics industry.  These devices, which are based on organic molecules offer a unique 

combination of properties, including low production cost, lightness in weight, and flexible 
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substrates.[16] By producing organic electronics, the integrated circuit industry may abate 

much of its production costs typically associated with traditional silicon based electronics.[16, 

17] The molecules that are produced for organic electronic devices are ‘inherently 

inexpensive’ and compatible with low-temperature high-throughput production processes.[16, 

17] With the introduction of organic light emitting diode (OLED) displays, organic-molecule-

based electronics have reached the public market place.[16] Further strides made in polymer 

chemistry research have produced thin film transistor (TFT) materials with high charge 

carrier mobility.[18] These TFTs will usher in new products with logic based circuits built 

from organic molecules. With the world’s recent focus on energy production, a third organic 

electronic device (the subject of this dissertation) is gaining an increasing amount of 

attention. The organic photovoltaic cell (OPV) has the potential use as a solar energy 

conversion device that has not only lower production costs but also versatility in application 

due to the relatively high optical absorption coefficients of organic materials.[17] These OPV 

devices can be produced with a variety of materials and configurations including the use of 

fullerenes as electron acceptor materials. One such configuration is the bulk-heterojunction 

OPV, which is a solution process-able OPV device.[19] The solution process-ability of these 

devices allows high-throughput production techniques such as roll-to-roll utilized by the 

print industry, thereby reducing production costs.[16, 17, 20] However, the power conversion 

efficiency, the amount of energy a photovoltaic device can convert from incident light into 

usable electricity, for this bulk-heterojunction OPV technology remains relatively low in 

comparison to other photovoltaic technologies.[19] There have only been a few reports of 

OPV device efficiencies over 5%.[21, 22] Even with these relatively low efficiencies, it has 

been asserted that the cost advantages of bulk-heterojunction OPV devices need only reach 
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power conversion efficiencies of 8-10% to become a feasible technology for public 

markets.[23] 

 

Recent theoretical[24] and experimental data[25] suggest that the molecular orbital energies for 

the TNEF materials are much better suited for bulk-heterojunction OPV devices than empty 

cage species. TNEF materials offer a smaller lowest unoccupied molecular orbital energy 

(LUMO) offset compared with many of the polymer donor systems currently being 

employed in OPV research. This lower LUMO offset provides a path towards higher open 

circuit voltages, and therefore, higher power conversion efficiencies in OPV devices. The 

thesis work presented here is a study of the room-temperature absorption and emission of a 

series of C80 metallofullerenes, and the investigation and demonstration of TNEFs use in 

OPV devices.   
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Chapter 1: Organic Photovoltaic Device Basics 

Solution processed organic photovoltaic (OPV) devices are simple in their construction. A 

single-layer bulk-heterojunction OPV device is pictured in figure 1.1. Incoming light passes 

through a transparent substrate, commonly Silica glass, and a transparent electrode.  The 

light is then absorbed by the active layer which consists of electro active molecules.  A bulk-

heterojunction OPV device’s active layer is a mixture of donor and acceptor molecules.  The 

donor absorbs light and the acceptor molecules facilitate free charge production in the solar 

cell.  The active layer is bounded by two dissimilar electrodes that harvest the free charges 

formed in the active layer. Any light not absorbed by the active layer is reflected for a 

second pass by the reflecting electrode, thereby increasing the path length for any 

unabsorbed photons. In this standard bulk-heterojunction device each absorbed photon 

excites one electron in the donor material which forms an exciton.  The exciton has to 

diffuse to a donor/acceptor interface where it can be dissociated. The electron that is 

transferred to the acceptor material can then traverse a path to a collection electrode and 

contribute to the device’s photocurrent.  The following sections in this chapter will outline 

the theory and function of a bulk-heterojunction OPV device, as well as outline the 

architecture and characterization techniques used for all OPV devices describe in this work.  
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Figure 1.1: Cross-sectional view of a single heterojunction OPV device structure with the black line 

signifying a current carrying wire, which connects the reflecting electrode to the transparent electrode. 

 

Active Layer: 

The metal-insulator-metal (MIM) model was first used to gain insight into OPV devices.  In 

the MIM model an organic semiconductor is sandwiched between two electrodes with 

dissimilar work functions producing a tunneling diode.  Figure 1.2 depicts a MIM tunneling 

diode in the short circuit condition and under light bias.  The organic semiconductor absorbs 

photons with energy greater than the bandgap energy promoting an electron from the 

valence band, VB, to the conduction band, CB, generating an exciton that is free to diffuse.  

If the difference in the metal electrode’s work function is greater than the Coulomb 

attraction for the photo-generated exciton, the exciton will dissociate producing free charge 

carriers that can be used in the external circuit.  There are, however, limitations for this type 

of device to work as an OPV device.  Few metal electrode combinations have a large enough 
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difference in work function to overcome the excitons’ Coulomb attraction for known 

organic materials.[26] This is because organic materials have relatively low dielectric 

constants to aid in exciton dissociation.[27] Also, most organic materials lack the exciton 

diffusion length and the charge carrier mobility needed to operate such a device in the short 

circuit condition, so free charges tend to recombine in these devices. To overcome these 

limitations of the MIM tunneling diode, a dual molecule donor/acceptor approach was 

conceived.  

 

 

Figure 1.2: Energy band diagram of a MIM tunneling diode harvesting photons in the zero bias short 

circuit condition. 

 

In this donor/acceptor device there are four fundamental steps for energy conversion. Figure 

1.3 depicts a donor/acceptor photovoltaic cell under flat band conditions or open circuit 

condition.  The first step is light is absorbed in the donor semiconductor, promoting an 
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electron from the donor’s highest occupied molecular orbital, HOMO, to the donor’s lowest 

unoccupied molecular orbital, LUMO, producing an exciton which can then diffuse in the 

donor phase for the duration of the material specific life time of the exciton.  The exciton 

can diffuse to the donor/acceptor interface where the exciton is then dissociated.[28] The 

dissociated charges are then transported to and collected by the dissimilar work functions 

electrodes. It has been found that fullerenes are excellent acceptor molecules due to their 

high electro negativity, facilitating the exciton dissociation in many semiconducting polymer 

systems with near 100% efficiency when placed within the exciton diffusion length of a 

donor material.[23] 

 

 

Figure 1.3: Molecular band diagram of the active layer of single heterojunction donor/acceptor OPV 

device under illumination in the flat band condition, and the associated electron harvesting scheme. 

 

From this point forward the active layer for any of the following OPV devices is a 
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light and facilitates hole transport to the anode.  The second component is the fullerene 

acceptor which accepts the excited state electrons from the donor polymer’s LUMO and 

facilitates the transport of electrons for collection at the cathode.[29] 

 

Recently, many scientists studying OPVs have decided to move from a basic bilayer 

heterojunction device which has one layer of donor and a second layer of acceptor material, 

to a blended donor/acceptor composite, bulk-heterojunction, active layer.[19, 29] Figure 1.4 

depicts the overlapping band structure of the bulk-heterojunction device in its operational 

short circuit current condition under light bias. The reasoning for moving away from bilayer 

devices is that the acceptor and donor are separated in two layers which restrict the number 

of electrons that can be harvested in the acceptor layer to those excitons that are within the 

exciton diffusion length from the donor/acceptor interface. Poly(3-hexyl)thiophene (P3HT) 

has been cited as one of the best OPV donor materials with high hole mobility and 

absorption.[23] However, P3HT’s exciton diffusion length is ~8.5 nm[17, 30] thereby reducing 

the active region of a single junction bilayer device made with P3HT donor to less than 10 

nm thick. The restricted diffusion length in organic materials reduces the number of photons 

absorbed by the donor that contribute to the current produced by the device, thereby 

restricting the power conversion efficiency of such an OPV device.[26] In a bulk 

heterojunction device the active layer is a bicontinuous three dimensional blended network 

of donor and acceptor phases that span from the anode to the cathode.[27] This network of 

intertwining phases enables the active layer to be much thicker, increasing the film’s 

absorption and the donor/acceptor interface area. By increasing the interfacial area between 

the donor and acceptor phases, the number of electron harvesting sites increases, yielding an 
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OPV device with the same device area but higher current.   One downside of the bulk 

heterojunction design is that there is also an increased probability for the free charge carriers 

to meet a charge carrier of opposite charge while traveling to the collection electrodes and 

recombine. This recombination can be abated by using materials with high charge carrier 

mobility or by increasing the extraction potential across the active layer.  Since charge 

carrier mobility and path length are highly dependent on the donor/acceptor composite 

active layer, OPV performance can be optimized by varying the donor/acceptor blend ratio 

and the active layer thickness. 
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Figure 1.4: Band diagram of a blended donor/acceptor bulk-heterojunction OPV device under 

illumination in the short circuit condition. 

 

There are many parameters associated with the active layer which can affect the overall 

device performance. These parameters are addressed in this dissertation, but a brief outline 

of such parameters is as follows. Selecting the donor polymer and fullerene acceptor based 

on complementary absorption spectra, is important to efficiently utilize the energy 
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associated with the solar spectrum. The physical and chemical properties of the donor and 

acceptor materials are very important to the function of the OPV device.  These properties 

are the molecule’s photo-physical decay pathways, the redox potentials, solubility, 

miscibility, charge carrier mobility, and nano-phase formation. Also, higher power 

conversion efficiency (PCE) values can be achieved by altering the donor/acceptor blend 

ratio to enhance percolation, as described in Chapter 5.   

 

Yet other parameters exist that affect the active layer performance. The selected solvent 

system for the active materials has been shown to impact the active layer’s morphology. The 

atmosphere to which the blend is exposed during its lifetime has been shown to impact the 

electronic properties of some material systems through either chemical reactions or physical 

adsorption. Thermal and solvent annealing treatments, which alter the bulk morphology of 

the active layer, will also affect performance.[23] The active layer assembly optimization is a 

subject of great importance for the bulk-heterojunction devices. 

 

OPV Device Architecture: 

Figure 1.1, illustrates the fabrication architecture for a single-layer organic photovoltaic 

device used in this work.  A majority of research grade OPV devices and those used for this 

study utilize a transparent electrode (indium tin oxide, ITO) on a polished silica float glass 

substrate that has a SiO2 passivation layer. A 100-150 nm thick ITO anode allows light to be 

transmitted to the active layer of the OPV device and collects free charges from the active 

layer. Area patterned ITO is readily available for purchase. For all devices discussed here 
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the ITO layer was patterned into a two dimensional horse shoe shape as shown in figure 1.5. 

This pattern allows for multiple devices to be indexed on a single substrate, enabling the 

study of OPV device performance across a film. There is one disadvantage with using this 

ITO pattern.  The circuits’ series resistance varies from device to device. However if the 

ITO legs are identically patterned and the devices are contacted and distributed evenly along 

the legs, the resulting device performances down leg one can be paired with an analogous 

device down leg two.  

 

ITO Contact Area 

4 mm 

3 mm 

28 mm 

25.4 mm 

2 mm 

 

 

Figure 1.5: OPV substrate and electrode schematic. The ITO area is represented by the inverted U-shape 

with diagonal lines, and the reflecting electrode material is represented by rectangular areas with wavy lines. 

The device area is denoted by the intersection of these electrode areas.  

 

Initially ITO substrates were bought from Delta Technologies Ltd. The feature size of the 

OPV devices are rather large (12 mm2) enabling the ITO layer on the substrates to be 

patterned in house. To pattern the ITO layer, butyl acetate or ethyl acetate lacquer is painted 

where the ITO is to remain. After the acetate lacquer has dried the substrate is immersed in a 
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six molar hydrochloric acid solution which etches away the exposed ITO. After 30 min in 

the bath, the substrates are rinsed with deionized water, Di-H2O. This technique, however 

crude, works. However, small differences in device area and ITO edge characteristics due to 

the painting of the ethyl acetate were found to increase variability in same film OPV device 

performances, so lithographically pre-patterned Glass/ITO substrates were then purchased 

from Thin Film Devices. 

 

Patterned Glass/ITO substrates are cleaned in a series of cleansing baths and sonicated for 

15 min in each bath. Two sequential acetone baths are used to remove any residual 

patterning resist leftover from the patterning company and any residual surface debris from 

transport. Next, the substrates are cleaned in a surfactant bath of 2 %vol. (Fl-70, Fisher 

Scientific) in Di-H2O, to rid the substrate surface of particles that may contaminate the 

ITO/polymer interface. The substrates are then cleaned with Di-H2O to remove any leftover 

surfactant from the previous bath.  For the final two baths the substrates are immersed in 

acetone and then isopropanol, IPA.  The substrates remain in the IPA until it is time to spin 

cast the hole transport layer (HTL) and electron blocking layer (EBL), which are made of 

poly(ethylenedioxythiophene):poly(styrene sulfonate), PEDOT:PSS (Baytron P AI 4083, 

H.C. Stark). 

 

The clean substrates are retrieved one at a time from the IPA and blown dry with industrial 

grade N2. The dry substrate is immediately placed on a spin caster in air, where the 

PEDOT:PSS is spin cast at 6000rpm for 30 sec. This produces a ~30 nm PEDOT:PSS layer 

on top of the ITO.  This PEDOT:PSS layer serves several purposes, one being to flatten the 
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surface morphology of the ITO. Another is that PEDOT:PSS has an oxidative energy that is 

relatively well matched  to the ITO and will pin its Fermi energy to a variety of donor 

polymers HOMOs.[31] PEDOT:PSS has relatively good conductivity in thin layers, further 

increasing its utility as an interlayer for OPV devices.[32, 33] After spin casting the   

PEDOT:PSS on the Glass/ITO substrate, the PEDOT:PSS covering the ITO contact area, 

shown in figure 1.5, is wiped away using a cotton swab dampened with Di-H2O. The 

Glass/ITO/PEDOT:PSS substrate is then baked on a hotplate at 145°C for 10 min to ensure 

removal of H2O from the PEDOT:PSS layer. The substrates are then promptly transferred 

into an argon glove box where the H2O and O2 levels are held at < 0.1 ppm. All further 

device fabrication of the OPV devices takes place in this inert environment, because the 

devices are sensitive to oxygen and H2O. 

 

The solution processed active layer can be deposited by such means as spray coating, drop 

casting, doctor blading, roll casting or spin casting. Although all of these techniques have 

shown great promise in device production, spin casting is chosen for this work because of its 

versatility and reproducibility in producing homogenous thin films. Spin casting offers the 

ability to tune both the film thickness and the film’s solidification time. After the thin film 

active layer is cast, the reflecting electrode is deposited through a shadow mask in a thermal 

deposition system under vacuum ( < 2 x 10-6 Torr). The device area as depicted in figure 1.5 

is where the top reflecting electrode crosses the ITO leg.  It is worth noting that the 

conductivity of any additional inter layers, such as PEDOT:PSS layer, may alter the 

effective device area, and therefore hinder a device’s performance.[33] The reflecting 

electrode serves two key purposes. It reflects photons that were not absorbed during their 
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first pass through the active layer back through the active layer for a second pass. This 

electrode also harvests electrons from the active layer. The most commonly used reflecting 

electrode is made of aluminum. Many recent publications report higher efficiency OPVs by 

using materials such as barium, calcium, lithium fluoride, cesium carbonate, zinc oxide and 

titanium dioxide to: increase the device’s internal electric field; selectively block charge 

carriers; and/or adjust the optical convergence in the film.[17, 34-39] However, in most of these 

novel device architectures, Al is still used as the reflecting, contact, and/or corrosion barrier 

electrode. Further work on choosing the proper electrode for a TNEF based device is 

presented in Chapter 7. All the aforementioned device components have their role in device 

performance, but by far the most critical is the active layer. 

 

Basic OPV Film Evaluation Techniques: 

Establishing that exciton dissociation is occurring in a donor/acceptor system is a many step 

process. Measuring the optical absorption and the photoluminescence (PL) properties of the 

donor/acceptor blend are two methods that yield considerable information. All UV/Vis 

absorption spectra for this work, unless otherwise stipulated, were measured on a Perkin-

Elmer Lamdba-20 with a detection range between 180-1100 nm. The PL spectra were 

measured on a Perkin-Elmer LS-55, which has an excitation range from 200-800 nm and 

emission detection capabilities in the 300-900 nm range, using the IR photomultiplier tube 

R928.  
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The absorption of the donor/acceptor blend helps to indicate whether the ground states of the 

donor and acceptor interact as shown in figure 1.6a. If the absorption spectrum of the blend 

film is equivalent to the sum of the absorption spectra of the two individual materials, the 

donor/acceptor system has no ground state interactions.[40, 41] In researching bulk 

heterojunction OPV devices one will find that the most common high performance 

composite system to date is the P3HT/[6,6]-phenyl-C61-butyric methyl ester (C60-PCBM) 

donor/acceptor system.[23] To probe whether a donor/acceptor system is a good candidate for 

charge transfer to take place, the blend film’s PL properties must be examined.  P3HT was 

selected as our donor material; its expected peak fluorescence is in the 640-750 nm range 

when excited by photons with greater energy than the P3HT’s 1.9 eV bandgap, as shown in 

figure 1.6b. The P3HT used in films was manufactured by Rieke Metals, Inc. If the 

electron/hole pair is dissociated by a nearby acceptor molecule, the P3HT/acceptor blend 

will no longer fluoresce. Absence of the fluorescent signal indicates the excited state energy 

has been transferred to the acceptor.  To establish that an excited state transfer occurs in 

blend films of P3HT/C60-PCBM mixed at a 3:2 mass ratio, the PL spectra were sampled for 

pure P3HT and compared to the two donor/acceptor blends. As shown in figure 1.6b, upon 

blending the C60-PCBM acceptor material with the P3HT polymer, the P3HT’s PL signal is 

quenched to one forty-ninth its original peak height at 740 nm. This is a relatively easy test 

that can help to ensure that a donor/acceptor blend should work as an OPV active layer. This 

PL quenching test does not differentiate between a charge transfer process and an energy 

transfer process. A charge transfer process, which is vital to the operation of an OPV device, 

occurs when the electron/hole pair is dissociated, leaving the donor with a net positive 

charge and the acceptor with a net negative charge.  An energy transfer process occurs when 
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the bound electron/hole pair on the donor transfers to a lower energy state on the acceptor, 

recombining and yielding no net free charges. This recombination process can occur either 

radiatively on the acceptor or non-radiatively, so any PL signals from the blend other than 

the donor material’s PL signature must be compared to the PL signature of the acceptor and 

any other possibly incorporated materials. A more thorough transient absorption technique 

for monitoring the excited state dynamics of a donor/acceptor blend is discussed in Chapter 

4. 
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Figure 1.6: Donor and acceptor absorption and fluorescence spectra a) of a film of P3HT (grey squares), 

C60-PCBM in solution (dark grey circles), and a blend film of P3HT/C60-PCBM (black triangles). b) A P3HT 

film (grey squares) PL signal quenched by the blending of C60-PCBM (black triangles).  
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Basic OPV Device Characterization: 

Device efficiencies were measured using a Keithley 236 source measure unit with 

illumination from a solar simulator (150W Newport-Oriel, Air Mass 1.5G filter) at 

100mWcm-2 referenced to a calibrated Si diode with KG3 filter (PV Measurement, Inc). The 

basic OPV device testing procedure is as follows. The OPV device is placed under solar 

simulation conditions using a Xenon lamp matched to the terrestrial solar spectrum (Air 

Mass filter 1.5) at a power density of 100 mW cm-2. The ITO anode and metal cathode are 

attached to a power supply which varies the bias of the OPV active layer with a voltage from 

-2 V to +2 V while monitoring the current. From this recorded data, a current density verses 

voltage curve, JV curve, can be plotted for the device.  Two JV curves are measured, one 

with the device in the dark which resembles a diode, resisting current flow and then 

allowing charges to flow through the OPV device when the bias voltage reaches the 

threshold voltage. The second JV curve is acquired while the device is under illumination.  

Under illumination the OPV device produces current until the internal field is zeroed by the 

externally applied electric field, so the JV curve under illumination resembles the diode 

produced in the dark but is shifted into the third and fourth quadrants by the current 

produced in the cell. Plots of an OPV device’s dark and illuminated JV curves are shown in 

figure 1.7. By comparing these two curves one can gain significant insight into the function 

of the OPV device’s: electrodes, interfaces, and active layer. The open circuit voltage, Voc, is 

where the bias potential decreases the current to zero under illumination. This is where the 

device is forced into the flat band condition and charge flow out of the device is halted. As 

shown in energy level diagram in figure 1.3, the Voc for a bulk-heterojunction solar cell is 
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correlated to the energy difference between the donor’s HOMO energy and the acceptor’s 

LUMO energy.[23] The short circuit current, Jsc, is measured by illuminating the device and 

measuring the current produced with zero voltage bias as presented in figure 1.4. The power 

conversion efficiency (PCE) of any solar cell is a ratio of power produced by the device, 

Pout, verses the power associated with the incident light, Pin.  Since the solar cell does not act 

as an ideal generator, meaning the device does not produce power equal to the product of 

Voc and Jsc, the maximum power point (Pmpp) is used to calculate PCE. The Pmpp is the point 

along the illuminated curve where the Voltage and Current produced by the device reaches 

its maximum in the fourth quadrant. The ratio between the Pmpp and the product of Voc and 

Jsc is the fill factor (FF). The ratio is a measure of the squareness of the illuminated IV curve 

in the fourth quadrant and is used to calculate PCE.  More on the device’s operation 

electronics is discussed in Chapter 3.    
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Figure 1.7: A representational JV curve for an OPV device in the dark (dashed line) and illuminated (solid 

line).  
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There is a second basic technique for assessing OPV device performance. This technique 

measures the current produced by the device under focused monochromatic light of a known 

power density that illuminates an area much smaller than the device area. This test allows 

for the determination of the device’s external quantum efficiency (EQE). The EQE is the 

ratio between the number electrons present in the external circuit and the number of photons 

illuminating the device.[19] By measuring the current produced by the device when 

illuminated, one can calculate the number of electrons produced by the device in an 

increment of time by dividing the amperage produced by the elemental charge (e). 

Measuring the monochromatic light power one is also able to extract the number of photons 

at a prescribed wavelength by using the Planck relation which relates the energy of photon 

of light (E) to its wavelength (λ) through a constant (h) and the speed of light (c): 
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where Icircuit is the current produced by the OPV device when illuminated by light at a 

specific wavelength (λ) and power (Pincident).  A sample EQE spectrum for a P3HT/C60-

PCBM OPV device is shown in figure 1.8.  
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Figure 1.8: External quantum efficiency plot for a P3HT/C60-PCBM OPV device.  

 

Not only does the EQE measurement indicate what portion of the solar spectrum is 

converted to usable energy, but also the data can be used to verify results obtained from the 

JV curves. The EQE measures the device’s response to light as a function of frequency, so 

integrating the current produced at each wavelength yields the device’s short circuit current. 

Since the device is not biased by a voltage during this measurement the derived current is 

essentially the expected Jsc when sampled against a chosen light spectrum. This derived Jsc 

can then be compared to the Jsc determined from the device’s JV curve under solar 

simulation.  This comparative technique verifies that the area used to calculate the current 

density; and thus the power conversion efficiency, has been appropriately defined, and that 

the solar simulator was correctly calibrated. The external quantum efficiency measurements 

presented within this work were produced using a Keithley 6485 picoammeter with 
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monochromatic light focused on an area smaller than the average device area, 0.12 cm2, 

filtered by a CVI Spectral Products Monochromator with a 300W Newport-Oriel Xenon 

lamp as the source. The illumination source was referenced to a calibrated Oriel Silicon 

detector (model 71580). 
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Chapter 2: Characterization of TNEF carbon nanomaterials 

The absorption and fluorescence properties of the materials being used in a photovoltaic 

cell are extremely important.  The absorption characteristics of the donor and acceptor 

materials play a key role in determining the optimal power conversion efficiency in the OPV 

device.  While the donor may absorb in one region of the solar spectrum, the acceptor can be 

used to complement that absorption. This aspect of complementary absorption is of interest 

in OPV fabrication. By having a donor material that is majority photon absorber in one 

region of the solar spectrum and an acceptor material that is the majority photon absorber in 

another region, the blend of the two materials should ultimately be able to convert more of 

the energy associated with the solar spectrum. There is a plethora of published work in the 

literature that either uses fullerene absorption or decreases the band gap of the donor 

material to convert more of the available photons into circuit power.[22, 27, 42-45] Here, 

trimetallic nitride endohedral C80 fullerenes (TNEF) have demonstrated to offer strong and 

broad absorption into the near IR. 

 

The second portion of this chapter analyzes the fluorescence signatures of TNEF materials 

in the visible and near-IR region of the electromagnetic spectrum.  Such fluorescence 

measurements may expand the utility of these novel TNEF materials.  The TNEF materials 

at present may be in such applications as optoelectronics for the telecommunications 

industry,[14] multimodality contrast agents,[13, 46] and absorption/shielding.[47] Also these 

measurements are useful for interpreting photophysical characteristics when the TNEFs are 

incorporated into a donor/acceptor blend for OPV devices. 
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The last point covered in this chapter is the electrochemical properties of the TNEFs. By 

using cyclic voltammetry (CV) and Osteryoung square wave voltammetry (OSWV), the 

reduction and oxidation (redox) potentials for the individual fullerene species are measured.  

These redox potentials are used to calculate the molecular orbital energies in comparison to 

a C60 standard. Changes in the TNEF molecular orbital energies are shown to be influenced 

by the trimetallic nitride cluster, since the C80 cage of the TNEF doesn’t change.  As 

outlined in Chapter 1 the variation in molecular orbital energy among TNEFs can directly 

impact the amount of energy converted from one absorbed photon in the active layer.   

 

TNEF Absorption: 

Six different trimetallic nitride endohedral metallofullerenes, M3N@C80, (M= Er, Gd, Ho, 

Lu, Sc, Y) were synthesized and purified for optical measurements. The samples were 

produced Luna Nanoworks using the Krätschmer-Huffman arc method and subsequently 

purified. Manufacturing and purification techniques have been published elsewhere.[15] The 

purity of the samples was determined using high performance liquid chromatography 

(HPLC) and matrix assisted laser desorption ionization (MALDI) mass spectrometry. 

UV/Vis/NIR absorption and fluorescence spectra were measured on samples dissolved in 

spectrophotometric grade 1,2-dichlorobenzene (ODCB) at 0.02 mol/m3 concentrations. 

A primary solution of TNEF in ODCB at 0.1 mg/mL was prepared and sonicated for no 

more than 10 minutes in a Branson 8510 bath sonicator.  The solvent was chosen for its 

ability to dissolve the TNEF, but ODCB’s strong absorption for wavelengths below 290 nm 
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precluded measurements of TNEF in that spectral region. Partial volumes of the primary 

solutions were used to obtain a 0.02 mol*m-3 solution of each TNEF species. If the presence 

of sediment in the solution was detected, the solution underwent additional sonication. The 

absorption spectra were acquired using a Shimadzu 3600 UV/Vis/NIR spectrophotometer, 

which can measure absorption from 185 nm to 3300 nm using three detectors: a 

photomultiplier tube for 185 – 1000 nm, an InGaAs detector for 700 – 1800 nm range, and a 

PbS detector for 1600 – 3300 nm in 0.5 nm steps. The 0.02 mol/m3 solutions were measured 

in a 1cm2 quartz cuvette. The absorption spectra were referenced to a paired cuvette filled 

with ODCB. No extra precautions were taken to degas the samples or to work in an inert 

environment. 

 

It is worth establishing at this point that C80 endohedral fullerenes and C60 are the only two 

known fullerenes to have spherically symmetric, icosohedral, Ih, symmetry.[8] Empty cage 

C80 has not yet been found to be a thermally stable molecule. Theoretical calculations show 

that there are seven isomers of C80,[48-50] but only D2 and the D5d(D5) carbon cage 

symmetries are stable enough for isolation.[12, 51] However neither of these two isomers are 

available in large enough quantities from the production process used here for analysis. 

Furthermore the electrochemical (EC) bandgap calculated in the above references indicate 

that those isomers that do exist, D2 and the D5d(D5), have very small band gaps that could 

extend absorption into the NIR spectrum as small as 0.25 eV.. Other empty cage C80 isomers 

such as Ih have been shown to be unstable unless there is a transfer of charge to the cage.[52] 

At one time, empty cage C60 was thought to be the only fullerene that could exist in this 

spherically symmetric Ih symmetry. However, TNEFs allow for the transfer of six electrons 

 26



from the cluster to the cage, which yields an Ih symmetric fullerene.[8] The seven isomers of 

C80 are still expected for endohedral variations of C80, but the stability distribution changes, 

rendering five of the seven isomers unstable, and therefore less likely to exist.[48] Using the 

Krätschmer-Huffman arc method to produce TNEF molecules the most stable Ih configured 

TNEFs are produced at a 4:1 molecular ratio to next most stable D5h isomer.[53, 54] However 

one must not neglect the influence of lower-yield TNEF isomers on the absorption and 

fluorescence spectra.  

 

The UV/Vis/NIR absorption spectra shown in figure 2.1 are very similar for all six TNEF 

species and agree with previously reported results.[8-10, 53, 55-57] Figure 2.1 illustrates that the 

TNEF absorption is dominated by the C80 cage with small perturbations caused by the 

entrapped trimetallic nitride cluster.[8, 9] In the following sections the TNEF spectra are 

compared to other research groups results to help explain the nature of fullerene absorption. 

The weak absorption seen in the 600 to 735 nm range for C80 and all the TNEF materials has 

been identified as singlet transitions.[9]  Small changes in the onset of absorption shown in 

the inset of Figure 2.1 can be attributed to the metal cluster and the presence of isomers. The 

different metal clusters are expected to only influence the Ih spectra in the 600-735 nm 

region; where as the isomers have shown to increase the tailing of absorption out into the 

near IR. This tailing is present in the Sc3N@C80 sample spectrum and the Lu3N@C80 

spectra; which demonstrate the difference in spectra after an Ih specific purification is 

undertaken on Lu3N@C80. 
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Figure 2.1: Absorption spectra of M3N@C80, (M= Er, Gd, Ho, Lu, Sc, Y). Inset shows an enlargement of 

the absorption spectra. The Lu3N@C80* spectrum is a highly purified Lu3N@C80 sample (>99%). 

 

TNEF Fluorescence: 

Fluorescence spectra were measured using a Perkin Elmer LS-55 luminescence spectrometer 

with the samples in the same quartz cuvette. The LS-55 has an excitation range from 200-

800 nm and emission detection capabilities in the 300-900 nm range, using the IR 

photomultiplier tube R928. The system’s 350 nm and 515 nm high-band-pass edge filters 

were utilized to remove the excitation beam and second-order effects of the 

monochromators from the emission. 
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The emission spectra was measured at room temperature after excitation at approximately 4 

eV (305 nm), as shown in figure 2.2. The excitation is well above the optical band edge seen 

in the absorption spectra. The excitation spectra in the range 300-350 nm matched the 

absorption spectra, suggesting that there is no dependence of quantum efficiency on the 

excitation wavelength (not shown).[58]  

 

The near infrared fluorescence spectra were recorded using the NanoSpectralyzer from 

Applied NanoFluorescence. The system utilizes two lasers at 658 nm and 785 nm as 

excitation sources and has an InGaAs detector to detect fluorescence in the region of 900-

1600 nm. Figure 2.3 displays the emission spectra of each sample in the near-IR region, 

obtained using two diode laser excitation sources: one within the absorption region (658 nm) 

and one just beyond the TNEF absorption onset at 785 nm.[9] 

 

ODCB has low to no absorption between 290-1600 nm, providing an optical window to 

probe for TNEF emission. The primary spectra were acquired using an excitation slit 

window of 4 nm and an emission slit window of 20 nm at an emission monochromator scan 

rate of 100 nm per min. The samples were first scanned for peak emissions using a 305 nm 

excitation. Then an excitation spectrum was acquired, referencing the emission peaks from 

the first emission scan to find the maximum excitation wavelengths. Thereafter, the slit 

windows were closed down to 2.5 nm to resolve emission signals. The emission was found 

not to depend on cuvette orientation. 

 

While the absorption spectra of the different TNEF species are very similar, the emission 
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spectra vary strongly with different enclosed metals. The Y3N@C80 sample has a very 

distinct onset of absorption at 710 nm, which is higher in energy than the ~1.35 eV for the 

empty cage D2 C80 isomer reported by Hennrich et al.[12] Comparing the absorption spectra 

of the further purified Lu3N@C80 to a lower purity sample the onset of absorption shifts to 

that of the Y3N@C80, which is evidence of these materials’ high purity (> 99 %).  Due to 

difficulties inherent in the purification process not all of the TNEF samples had the same 

high purity as Y3N@C80. It is not expected that the minor impurities will influence the 

absorption or emission spectra substantially, as evidenced by the Lu3N@C80 samples of 

variable purity, because the data presented here was compared to the spectra collected from 

lower concentration solution at ~ 2 μmol*m-3 solutions (not shown) to evaluate quenching 

effects of impurities. At lower concentrations there was expected to be less influence of the 

impurities affects on the samples’ spectra. However, the diluted samples maintained the 

same spectral details of the higher concentrated samples indicating that the spectra were not 

concentration dependent and therefore not heavily influenced by the presence of impurities.   

 

In figure 2.2, the fluorescence spectrum of Y3N@C80 shows two peaks at 373 and 705 nm. 

While the peak in the UV is observed in several M3N@C80 species, the 705 nm emission is 

unique. Comparing absorption and emission spectra, the 705 nm emission aligns well with 

the absorption onset and the first singlet transition.[9] The observed 705 nm emission is more 

than fifty times stronger than what was measured for C60 or C70 at similar concentrations in 

our spectrometer (not shown). 
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Figure 2.2: Emission spectra of M3N@C80, (M= Er, Gd, Ho, Lu, Sc, Y), with a 305 nm excitation. The 

range from 580 – 640 nm was removed due to second-order reflection of the excitation beam. 

 

In the near infrared, we observed a clear emission peak from the Y3N@C80 sample at 1275 

nm (0.97 eV) and a shoulder at 1005 nm (1.23 eV) with the 658 nm excitation source. This 

emission peak at 1275 nm also occurred in C60, C70, C84, and several other M3N@C80 

species, as shown in figure 2.3a. C70 at a similar concentration had the second highest signal 

next to Y3N@C80. The molecular orbital calculations done by Nakao found the HOMO-

LUMO energy gap for C70 to be 1.55 eV, which is significantly above the energy of the 

emitted photons,[48] suggesting another mechanism for the emission. C60 and C70 are known 
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for singlet oxygen production via energy transfer from the photoexcited fullerene to 

oxygen.[1, 2] The singlet oxygen can be detected via its luminescence around 1270 nm, which 

is very close to the observed peak at 1275 nm. To confirm that the 1275 nm luminescence is 

from singlet oxygen, the NIR emission spectra of the Y3N@C80 sample were measured 

again after bubbling nitrogen through the samples. The luminescence intensity at 1275 nm 

was reduced to less than half its original intensity after partially degassing the solution, 

clearly suggesting that the 1275 nm emission is due to singlet oxygen production. It should 

be noted here that the endohedral fullerenes tested displayed varying degrees of this singlet 

oxygen production for the same preparation procedure.  For most of the samples, the 1275 

nm emission was no longer observed with the 785 nm diode laser. However, Sc3N@C80 and 

Gd3N@C80, as shown in figure 2.3b, still absorb at 785 nm and continue to display the 

singlet oxygen peak. Furthermore, the emission shoulder at 1005 nm continued to be 

observed under both excitation sources. 
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Figure 2.3: NIR emission spectra of M3N@C80, (M= Er, Gd, Ho, Lu, Sc, Y), and empty cage fullerene 

materials under 658 nm (a) and 785 nm (b) diode laser excitation. Spectra in (b) contain excitation source 

artifacts at 1030 nm and 1540 nm. 

 

The Ho3N@C80 sample displayed a similar absorption onset as the Y3N@C80 sample around 

720 nm, but with a gradual tail out into the NIR to roughly 1600 nm. The HPLC data 

indicated greater than 95% pure Ho3N@C80; the other 5% was ascertained to be C78 

encasing a Ho3N. The influence of the minority molecule, Ho3N@C78, is not clearly defined 

in previous literature, but within the 600-800 nm range other endohedral C78 molecules have 

pronounced structure to their absorption spectra, which varies greatly from one M3N@C78 

species to the next.[55] The sample’s absorption spectrum displayed a large shoulder at ~400 

nm and 700 nm with a maximum at 664 nm, which is in general accord with prior literature 
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values for pure Ho3N@C80, [9] and which, in most of the TNEF species, indicates an Ih 

symmetry configuration.[54] The broad tail of the absorption spectrum is most likely due to 

impurities in the sampled material. No sign of the direct excitation of the valence electrons 

of the Ho3+ ion, which would result in emission at wavelengths of 1980/1169/900/758 nm, 

was observed.[59] The fluorescence spectrum of Ho3N@C80 shows a single emission peak at 

369 nm, comparable to the peak observed in Y3N@C80. No fluorescence is observed around 

the absorption onset and only very weak emission could be detected at 1275 nm.  

 

The Er3N@C80 sample showed an absorption onset around 720 nm with a tail into the NIR, 

very similar to the Ho3N@C80 sample.[9] The MALDI data indicates that a small amount of 

either C88 or Er@C74 is mixed in with this sample. Kuran et al. measured an absorption 

onset at 2000 nm for Eu@C74, dominated by cage transitions. The presence of a similar tail 

in our material suggests that Er@C74 is the impurity, present at less than 5 %.[7] 

 

Er3+ emission lines are expected to occur at 1543/989/810 nm.[59] There is no measurable 

fluorescence from the Er-TNEF sample within the 300-900 nm region. Instead the sample 

has a NIR emission peak around 1518 nm, which coincides with emissions previously seen 

by other groups,[14, 60] and has been attributed to an energy transfer from the cage to the 

incarcerated erbium cluster via a radiative pathway through the 4I(13/2) manifold to the 

ground state.[60] Excitation on either side of the apparent Er3N@C80 band-gap at about 730 

nm shows a pronounced difference in emission signal strength at the 1518 nm peak, as seen 

in figure 2.3.  

The Lu3N@C80 sample’s absorption spectrum is nearly identical to that of Ho3N@C80 with 
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an absorption onset at 720 nm and an absorption tail into the NIR. Only a very weak 

fluorescence peak at 786 nm is observed. NIST energy emission tables indicate that the Lu3+ 

first excited state is at 11.2 eV (110 nm),[59] so the emission maximum centered at 786 nm is 

not due to a Lu3+ singlet emission. Our absorption spectrum is similar to the previously 

published work by Iezzi et al., displaying absorption for Lu3N@C80
 out to at least 1050 

nm.[46] A further purified sample of Lu3N@C80 by HPLC produced the second absorption 

spectrum in figure 2.1, which has a distinct onset at 720 nm.  To our knowledge this is the 

first absorption spectrum of fully purified Lu3N@C80.  

 

Like Er3N@C80, Lu3N@C80 displayed little to no emission in the near UV range. In the case 

of Er3N@C80 there is an efficient energy transfer from the fullerene cage to the incarcerated 

erbium nitride cluster. A similar energy transfer may occur for the Lu3N@C80 via pathways 

with energy level spacing sub 0.775 eV, but as previously stated, Lu3+ does not have any 

emission levels less than 11.2 eV above ground state[59] and the fullerene sample emitted 

only weakly in the infrared, leading one to conclude that Lu3N@C80 has non-radiative 

recombination pathways. No difference in emission was observed between the highly 

purified and the less pure Lu3N@C80 samples. 

 

The Gd3N@C80 sample has an absorption spectrum that is nearly identical to that of 

Lu3N@C80 and Ho3N@C80 with an onset at around 720 nm and a tail into the NIR. Yang et 

al. in 2005 published the separation of the Ih and D5h isomers of Gd3N@C80 stating an 

isomer mix of 9:1.[53, 54] Based on their data, our spectra indicate the presence of both the Ih 

and D5h isomers of Gd3N@C80. The fluorescence spectrum shows an emission peak at 448 
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nm, clearly shifted compared to the emission observed in Ho, Sc and Y3N@C80 (~370 nm). 

The Gd3+ ions are not expected to have a direct optical excitation in our setup since the 

fullerene cage absorbs strongly at and above the energies needed to excite the Gd3+ ion (311 

nm).[59] The electronic structure modeling done by Ma et al. for the C80 cage presents 

degenerate states at approximately 2.6 eV above the Fermi level. Our peak excitation and 

emission was at 3.54 eV and 2.75 eV respectively, allowing one to conclude that the 

proposed C80 cage states are offset by the inclusion of the Gd3N.[48, 52] Gd3N@C80 also 

displayed a pronounced NIR fluorescence emission peak at 1005 nm and a weaker peak at 

1275 nm for both excitation lasers, as previously noted.  

 

The absorption spectrum of the Sc3N@C80 sample was somewhat different compared to all 

other TNEF species. There is no clear absorption onset, but rather a very long tail that 

extends to about 1600 nm. Additionally, we did not see the two clear shoulders at 400 nm 

and 700 nm that were present in other published spectra,[56] although sublimed thin solid 

films of Sc3N@C80 did produce these two shoulders.[8] The absorption spectra lead us to 

believe that two Sc3N@C80 isomers are present in our sample. Krause et al. reported similar 

absorption spectra of Sc3N@C80 with as high as a 4:1 ratio of Ih to D5h isomers.[55, 56] 

 

The fluorescence spectrum of Sc3N@C80 shows an emission peak at 366 nm, very similar to 

emission observed for Ho and Y3N@C80 in the UV region. In addition, Sc3N@C80 had 

similar NIR emission as Gd3N@C80, a pronounced shoulder at 1005 nm, and a clear peak at 

1275 nm.  
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The emission around 370 nm observed in Sc, Ho and Y3N@C80 is clearly well above the 

band-gap of these materials.[9] It is difficult to tell whether these shorter wavelength 

emissions are true non-Kasha rule transitions to the ground state from singlet energy states 

above S1. Normally triplet-singlet transitions are forbidden, but when heavy atoms are in 

proximity of an aromatic molecule the probability for forbidden transitions increases. The 

heavy-atom effect due to solvent interactions was first described in Kasha’s work on 

aromatic hydrocarbons in the presence of higher atomic number atoms, and may be seen in 

most aromatic emissions when oxygen is present in the solvent.  Since the same emission 

spectra from Y3N@C80 was obtained in both ODCB and toluene and the observed emission 

signal increased upon nitrogen bubbling the proposed explanation for this short-wavelength 

emission is spin-orbit coupling between the fullerene cage and the incarcerated nitride 

cluster.[61] The shifted emission around 450 nm for our Gd3N@C80 has been demonstrated in 

ligand systems, where the introduction of gadolinium, a ferromagnetic material, into a ligand 

complex resulted in similar shifts in the ligand emission patterns, possibly due to a heavy-

atom effect.[62] This would explain our TNEF UV emission as a cage emission in the cases 

of Y3N@C80, Sc3N@C80, Ho3N@C80, and Gd3N@C80, with a slight shift in Gd  sample. 

 

The emission spectra observed here were highly solvent dependent. Solutions of C60 and 

Sc3N@C80 in toluene or xylene produced very different emission results from those 

presented in ODCB. Another possible mechanism for the 370 nm emission may be due to π 

orbital interactions with the solvent.[61]
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In conclusion, the fluorescence spectra of the six trimetallic nitride endohedral 

metallofullerenes studied were found to come predominantly from the cage structure, but 

with significant modifications depending on the encapsulated ion cluster. Several of the 

materials emitted at blue/UV wavelengths, although with apparently low quantum yields. 

This included the emission of Gd3N@C80 in the visible spectrum, which could be useful in 

multimodal imaging as an MRI contrast agent and fluorescent tag.[63] A more prominent 

modification was observed in the strong emission of Y3N@C80 at wavelengths near the 

absorption onset as well as in the IR. The variation of the individual endohedral fullerene 

emission intensity around 1270 nm suggests another novel use of these materials as a source 

of singlet oxygen production and deactivation in biological systems. There is a confirmed 

energy transfer from the cage to the trimetallic nitride cluster in Er3N@C80, leading to a 

characteristic Er3+ NIR emission around 1520 nm, and we observed similar cage emission 

quenching with our Lu3N@C80 sample. 

 

TNEF Electrochemistry: 

The TNEF’s electrochemical properties also vary with the metal enclosed.  Table 2.1 lists 

the one-electron oxidation and reduction potentials for a series of TNEF species and C60.  

These redox potentials are then used to evaluate the HOMO/LUMO gap of each molecule. 

All electrochemical measurements were performed in o-dichlorobenzene (o-DCB) with 0.05 

M tetra-n-butylammonium hexafluorophosphate (n-Bu4NPF6, Aldrich, ≥99%),) as the 

supporting electrolyte. Cyclic voltammetry (CV) and Osteryoung square wave voltammetry 

(OSWV) experiments were performed with a potentiostat/galvanostat Model CHI660A (CH 
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Instruments Electrochemical Workstation) using a standard three electrode arrangement. The 

working electrode consisted of a glassy carbon disk (1 mm diameter, ESA Biosciences). A 

silver wire served as a pseudo reference electrode. Ferrocene was added to the solution at 

the end of each experiment as an internal standard, and all the electrochemical potentials 

were referenced to their redox couple (Fc/Fc+). The counter electrode employed was a 

platinum wire. The solution was flushed with argon prior to electrochemical measurements. 

 

Ep - Oxidation Ep - Reduction LUMO vs C60 Aprox. 
 (V)  (V) (meV) HOMO-LUMO gap (eV)

C60 1.33 -1.15 0 2.48
Sc3N@C80 0.59 -1.31 160 1.9
Y3N@C80 0.64 -1.4 250 2.04
Er3N@C80 0.63 -1.39 240 2.02
Tb3N@C80 0.61 -1.38 230 1.99
Lu3N@C80 0.64 -1.41 260 2.05
Gd3N@C80 0.58 -1.44 290 2.02

Compound

 

 Table 2.1: The first oxidation and reduction potentials for a series of fullerenes determined by OSWV.  

The listed compounds were dissolved in ODCB with n-Bu4NPF6, and the potentials listed are referenced with 

Fc/Fc+. EC data provided by Luna Innovation Inc.: the normal hydrogen electrode was set to -4.75 eV to arrive 

at the molecular orbital energies described in the table. 

 

Since the TNEF molecule displayed irreversible electrochemistry, meaning there is an over-

potential which causes the reduction and oxidation peaks to be offset more than 100mV 

from one another, OSWV was used to more accurately measure the redox potentials.  As 

shown in Table 2.1 the electrochemical bandgap is very similar for all TNEF species except 

Sc3N@C80, which corroborates well with the optical absorption spectra presented in Figure 

2.1. Each of the TNEFs’ reduction potential is higher than that of the empty cage C60.  The 
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higher reduction potential of the TNEFs is one of the key advantages for using TNEFs as 

acceptor molecules in OPV devices. 

 

Compared to empty cage C60, the reduction potentials for the TNEF species are higher by 

160 mV to 290 mV. The reduction potential is relative to the electron affinity and thereby 

allows the LUMO energy of the fullerene to be estimated.[64-67]  The increase in the LUMO 

energy has implications for the Voc of the OPV device. The fact that the TNEF reduction 

potentials vary from one species to the next means that one is able to pick the TNEF that 

maximizes the Voc for a given polymer donor system, which then enhances the overall PCE 

of the final OPV device. This is one of the key advantages of using TNEFs as acceptor 

materials in OPV devices. 
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Chapter 3: OPV device modeling 

As discussed chapter 1, the molecular orbital structure of the donor/acceptor blend highly 

impacts the maximum power conversion that can be expected from an organic photovoltaic 

(OPV) cell. To project the enhancement that TNEF acceptor materials may have on the 

power conversion efficiency (PCE) of OPV devices, modeling was undertaken. The 

objective was to first model the efficiencies of a bulk-heterojunction organic solar cell 

(OSC) with variations in the polymer and acceptor band structure similar to that which is 

presented in the literature,[68, 69] and then apply the model to a TNEF acceptor based OPV 

device.  The band diagram presented in figure 3.1 is a pictorial representation of a single 

junction OSC in the flat band condition or open circuit condition, under illumination, with 

zero current flowing through the active layer. The donor and acceptor HOMO/LUMO 

structure is offset to facilitate excited-state charge-pair dissociation at the donor/acceptor 

interface.  The following is the present mathematical treatment of the bulk-heterojunction 

solar cell and the accompanying graphical analysis. 

 

 

En
er

gy
En
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gy

Figure 3.1: Single junction band diagram for an OSC where the VBI represents the built-in potential 

between the donor’s HOMO energy and the acceptor’s LUMO energy. 
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In accordance with Scharber et al.,[68] the solar cell power conversion efficiency is  

 

 
inc

scoc

P
FFJV

PCE
**

≡ . (3.1) 

 

The PCE is the ratio of the electrical power produced by the OPV device divided by the 

power associated with the incident photons.  PCE is defined by the product of the open 

circuit voltage (Voc), short circuit current (Jsc), and the fill factor (FF); all divided by the 

incident light’s power (Pinc).  For the terrestrial solar spectrum Pinc is set to be 100 mA*cm-2, 

shown in figure 3.2.  
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Figure 3.2: Solar Irradiance spectra displayed for the extraterrestrial (grey squares), the terrestrial global 37º 

south facing tilt (black triangles), and the direct normal + circumsolar (grey triangles) positional data used for 

calculating Jsc in OPV single junction model.  The number of photons at each wavelength (black squares) is 

overlaid to indicate peak photon flux differs from peak solar irradiance. 

 

It is commonly accepted that in polymer/fullerene bulk-heterojunction solar cells the built in 

potential (VBI) is and the open circuit voltage (Voc) are related to the donor material’s 

highest occupied molecular orbital energy (EDHOMO) and the acceptor material’s lowest 

unoccupied molecular orbital energy (EALUMO)  according[68]  

 

 ALUMODHOMOBI EEV −≡ , (3.2) 

and 
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 VEEV ALUMODHOMOoc 3.0−−≡ . (3.3) 

 

Scharber et al. states that the 0.3 V difference between VBi and Voc, which is based on 

experimental data, is “caused by the dark current–voltage curve of the diode, which is 

determined by the ideality factor n and the reverse dark current ... This loss has been found 

to be typically on the order of 200 mV. In addition, a smaller part of the loss (100 mV or 

less) originates from the fact that the photocurrent in bulk-heterojunction devices is 

dominantly field-driven.”[68] 

 

In this model Jsc is determined by using the published solar irradiance data, IAM 1.5(λ), 

provided by the American Society for Testing and Materials and the National Renewable 

Energy Laboratory’s Data Center,[70] and displayed as “Terrestrial Global 37º South Facing 

Tilt” in figure 3.2.  The Jsc is given by 

 

 
( )

λλ
λ

λ dEQE
hc

I
eJ

BG
AM

sc *)(**
280

5.1∑≡ , (3.4) 

 

where the sum starts at 280 nm to avoid substrate or interlayer absorption, and goes to the 

dominant absorbing band gap (BG).  EQE is the external quantum efficiency arrived at from 

experimental results, and dλ = 1 nm in this case since the solar spectrum was tabulated in 

increments of 1 nm. 
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Using equations 3.1-3.4, the influence of the donor/acceptor LUMO level offset was 

investigated.  Taking P3HT as the donor polymer, the acceptor LUMO level was varied, 

while keeping all other energy levels fixed. In this model the bandgap of the P3HT donor is 

smaller than the bandgap of the acceptor, so this model neglects absorption of photons by 

the large bandgap acceptor material which may contribute to photo current in OPV devices.  

The results in  figure 3.2 were calculated by assuming a constant EQE and FF both equal to 

65 % at all absorbed wavelengths, and by summing over the current spectrum up to the 

published P3HT bandgap potential of 2.1 eV.[71] Since the donor bandgap stays unchanged 

in this simulation, Jsc is held constant and only the Voc is changed by varying the acceptor 

LUMO.  
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Figure 3.3: Single heterojunction OPV PCE based on acceptor LUMO energy for a bulk-heterojunction SC 

with a Jsc = 8.17mA*cm-2 and FF = 65 %. 
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To ensure that there is efficient electron transfer from the donor to the acceptor and not 

prevent over estimation of PCE the calculations which produced figure 3.3 had a 0.4 eV 

LUMO level offset restriction.  This treatment is very similar to the work done by Koster et 

al.[69] In comparison to the data present in figure 3.3, the results of Koster et al. have a 

higher slope and maximum efficiency. This difference is due to the fact that Koster et al. 

assumed a higher Jsc and FF than what is used here.  

 

Figure 3.3 demonstrates that by optimizing the acceptor LUMO level, a maximum PCE of 

7.5 % can be achieved in a P3HT donor system by maximizing the Voc value. This is the 

primary motivation for using TNEF materials with varying LUMO energies in OPV devices. 

 

To check that these calculations were done correctly, work was carried out to reproduce the 

results published by Scharber et al., who varied the HOMO and LUMO levels of the 

polymer donor while keeping the acceptor levels fixed.  By setting EALUMO to that of C60-

PCBM (-4.3 eV), and varying the donor material’s LUMO and bandgap energies, figure 3.4 

was obtained, which is a contour plot of bulk-heterojunction solar cell efficiencies.[68] These 

results are in good agreement with the work of Scharber et al. 
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Figure 3.4: Calculated PCE for Bulk-Heterojunction OPV with C60-PCBM as the acceptor material, 

plotted as a function of the donor bandgap and LUMO. 

 

A similar contour plot which has been found to be more useful for matching polymer 

materials to a known acceptor is shown in figure 3.5.  This figure utilizes the experimentally 

measured HOMO/LUMO gap of C60-PCBM (using the OSWV technique described in 

chapter 1) and calculates single heterojunction PCE with varying donor absorption bandgap 

and EDHOMO. Figure 3.5 emphasizes EDHOMO rather than EDLUMO, which is useful since 

EDHOMO has been shown to correlate to the Voc of a OPV devices.[72] 
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Figure 3.5: Calculated PCE for Bulk-Heterojunction OPV with C60-PCBM as the acceptor material, 

plotted as a function of the donor bandgap and HOMO. 

 

By further adapting this bulk-heterojunction model one is able to deduce the optimal band 

structure for a double junction OPV device connected electrically in series. The double 

junction device described here is a layered device, in which one single junction OPV device 

is laid on top of a second OPV device and connected in series with a transparent conduction 

layer. The light incident on the stack is filtered via the bandgap absorption of the junctions 

as the light propagates through the stack.  Modeling this phenomenon, the light incident on 

the lower junction is equal to the light incident on the upper device minus that portion of 

light with energy greater than or equal to the bandgap of the first device. This assumes unity 

absorption of light with energy greater than the top layer’s bandgap, which allows all lower 

energy light to be utilized by the bottom PV.  The second restriction imposed on the 

 48



calculation of the PCE of a tandem cell is that the current in a series circuit is limited by the 

lower current producing junction.  In this model the circuit element’s resistance is based on 

the total number of conducting electrons, so the tandem cell’s total current is set to equal 

that of the junction with the lowest current. This condition greatly simplifies the model by 

neglecting injection barriers and interfacing issues that occur in actual manufacturing of 

such a device structure. By adhering to these simple constraints one is able to adapt the 

previous calculations for a single junction OPV device to determine the optimum 

configuration for the series connected tandem junction solar cell.   As shown in figure 3.6 

this type of PV configuration has a maximum efficiency < 16 % with the optimal case 

corresponding to an absorption bandgap of ~ 1.8 eV for the top device and an absorption 

bandgap of ~ 1.25 eV for the bottom device. These results are very similar to those 

published by Dennler et al., thereby justifying the single junction model described here and 

its use to model PCE for multiple heterojunction OPVs.[73] 
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Figure 3.6: Calculated PCE for tandem heterojunction OPV device, plotted as a function of the absorption 

band gaps of the two layers. 

 

It has been found by Peet et al.,[22] and confirmed by experimental evidence shown in 

chapter 5, that absorption of photons by both the acceptor and the donor contribute to the 

photocurrent.[74]  When light is absorbed by the acceptor an exciton can be produced in the 

acceptor phase, where it diffuses to s donor/acceptor interface for dissociation.  This process 

is slightly different in that a hole is transferred to the donor. To explore this effect on OPV 

device function, the single junction model was further extended. The EAHOMO is fixed at the 

optimum position (0.3 eV below the EDHOMO) to ensure efficient hole transfer from the 

acceptor to the donor; the donor’s molecular orbital energies which are fixed to P3HT’s 

energies (HOMO = -4.8 eV and LUMO = -2.7 eV).  The acceptor’s LUMO level is then 

varied, altering the OPV device’s absorption through changes in both Voc and Jsc. Figure 3.7 

shows that if an acceptor molecule has the smaller of the two band gaps, the resulting 

 50



maximum efficiency (~11 % at a acceptor bandgap of ~ 1.4 eV) this result is quite similar to 

the model presented by Scharber et al. where the absorption of energy occurs on the donor 

only. This result indicates that the model used here works; whether the charge carriers are 

created on the donor or the acceptor.  A copy of the scripting code used to produce figure 

3.7 is located in Appendix A. 
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Figure 3.7: Calculated PCE using single junction model with EDHOMO = -4.8 eV, EDLUMO = -2.7 eV, and 

EAHOMO = -5.1 eV. The acceptor’s LUMO level was varied to change the acceptor band gap. Light is  

 

Displayed in Figure 3.8 is a contour plot of the results when both HOMO and LUMO 

energies of the tunable acceptor are varied within the boundaries for efficient hole transfer 

from the acceptor to the donor (EAHOMO = EDHOMO-0.3 eV and EALUMO = EDLUMO -0.3 eV).  

The donor bandgap and molecular energy levels were set to that of P3HT, and using 

equations 3.1-3.4 the PCE was calculated as a function of acceptor orbital energies.  Figure 
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3.8 demonstrates that the maximum attainable PCE and optimum bandgap for a single 

junction OPV device utilizing hole transfer from a small bandgap acceptor to donor is 

equivalent to the maximum PCE for an electron-driven single junction OPV device that is 

shown in figure 3.4 and 3.5.  
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Figure 3.8: Contour plot of single junction OPV device’s theoretical PCE with charge generation occurring 

on a variable acceptor material. 

  

The equivalence between figures 3.4 and 3.8 is expected, since this model provides no 

constraints that dictate whether a single junction OPV device is selective to a particular 

charge transfer process. In other words, a hole transferring from the stimulated acceptor to 

the donor is treated as having the same transfer efficiency as an electron from a stimulated 

donor to an acceptor. However, to the authors knowledge this equality in transfer efficiency 

has not been experimentally proven, but this calculation of PCE with the acceptor acting as 
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the donor of charge carriers indicates that the donor and the acceptor molecular orbital 

energies both impact OPV performance. 

 

A significant amount of effort has been placed on polymer synthesis in hopes of optimizing 

the donor molecular orbital energies relative to those of known acceptor materials such as 

C60-PCBM and C70-PCBM.[23, 27] However the models presented here demonstrate that the 

tuning of acceptor molecules is an alternative way to enhance OPV device PCE.  In this 

regard, TNEF acceptor molecules could facilitate a new pathway towards high-PCE OPV 

devices.  As demonstrated by the absorption data in figure 2.1, the absorption bandgap 

(~1.75 eV) of the TNEFs is well within the range of the highest performing acceptor band 

gaps for the P3HT donor system modeled in figures 3.6 and 3.7. 

 

The single junction model presented here has been used to predict the PCE for a TNEF 

acceptor molecule (1-(3-hexoxycarbonyl)propyl-1-phenyl-[6,6]-Lu3N@C81, Lu3N@C80-

PCBH) with varying donor materials. The HOMO/LUMO energies for the Lu3N@C80-

PCBH acceptor material were set to EAHOMO = -5.8 eV and the EALUMO = -3.7 eV, as 

measured by OSWV. As shown in figure 3.9 the highest attainable PCE for this single 

junction device is ~11 %, similar to the result for C60-PCBM acceptors. However, the 

maximum PCE is attained with donor materials that have different band structures.  
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Figure 3.9: Single bulk-heterojunction SC modeled PCE with Lu3N@C80-PCBH as the acceptor material 

and varying the donor band structure. 

 

The results shown in figures 3.5 and 3.9 suggest that by developing new acceptors, peak 

performance may be attainable with donor polymers that were may not have been optimal 

for devices made with empty cage fullerene acceptors. It is worth mentioning that another 

empty cage fullerene has displayed high PCE in experimentally produced OPV devices.[22, 

42] This empty cage acceptor is the previously mentioned C70-PCBM, which has 

HOMO/LUMO energies that are very similar to those of C60-PCBM.[43] It has been 

demonstrated by Peet et al. that the increased absorption of C70-PCBM (figure 3.10) induces 

photocurrent via charge creation on the acceptors.[22] Since the model we used to construct 

figures 3.4 and 3.8 only takes into account energy absorbed by the donor, a new calculation 

for C70-PCBM would virtually appear nearly identical to figure 3.5.  Figure 3.10 displays the 
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measured absorption coefficient for TNEF, C60, and C70.  These films were evaporated at 

less than 1 x 10-5 Torr.  The absorption was measure on a Perkin Elmer Lambda 20 and the 

thickness was measured on a Veeco CP-II AFM. Figure 3.10 demonstrates that the TNEF 

absorption is as intense if not larger in the VIS region than C60 or C70. The overall higher 

absorption of TNEF leads one to conclude that donor systems which rely on the increased 

absorption of C70-PCBM should yield similar increases in photocurrent when using a TNEF 

acceptor. 
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Figure 3.10: Fullerene absorption coefficients (alpha) measured for thin films of C60 (triangles), C70 

(circles), and Sc3N@C80 (squares) deposited via sublimation.  

  

In conclusion the published theoretical limits of an organic single bulk-heterojunction SC’s 

PCE of ~11 % and a double bulk-heterojunction SC’s PCE of ~15 %, were reproduced using 
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simple models.  The single bulk-heterojunction model was used to demonstrate the influence 

of the acceptor material’s electronic structure on OPV PCE.  Also demonstrated was the 

ability to optimize organic OPV device’s PCE via matching of the acceptor materials to that 

of a commonly used and commercially available polymer, P3HT.  Current P3HT devices in 

the literature have demonstrated higher EQE and FF than 65 %, leading one to conclude that 

the above PCEs may be underestimated.[75, 76] The literature also notes that the EQE and FF 

is heavily influenced by electron and hole mobility of the acceptor and donor material 

respectively, and matching of the relative magnitudes of the two materials’ charge carrier 

mobility, ensures lower probability of electron-hole recombination, thereby increasing 

efficiency.[77] Therefore the efficiencies calculated above can be improved upon by using 

materials with higher charge carrier mobility and optimized morphology in the devices. 

 

 

 56



Chapter 4: TNEF devices 

The following chapter was first published in a different form in Nature Materials Volume 8, 

Pages 208-212 (2009). 

 

To date, one of the fundamental limitations of organic photovoltaic device (OPV) power 

conversion efficiencies (PCE) has been the low voltage output caused by a molecular orbital 

mismatch between the donor polymer and acceptor molecules.[23] Here we present a means 

of addressing the low voltage output by introducing novel trimetallic nitride endohedral 

fullerenes (TNEF) as acceptor materials for use in photovoltaic devices. For the first time 

derivatives of the TNEF acceptor, Lu3N@C80, have been synthesized and integrated into 

OPV devices. The reduced energy offset of the molecular orbitals of Lu3N@C80 to the donor 

poly(3-hexyl)thiophene (P3HT) reduces energy losses in the charge transfer process and 

increases the open circuit voltage (Voc) to 260mV above reference devices made with [6,6]-

phenyl-C61-butyric methyl ester (C60-PCBM) acceptor. PCE >4% have been observed using 

P3HT as the donor material. This work clears a path toward higher PCE in OPV devices by 

demonstrating that high yield charge separation can occur with OPV systems that have 

reduced donor/acceptor lowest unoccupied molecular orbital (LUMO) energy offset. 

 

TNEF derivatives for OPV application 

Discovered in 1999 by Stevenson et al.,[8] TNEFs used in this study are Ih-C80 fullerenes 

with a rare-earth based trimetallic nitride cluster interior to the carbon cage. The spherically 
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symmetric C80 and trimetallic nitride cluster do not independently exist, but when combined 

together form a stable molecule. Due to the large variety of metals that can be used to make 

the endohedral cluster, these TNEF nano-materials are multifunctional, and have been 

sought for their unique properties in such applications as MRI contrast agents[13] and 

optoelectronics.[14] Recent theoretical[24] and experimental data[25] suggest that the LUMO 

energies for this type of fullerene are much higher than the LUMO energy of empty cage 

species with respect to the Fermi level. The higher LUMO provides a path toward higher 

Voc, and therefore, higher efficiencies in OPV devices. In this study, Lu3N@C80 was chosen 

because its LUMO energy is closer to the commonly-used OPV donor polymer P3HT's 

LUMO level than are those of other available fullerenes such as C60.[68, 69] Photophysics and 

OPV device measurements demonstrate that the minimum LUMO offset needed for exciton 

dissociation is satisfied by Lu3N@C80’s LUMO energy.[68] Cyclic Voltammetry (CV) and 

Osteryoung Square Wave Voltammetry (OSWV), shown in figure 4.1, confirm that the 

reduction potential and therefore the LUMO levels of the Lu3N@C80 and its methano 

derivatives are 204 and 280 mV, respectively, more negative than that of C60-PCBM, the 

most common fullerene acceptor used in OPV devices to date.  The open circuit voltage in 

OPVs, as shown earlier in chapters 1 and 3, is correlated to the difference between donor’s 

highest occupied molecular orbital (HOMO) and acceptor’s LUMO.[6, 68, 72, 78] Therefore, the 

increase in reduction potential is representative of the expected Voc gain from Lu3N@C80-

based OPV devices.[6, 79] 
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Figure 4.1: TNEF Electrochemical properties to establish LUMO levels. a) Cyclic voltammograms of the 

reductive behavior of 1) C60-PCBM, 2) Lu3N@C80, 3) Lu3N@C80-PCBM (1), 4) Lu3N@C80-PCBH (2) in 0.5 

M n-Bu4PF6/o-DCB with ferrocene as the internal standard, 100 mV s-1 scan rate. b) Redox potentials (V vs. 

Fc/Fc+) of the first oxidation and first reduction processes measured by OSWV in 0.05 M n-Bu4NPF6/o-OCB. 

c) OSWV measurements of C60-PCBM and Lu3N@C80 in 0.05 M nBu4NPF6/o-DCB. 

 

 

Similar to empty cage fullerenes, the solubility of pristine Lu3N@C80 is not high enough for 

solution processing of OPVs. Thus, an exohedral functionalization of Lu3N@C80 was 

required to allow its incorporation into solution processed bulk-heterojunction OPV devices. 

Here we report the first methano derivatives of Lu3N@C80 that have been isolated and fully 

characterized. It is important to emphasize that the chemical reactivity of Lu3N@C80 differs 
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from empty cage fullerenes. Due to these differences in reactivity,[25, 80-82] the standard 

protocol employed for the synthesis of C60-PCBM[83] had to be significantly modified to 

obtain the Lu3N@C80-PCBX analogues. For example, the reagents had to be increased to 25 

times the amounts used for empty cage fullerenes; the reaction was run at 120 oC instead of 

70 oC; and the highest yield was obtained after 25 minutes rather than 22 hours, see figure 

4.2.[84] 

 

 

Figure 4.2: Synthetic protocol for Lu3N@C80-PCBH 
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The Lu3N@C80-PCBX family of derivatives - PCBM (methyl), PCBB (butyl), PCBH 

(hexyl), and PCBO (octyl) - have proven to have thermal stability up to 300 oC in a Thermal 

Gravimetric Analyzer, see figure 4.3. The absorption spectra of bare Lu3N@C80 (Figure 4.4) 

resembles closely its PCBX derivatives which suggests that this class of TNEF derivatives 

have a fulleroid character.[85] 
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Figure 4.3: Thermal Gravimetric Analysis of Lu3N@C80-PCBH in air. A 4.2 mg sample of Lu3N@C80-

PCBH in an alumina boat was heated to 300 oC at 1 oC per minute then the ramp was increased to 3 oC per 

minute until the sample reached 900 oC. 
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Figure 4.4: Absorption spectra of Lu3N@C80 and its methano derivatives, and the inset spectra are all four 

methano derivatives with their parent molecule Lu3N@C80 overlaid and magnified in the absorption onset 

region. 

 

 Electrochemical characterization of these Lu3N@C80-PCBX derivatives also displayed the 

kinetically reductive irreversible behavior of the pristine Lu3N@C80 and they retained the 

same reduction potential advantage compared to C60-PCBM, but their solubility in organic 

solvents and miscibility in P3HT varied significantly. The ability to vary the solubility and 

miscibility by exchanging the X portion of the PCBX functional group on TNEF molecules 

and not affect the molecular orbitals can serve as a vital tool for designing the optimal 

composite morphology for high-performance OPV devices. Lu3N@C80-PCBH was chosen 

among the synthesized Lu3N@C80-PCBX derivatives for this study because of its 

similarities in solubility and miscibility to C60-PCBM in the processing of P3HT-based OPV 

devices.  
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Characterization of space charge limited devices further confirmed that Lu3N@C80-PCBH 

possesses similar charge carrier mobility as C60-PCBM (4.0x10-4 for Lu3N@C80-PCBH vs. 

1.4x10-3 cm2/Vs for C60-PCBM), see figure 4.5. To ensure that single charge carrier currents 

were measured in the organic films, electron only diode substrates were prepared by 

evaporating 20nm of aluminum onto ITO coated glass substrates. The aluminum layer 

facilitated ohmic contact to the fullerene’s LUMO. The fullerene films were created by spin 

casting from solutions of 10 mg/mL fullerene in carbon disulfide at 800 rpm. The 70 nm 

thickness of each active layer was determined by scratching the films and measuring the 

trench depth by atomic force microscopy. Top electrodes comprised 3 nm of barium capped 

with 100nm of aluminum. The current density voltage characteristics were measured using a 

Keithley 236 source measure unit. Curves were fit using the space charge limited current 

model in forward bias between 1 volt and 5 volts. The differences in electron mobility 

between the different acceptor materials are relatively small comparison to the differences 

observed in various polymer systems. 
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Figure 4.5: Electron mobility of the fullerene acceptor molecules: Log-Log plot of the current density 

verses voltage bias for space charge limited C60-PCBM and Lu3N@C80-PCBH only devices. Inset table 

indicates the electron mobility for space charge limited devices made from fullerene films of Lu3N@C80-

PCBH, C70-PCBM, and C60-PCBM. 

 

Photophysical characterization 

As shown in figure 4.6, the optical absorption spectrum of a 50 wt.% P3HT/Lu3N@C80-

PCBH blend film is equal to the superposition of the donor and acceptor molecules’ 

individual absorptions, indicating that the ground states of these two molecules do not 

interact. Shown in figure 4.7, the PL signal at 708 nm from the P3HT is quenched to one 

thirteenth its original strength with the addition of the TNEF molecules. The emission was 

measured with a Perkin-Elmer LS-55 using a 498 nm excitation and employing a 515 nm 

cut-off filter. Both the superposition character of the absorption spectra and the quenching of 

the PL signal indicate that this TNEF molecule is a suitable candidate as an acceptor 
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material with the P3HT polymer donor system. These measurements are cursory in nature 

and are useful in identifying suitable candidates for energy transfer, but more in depth 

photophysical measurements are required to determine if the charge transfer process which 

is essential to OPV operation is taking place in this photo active blend.   
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Figure 4.6: Absorption measurements of the P3HT, donor, and Lu3N@C80-PCBH, acceptor blend film. 

Absorption of Lu3N@C80-PCBH in solution (grey circles), P3HT film (grey squares), P3HT/Lu3N@C80-PCBH 

blend film (black triangles), and the resultant spectra from the addition of the P3HT film’s absorption and the 

Lu3N@C80-PCBH absorption (grey diamonds).  
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Figure 4.7: Photoluminescence measurements of the P3HT, donor, and Lu3N@C80-PCBH, acceptor 

blend film. Fluorescence signature for the P3HT film (grey squares) and the fluorescence signature of the 

P3HT/Lu3N@C80-PCBH (black triangles). 

 

To identify the photophysical properties of the P3HT/TNEF blends we enlisted the aid and 

equipment available at Notre Dame’s Radiation Laboratory. The Radiation laboratory has a 

linear electron accelerator (LINAC) that was used for pulse radiolysis experiments. The 15 

MeV electrons emitted at 50 ns pulses from the LINAC were used to initiate redox reactions 

to establish absorption signatures for the charged radical donor and acceptor molecules. The 

dosimetry was based on the oxidation of Thiocyanate, SCN-, to (SCN)2
•- which in aqueous, 

N2O-saturated solution takes place with G ≈ 6 (G denotes the number of species per 100 eV, 

or the approximate µM concentration per 10 J absorbed energy). The radical concentration 
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generated per pulse was varied between (1-3) x 10-6 M. The flash photolysis measurements 

were carried out on a femtosecond transient absorption system with an amplified 

Ti:Sapphire laser system (Model CPA 2101, Clark-MXR Inc.) at 530 and 650 nm laser 

excitation pulses (1 kHz, 150 fs pulse width).  

 

Photophysical studies were performed to understand the excited state interaction of the 

Lu3N@C80 derivatives with the P3HT donor polymer. Excited state spectra were sampled 

for both the bare TNEF and its methano derivative in toluene using a 387 nm excitation 

pulse from the Ti:Sapphire laser system. As shown in figure 4.8 a&b, the TNEF methano 

derivative’s singlet state lifetime estimated at ~ 29 ps decays quite rapidly into the triplet 

state with an estimated lifetime of ~135 ns.  In contrast the bare Lu3N@C80 singlet lifetime 

was found to be ~ 65 ps and its triplet lifetime at ~ 79 ns.  Both the bare TNEF and its 

methano derivative excited state lifetimes are much shorter than that measured for C60-

PCBM with singlet excited state lifetime of ~ 1800 ps and a triplet lifetime at ~ 20000 ns.  

The extremely short excited state lifetimes presented by the TNEF molecules is expected to 

be due the incorporated heavy atoms which deactivate the singlet state excitation as present 

in chapter 2.[61] 
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Figure 4.8: Excited state transient absorption of Lu3N@C80 methano derivative a) Differential absorption 

spectra of singlet excited state (black) and triplet excited state (red). b) Transient absorption singlet state 

deactivation monitored at 580 nm (red) and growth of the triplet state absorption peak at 825 nm (black). Solid 

lines are added to indicate data trend only.  
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Charge transfer between photo-excited TNEF and P3HT was confirmed for the first time by 

means of subnanosecond photolytic experiments.  Specifically, we contrasted the 

photophysical behavior in spin coated films with that in solution by exciting either at 387 

nm (i.e., fullerenes) or at 540 nm (i.e., P3HT) and comparing the resulting photospectra with 

those of the corresponding radical cation’s and radical anion’s photospectra produced in 

radiolytic experiments, see figure 4.9.  Initially the P3HT singlet excited state features are 

discernable in photo-excited films of P3HT/Lu3N@C80-PCBH or P3HT/C60-PCBM – see 

figures 4.10 and figure 4.11.  However, they are in both cases ultra-short, they decay in less 

than 550 fs (i.e., > 2.0 x 1012 M-1) to form a new photoproduct.  
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Figure 4.9: Differential absorption changes for Lu3N@C80-PCBH following pulse radiolytic a) oxidation 

of P3HT in oxygenated dichloromethane with •OOCH2Cl or •OOCHCl2 radicals and b) reduction of 

Lu3N@C80-PCBH in a deoxygenated solvent mixture containing toluene, 2-propanol and acetone with 

(CH3)2
•COH and (CH3)2

•CO− radicals.   
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Figure 4.10: Time-Resolved TNEF photophysics. a) Differential absorption spectra (visible and near-

infrared) obtained upon femtosecond flash photolysis (387 nm excitation) of a P3HT/Lu3N@C80-PCBH film in 

air with several time delays between 0 and 50 ps at room temperature – arrows indicate the main characteristics 

of the P3HT singlet excited state and the radical ion pair state.  b) Time-absorption profiles of the spectra 

shown above at 516 and 657 nm, monitoring the radical ion pair state. 
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Figure 4.11: Differential absorption spectra P3HT/C60-PCBM film (visible and near-infrared) obtained 

upon femtosecond flash photolysis (387 nm excitation) of the film in air with several time delays between 0 

and 50 ps at room temperature – arrows indicate the main characteristics of the P3HT singlet excited state and 

the radical ion pair state.   

 

There is a decisive difference between the photoproducts of the two acceptors. In the near-

infrared region the photoproducts absorb with maxima at 665, 890 and 1020 nm for 

P3HT/C60-PCBM and 665, 890 and 1025 nm for P3HT/Lu3N@C80-PCBH.  The former two 

maxima (i.e., 665 and 890 nm) are in excellent agreement with those noted for the one-

electron oxidized radical cation of P3HT in dichloromethane (i.e., 600 and 855 nm –figure 

4.9a, the latter ones (i.e., 1020 or 1025 nm) correspond to the one-electron reduced C60-

PCBM and Lu3N@C80-PCBH radical anions generated in toluene, acetone and 2-propanol 

(see figure 4.9b).  The visible portion of the transient absorption spectra, on the other hand, 
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are in both cases dominated by strong bleaching of the ground state revealing minima at 500 

nm.  These fingerprints again corroborate the attributes seen during the P3HT oxidation.  In 

other words, both Lu3N@C80-PCBH and C60-PCBM give rise to the rapid formation of the 

radical ion pair states, under excitation of either donor or acceptor. These radical ion pair 

states were found to be stable on the time scale of our investigation (i.e., up to 3000 ps).  

Complementary nanosecond experiments (Figure 4.12) confirm the remarkable stability of 

the radical ion pair states in both films with lifetimes exceeding the experimental time 

window of our apparatus (i.e., 1.0 ms). These transient absorption measurements with 

P3HT/Lu3N@C80-PCBH (1.7 wt.%) and P3HT/C60-PCBM (1 wt.%) films on quartz, 

photoexciting P3HT at 540 nm, revealed the same amplitudes for the P3HT radical cation 

absorptions at 855 nm, which indicates that the charge transfer process for the Lu3N@C80-

PCBH based film is as efficient as that seen for C60-PCBM. The presented efficiency and 

stability of the charge separated states of P3HT/Lu3N@C80-PCBH should yield photocurrent 

densities in OPV devices that are at least equal to the P3HT/C60-PCBM reference system. 
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Figure 4.12: Differential time-absorption profile of P3HT/Lu3N@C80-PCBH film upon nanosecond flash 

photolysis (532 nm) of the film in air at 1000 nm monitoring the radical ion pair state. 

 

P3HT/Lu3N@C80-PCBH OPV devices 

The blends for OPV device construction were prepared by first preparing a 20 mg/mL stock 

solution of P3HT (4002E, Rieke Metals) in 1,2-dichlorobenzene (Aldrich) that was allowed 

to stir for at least 24 hrs at 70oC. This stock solution was added to the dry fullerene acceptors 

and the desired solution concentrations were achieved by adding 1,2-dichlorobenzene. The 

blend was heated at 70oC and stirred at 400 rpm to disperse the fullerene.  The ~100 nm 

active layer was then spun at 700 rpm. The thermally deposited cathode was comprised of a 

0.6 nm LiF layer, and a 95 nm Al layer both deposited at pressures ≤ 1x10-6 mbar.  The 

fabricated OPV devices were then subjected to a production annealing on a hot plate in a 
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controlled Argon atmosphere Glove Box. The P3HT/C60-PCBM film had a post cathode 

deposition anneal at 150 ºC for 10min and the P3HT/Lu3N@C80-PCBH film had a pre 

cathode deposition anneal for 10 min at 110 ºC and a post-production anneal at 140 ºC for 

30 sec. Subsequent photo spectrum analysis and device statistics were measured outside the 

glove box with the device in a sealed enclosure. P3HT/Lu3N@C80-PCBH devices with a 

cathode comprised of 20 nm of Calcium and 80 nm of Aluminum were annealed in a similar 

fashion with only the pre production annealing.  

 

OPV devices using a P3HT/Lu3N@C80-PCBH active layer show a significant increase in 

open circuit voltage compared to P3HT/C60-PCBM reference devices. Figure 13a illustrates 

the illuminated and dark current density (J) verses voltage (V) curves for an optimized 

P3HT/Lu3N@C80-PCBH device with PCE of 4.2%. The measured P3HT/Lu3N@C80-PCBH 

device has a similar photocurrent and fill factor (FF) as the P3HT/C60-PCBM reference 

device, thereby demonstrating that the higher Voc of TNEF-based OPV device leads to 

higher PCE.   
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Figure 4.13: P3HT/Lu3N@C80-PCBH OPV device characteristics a) J-V curves of P3HT/Lu3N@C80-PCBH 

(black triangles) PCE = 4.2%, Voc = 810 mV, Jsc = 8.64 mA/cm2, and FF = 0.61 and P3HT/C60-PCBM (black 

squares and dashed lines) PCE = 3.4%, Voc = 630 mV, Jsc = 8.9 mA/cm2, and FF = 0.61 blend devices. Solid 

symbols show the dark curves and open symbols show devices under simulated AM1.5 (100 mW/cm2). b) 

External quantum efficiency P3HT/Lu3N@C80-PCBH (Dashed) and P3HT/C60-PCBM (Solid) blend devices. 

 

The short circuit current densities (Jsc) of both devices were cross referenced with an 

integration of the external quantum efficiency (EQE) measurements. Both of the devices’ 

EQE spectra shown in Figure 4.13b integrated within 2% of the measured Jsc under solar 

simulation tests. It is important to note here that there were differences in the fabrication 

conditions to achieve optimum performance for each of the two devices shown in Figure 

4.13. The P3HT/C60-PCBM reference film was annealed in an inert atmosphere for 10 

minutes at 150 oC after deposition of a Lithium Fluoride/Aluminum top electrode.  The 

optimal processing for the P3HT/Lu3N@C80-PCBH film was achieved by annealing the film 

at 110 oC for 10 minutes before the LiF/Al top electrode was deposited with an additional 30 
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second anneal at 140 oC after production. The optimal processing of these two devices 

slightly differs, however the absorption spectra and Grazing Incident X-ray Diffraction 

(GIXRD) data shown in Figure 4.14a&b demonstrate that the blend films are similar in 

overall absorption and polymer order. Polymer order has been shown to be necessary to 

enhance charge transport and decrease charge carrier recombination in the active layer.[86-89] 
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Figure 4.14: P3HT/Lu3N@C80-PCBH blend film absorption and X-ray diffraction properties. a) 

Absorption of P3HT/Lu3N@C80-PCBH (Solid) and P3HT/C60-PCBM (Dashed) blend films b) XRD of the 

P3HT (100) peak normalized to thickness for a 1:1 blend film of P3HT/Lu3N@C80-PCBH (Solid) and a 1:0.8 

reference film of P3HT/C60-PCBM (Dashed) blend. 

 

Low noise polished quartz substrates were acquired from Dug out Supplies for the GIXRD 

measurements.  The blend films used for GIXRD were spin cast at 500rpm for 30 seconds in 

an inert Argon atmosphere. The 1-D GIXRD spectra were measured using a Philips X’Pert 

PRO MRD HR X-Ray Diffraction System with Cu Kα (1.5405 Å) source. Film thicknesses 
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were measure on a Veeco CP-II AFM. Zhokhavets et al. established that the P3HT 

crystallinity, order, is said to be proportional to the diffraction peak’s area.[89] In this case the 

P3HT (100) peaks’ areas were determined by a Gaussian fit.  The Gaussian fits for each of 

the curves presented had a correlation coefficient > 0.98 between the actual data and the 

calculated Gaussian fit using Origin Pro 7.5 software. By using the crystallinity analysis 

described by Zhokhavets et al. we found our P3HT/ Lu3N@C80-PCBH film has a 12% lower 

crystallinity than the P3HT/C60-PCBM reference film. This 12% lower crystallinity of the 

P3HT phase which has been interpreted from the GIXRD data is one example of how future 

devices made with P3HT/Lu3N@C80-PCBH active layers may be improved by increasing 

charge carrier mobility via increased P3HT order effecting a device’s Jsc and FF. The similar 

absorption of these two films shown in figure 4.14a combined with the magnitude of the 

extracted photocurrent further validates the charge transfer efficiency of P3HT/Lu3N@C80-

PCBH system measured during photolytic experimentation.  

 

Open circuit voltages as high as 890 mV (Jsc = 5.4 mA/cm2, and FF = 0.52) have been 

observed for P3HT/Lu3N@C80-PCBH devices, which is to our knowledge, the highest Voc in 

P3HT/fullerene OPV devices reported to date.  This observed 260 mV Voc enhancement 

over the P3HT/C60-PCBM reference device is close to the 280 mV increase predicted by 

electrochemistry. Fluctuations in the P3HT/Lu3N@C80-PCBH devices’ Voc from 890 mV to 

810 mV have been attributed to processing induced surface states at the active layer/cathode 

interface. Evidence of this surface state interaction is witnessed in Lu3N@C80-PCBH based 

films with variations in film dry times and choice in cathode materials. Films dried in less 

than two minutes and capped with a LiF/Al cathode exhibit Voc values that approach the 
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maximum predicted Voc as is demonstrated by the 890 mV device. In contrast films prepared 

under similar conditions with a 20 nm Calcium / 80 nm Al cathode exhibit this increase in 

Voc with longer dry times (data not shown).  In an effort to optimize our PCE and to uncover 

all the variables involved in achieving the paramount bulk heterojunction with Lu3N@C80-

PCBH, the further investigation of these fluctuations in the P3HT/Lu3N@C80-PCBH device 

performance which are encountered under different processing techniques are presented in 

Chapter 5. 

 

Summary 

This chapter reports the first synthesis of Lu3N@C80 methano derivatives and their use as 

novel acceptor materials in state of the art OPV devices which have an 890 mV open circuit 

voltage, the highest reported open circuit voltage for a P3HT/fullerene device. Photophysical 

experiments confirm the efficient charge transfer between P3HT and the Lu3N@C80-PCBH. 

Optimization of the P3HT/ Lu3N@C80-PCBH active layer morphology has resulted in OPV 

devices with higher Voc values and similar photocurrent and fill factor as P3HT/C60-PCBM 

reference devices. The higher overall PCE of the P3HT/ Lu3N@C80-PCBH devices is 

attributed to a better positioned LUMO level which captures more of the energy associated 

with each absorbed photon. This work demonstrates that reducing the donor/acceptor 

LUMO offset by using TNEF acceptor materials can lead to enhanced OPV performance via 

the Voc. Using the improved LUMO level offset of our Lu3N@C80-PCBH acceptor materials 

and combining it with previously reported low band-gap donors polymers[22, 45] OPV 

efficiencies, greater than 10% may now be feasible.[68, 69] With this we have introduced an 
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entirely new class of acceptor materials for organic solar cells which show a straight-

forward path towards commercially viable devices. 
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Chapter 5: Active layer morphology and device optimization. 

The following chapter was first published in a different form in Advanced Functional 

Materials Volume 19, Issue 14, Pages 2332-2337 (2009). 

 

The reported OPV devices in chapter 4 were fabricated with the Lu3N@C80-PCBH 

acceptor using similar processing techniques as those employed for P3HT/C60-PCBM 

system.[84] These devices established that the 280mV Voc advantage is attainable, and that 

metallo endohedral fullerene acceptor materials set a direct path to higher PCE in a wide 

range of donor systems.[84] However, the previous chapter did not report on the significant 

physical differences of the Lu3N@C80-PCBH acceptor compared to C60-PCBM. The data in 

this section demonstrates that molecular weight, fullerene size, and excited state lifetimes 

affect the optimal performance of the OPV blend active layer. 

 

This chapter focuses on formation of the polymer/fullerene network, the most important 

aspect for high OPV performance. Through utilization of grazing incident x-ray diffraction 

(GIXRD), absorption spectra, and device data we conclude that the polymer-acceptor 

interactions of the Lu3N@C80-PCBH acceptor molecules are similar to that of C60-PCBM 

and more importantly, the relative size of the C80 acceptor molecule influences the blend 

ratio needed to produce a high PCE device.  By optimizing device construction parameters, 

P3HT/Lu3N@C80-PCBH devices having PCE > 4% are achieved under AM1.5G solar 

simulation conditions, which is a consistently higher PCE than our optimized P3HT/C60-

PCBM reference devices (PCE = 3.4%). 
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TNEF optimal Blend Ratio  

The active layer of a bulk-heterojunction OPV device is a composite system made of two 

components: the first is the polymer donor which absorbs light facilitates hole transport to 

the anode.  The second component is the fullerene acceptor which accepts the excited state 

electrons from the donor polymer’s LUMO and facilitates the transport of electrons for 

collection at the cathode.[29] In addition, the acceptor can also contribute to the photocurrent 

by transferring an excited state hole from its HOMO level to the donor. Blending of the 

polymer and fullerene into a bulk-heterojunction structure enhances the dissociation of 

excited state charge carriers by increasing the interfacial area between the donor and 

acceptor phases.  

 

There are a number of techniques and architectures associated with the production of OPV 

devices.  Common methods for active layer deposition include spray coating, drop casting, 

doctor blading, and spin casting. Although all of these techniques have shown great promise 

in device production, spin casting was chosen for this study because both the film thickness 

and the film’s solidification time are easily altered and reproduced; this allows for a direct 

comparison with a majority of the OPV devices that have been reported in the literature.[90, 

91] 

 

The efficiency with which charge carriers are generated, separated, and transported in the 

active layer is highly dependent upon the order of the P3HT phase and the overall 

morphology of the bulk-heterojunction structure which forms during solidification of a 
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blend solution.[29, 86, 92] This junction will be affected by the ratio of the polymer donor and 

fullerene acceptor. Lu3N@C80-PCBH acceptor molecules have a molecular weight that is 

93% greater than C60-PCBM and they take up an expected 45% more volume than C60-

PCBM.[93] Here blend ratios are described in weight percentages of fullerene to total dry 

blend weight. The optimal blend ratio for P3HT/C60-PCBM was found to be 44 wt.% in this 

study. Using the molecular weight difference between C60-PCBM and Lu3N@C80-PCBH, a 

61 wt.% of Lu3N@C80-PCBH would be required to achieve a molecular equivalent for a 

P3HT/ Lu3N@C80-PCBH blend ratio. However this calculated molecular equivalent does 

not take into account the volume difference of the Lu3N@C80-PCBH molecule, its molecular 

interactions, or the acceptor’s excited state dynamics. 

 

To evaluate the influence the fullerene has on the bulk-heterojunction structure, a series of 

films with varying Lu3N@C80-PCBH weight ratios were spin cast from blend solutions of 

donor, P3HT, and acceptor, Lu3N@C80-PCBH, solvated by 1,2-Dichlorobenzene. After 

solidification, these films were annealed for one minute at 130°C in an inert Argon 

atmosphere to reduce any inhomogeneity induced by the drying process. Through the use of 

GIXRD and absorption spectra the overall order of the P3HT polymer phase is identified 

and used to optimize the blending ratio for P3HT/Lu3N@C80-PCBH OPV devices. 

 

The GIXRD spectra of the polymer and fullerene phases in blend films of P3HT and 

Lu3N@C80-PCBH on low-noise quartz substrates can be seen in figure 5.1a, normalized to 

the P3HT (100) peak at 2θ ~ 5.3°.  The (100) peak of the P3HT has been documented as the 

planar separation of thiophene backbones parallel to the quartz substrate’s surface.[87, 94] 
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Three films are shown at 0 wt.%, 33 wt.%, and 50 wt.% fullerene loading. There is a 

concentration dependent halo which has been assigned to the Lu3N@C80-PCBH phase 

domains and is centered at 2θ ~ 8.4°. The mean fullerene separation spacing of 1.1 nm is 

calculated from the randomly oriented halo. This value matches well with those reported by 

other groups for highly ordered  
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Figure 5.1: P3HT/Lu3N@C80-PCBH blend film spectra. Identification of P3HT and Lu3N@C80-PCBH 

using a)normalized GIXRD diffraction pattern for blend films at 0 wt.%, 33 wt.%, and 50 wt.%. Displayed in 

b) is the influence Lu3N@C80-PCBH loading has on P3HT’s (100) diffraction peak intensity and c) P3HT 

vertical grain size. Panel d) displays the blend film absorption spectra dependence on Lu3N@C80-PCBH 

loading. 
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close packed hexagonal lattice of metallo endohedral C80 fullerenes.[95] When comparing the 

pristine P3HT film to that of the P3HT/Lu3N@C80-PCBH composite films there is a 

reproducible shift in the P3HT’s (100) peak, indicating a compacting of the average vertical 

separation by 0.1° or ~0.2 Å. A similar shift is observed for P3HT/C60-PCBM reference 

films shown in figure 5.2.  
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Figure 5.2: GIXRD spectra of P3HT/ C60-PCBM blend films. Identification of P3HT and C60-PCBM using 

normalized GIXRD diffraction pattern for blend films with fullerene content at 0 wt.%, 28.5 wt.%, and 44.4 

wt.%. 

 

This slight peak shift is an indication of stronger interlayer interactions which are induced 

by the presence of fullerene in the P3HT matrix, and has been noted by others for the 

P3HT/C60-PCBM composite system.[86] More importantly, the (100) P3HT peak height has 

also been documented as a measure of the overall P3HT film order.[87] In figure 5.1b the 
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relative (100) peak heights, corrected for the film thickness, are shown as a function of 

Lu3N@C80-PCBH content in the blended films.  A consistent trend develops indicating that 

increases in Lu3N@C80-PCBH loading contribute to decreases in overall P3HT order. A 

similar effect has been witnessed by others for the P3HT/C60-PCBM system.[96] The polymer 

grain sizes were calculated using Scherrer’s relation,[97] which is the mathematical 

relationship for calculating grain size relative to the diffraction peak’s full width half max at 

θ and the source’s wavelength.  

θ
λ

θ Cos
L

2

9.0
Δ

=  (5.1) 

Where L is the mean polymer crystallite size, 0.9 is the dimensionless shape factor, λ is the 

wavelength for the incident x-ray beam, 2θ is the angle between the incident and reflecting 

x-ray beams, and  is the full width half max of the diffraction peak.[87] Applying this 

relation to the GIXRD data figure 5.1c is produced showing that the polymer grains remain 

unchanged for films with fullerene content up to 62 wt.%.[87, 98] These P3HT grains 

surrounded by fullerene are the basic units that create the bulk-heterojunction structure, and 

this interface between the polymer phase and the fullerene phase is where charge carriers are 

dissociated. Recently, Shaw et al. showed the exciton diffusion length for P3HT to be ~8.5 

nm.[30] Therefore, the radial distance of the ~14 nm P3HT domains is sufficient for full 

charge extraction at the donor/acceptor interface. Figure 5.1c shows that the films with 

fullerene loading above 62 wt.% displayed decreasing polymer grain size, which indicates 

an incorporation of fullerene into the polymer grains. This reduction in P3HT grain size and 

overall order is undesirable because it leads to an inefficient percolation network, which 

decreases the overall charge transport. Therefore, these GIXRD measurements establish an 

θ2Δ
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upper limit for the Lu3N@C80-PCBH content in the P3HT matrix at 62 wt.%, which exceeds 

the calculated molecular equivalent weight ratio described above. The GIXRD also indicates 

that for weight ratios less than the 62 wt.%, the polymer forms similar sized grains, but the 

overall order of the P3HT declines with increased fullerene loading (figure 5.1b). This 

interruption in the overall P3HT order is expected to blue shift the absorption spectra of the 

films and decrease the photon harvesting efficiency of the bulk-heterojunction. 

   

The absorption spectra of the blend films shown in figure 5.1d indicate that increases in the 

films’ fullerene concentration does impact the overall film absorption. The presence of 

Lu3N@C80-PCBH in the spectra is identified by the increase in ultra-violet absorption (300-

400 nm). The spectra exhibit a maxima in the visible region which blue shifts from 550 nm 

to 518 nm with increasing fullerene content. This blue shift in absorption is consistent with 

GIXRD data and previous literature, which found that blue shifts in P3HT absorption are 

due to lowering of P3HT’s overall order.[91, 99] The blend films also display P3HT’s vibronic 

shoulders at 550 nm and 602 nm which have been attributed to polymer/polymer 

intermolecular interactions.100 However there is discontinuity between the vibronic patterns 

in the spectra of blend ratios 55 wt.% and 58 wt.%.  Although GIXRD spectra of the 

P3HT’s (100) peak height suggests a steady decrease in polymer order with increasing 

fullerene loading, this discontinuity in the absorption spectra is correlated to the onset of the 

fullerene’s disruption of the highly ordered polymer domains and is in that respect 

consistent with the grain sizes measured with GIXRD. These results from both the GIXRD 

and absorption measurements clearly indicate a threshold does exist for Lu3N@C80-PCBH 

content in the P3HT matrix, above which the ordering of the P3HT is significantly 
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interrupted. However the interpretation of the vibronic shoulder discontinuity presented in 

the absorption spectra indicates that the ordering threshold is better placed at 55 wt.% for 

the P3HT/ Lu3N@C80-PCBH system. This is still well below the expected 61 wt.% for a 

molecular equivalent of a P3HT/C60-PCBM optimized composite film. 

To relate the observed morphology changes to OPV device performance, OPV devices were 

built using the P3HT/Lu3N@C80-PCBH blends with similar processing conditions as those 

used for the GIXRD and absorption analysis. These blend films were spin cast onto 

Glass/ITO/PEDOT-PSS substrates, and a LiF/Al top cathode was deposited with a post-

production anneal for 1 minute at 130 °C. In a comprehensive evaluation of common 

electrode interface materials it was found an ITO/PEDOT-PSS anode and a sequentially 

deposited LiF/Al cathode provided the best photocurrent and fill factors. For consistency 

single-layer devices were used for this study. 

 

As shown in figure 5.1d, the blend films’ absorption in the visible region is dominated by 

that of P3HT. It is reasonable to expect that the blend films will harvest photons similarly.  

Differences in the blend films’ performances can therefore be associated with differences in 

excited state dissociation and charge transport properties influenced by the bulk 

morphology. Using photocurrent spectra to establish each of the P3HT/Lu3N@C80-PCBH 

blends’ external quantum efficiency, EQE, the efficiency at which one photon at a given 

energy is converted to an electron in the external circuit, we find significant differences 

among the various fullerene loadings (see figure 5.3a and b).  The relative intensity of the 

EQE indicated an optimization window for the blend ratio between 44 wt.% and 55 wt.%. 

This maximizing effect of the EQE is a direct example of the interplay between the 
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percolation and interpenetration of both the polymer and fullerene phases that maximizes 

both charge transport and charge separation.  
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Figure 5.3: P3HT/Lu3N@C80-PCBH device EQE performance verses blending ratio. a) Displays external 

quantum efficiency, EQE, spectra for P3HT/ Lu3N@C80-PCBH solar cells with varying fullerene loading and 

b) normalized to peak intensity. 

 

Additional trends are apparent in the EQE data for fullerene ratios larger and smaller than 

the optimal 50 wt.% blend. In Figure 5.3a the 64 wt.% device exhibits a reduction in overall 

photon conversion, and its normalized spectra in figure 5.3b exhibits a peak narrowing in 

photo conversion.  This demonstrates how the overloading of fullerene disrupts the polymer 

phase, which negatively influences the charge transport and limits the photocurrent. Thus 

the EQE data corroborates the GIXRD and absorption data discussed above.  
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Not only are there shifts observed in the EQE spectra due to polymer phase order, but also 

there are shifts in the UV-region (300 – 400 nm) which indicate that the fullerene loading 

affects hole transfer from the fullerene to the polymer. In figure 5.3b there is a noticeable 

blue shift of the EQE in the UV-region. This blue shift develops with a decrease in fullerene 

loading, contrary to the blue shift seen at 600 nm. It has been shown with P3HT/C60-PCBM 

composites that the photo-excited fullerene contributes to the photocurrent in this region of 

the spectra through a hole transfer from the fullerene’s HOMO to the polymer’s HOMO.101 

As the fullerene loading is decreased, the overall composite takes on a shape closer to the 

pure P3HT absorption; thereby reducing the absorption in the 300-400 nm region and also 

the number of absorbed photons that contribute to the photocurrent in the UV-region of the 

spectrum. The EQE spectra are in opposition to this expected trend shown in figure 5.3b. 

We attribute this result to the metallo endohedral fullerene’s excited state lifetime. Transient 

absorption measurements of Lu3N@C80-PCBH in chapter 4 have shown that the singlet 

excited state lifetime is 62 times shorter than C60-PCBM (1800 ps). Increases of Lu3N@C80-

PCBH loading in the P3HT matrix lead to larger fullerene domains, similar to what is 

observed for C60-PCBM,[102] and therefore on average the excitons created in the fullerene 

domains have to traverse a larger distance to reach a donor/acceptor interface. This longer 

distance to a donor/acceptor interface combined with a short excited state lifetime means 

more excitons will recombine before reaching the interface and subsequently decrease the 

fullerene’s contribution to the photocurrent.  

 

Analysis of a series of devices at each blend ratio under an Air Mass 1.5G filtered solar 

simulator found that the PCE correlated with the EQE measurement, as shown in figure 5.4.  
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The improved morphology of the 50 wt.% blend ratio indicated by GIXRD and film 

absorption was further confirmed in these devices by measuring average minimum series 

resistance of 6.3 Ohms*cm2 for the devices in the dark at 2V forward bias. The maximum 

PCE of the devices is shown to be dominated by the photocurrent which is more sensitive to 

carrier mobility than Voc or fill factor (FF).103 These findings identify that there is a need for 

a balanced network in the active layer.  The maximum in the EQE spectra shows that the 

balance between high order in P3HT for efficient hole transport and percolation of the 

fullerene network for efficient electron transport is achieved at 50 wt.% Lu3N@C80-PCBH 

loading  The presented differences in the optimal fullerene loading found at 50 wt.% and the 

molecular equivalent loading calculated to be at 61 wt.% demonstrate the impact the 

fullerene volume has on the percolation network, but does not account for the estimated 45% 

volume difference.  This discrepancy in total volume of fullerene is attributed to the packing 

differences of the functionalized TNEF verses C60-PCBM; as well as the fullerene’s 

intermolecular interactions, and excited state dynamics such as lifetimes and charge carrier 

mobility that play a role in balancing the charge dissociation and transport properties of the 

active layer.  
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Figure 5.4: P3HT/Lu3N@C80-PCBH device characteristics verses blending ratio. Device characteristics 

under AM 1.5G solar simulated illumination are presented. Filled squares depict average solar cell device 

characteristics for six devices with varying amounts of Lu3N@C80-PCBH (all devices have active layer 

thickness ~85 nm). Solid line indicates maximum PCE, minimum series resistance (Rs), maximum Fill Factor 

(FF), and maximum Short Circuit Current (Jsc) for this series of devices. 
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Active layer Annealing 

Techniques such as thermal annealing of P3HT composite films have been shown to 

increase device efficiency through morphology modification and improvement in active 

layer / electrode contact.[77, 86, 104] Studies have also shown that OPV devices perform 

differently if annealed before or after the deposition of the metal cathode, and that these 

increases in performance are highly dependent on the blend film’s dry time.[75, 91, 105, 106] To 

study the influence of annealing on P3HT/Lu3N@C80-PCBH devices, blend films at 50 wt.% 

were subjected to a prolonged annealing at 130°C for 3 min before or after cathode 

deposition.  The absorption spectra shown in figure 5.5a are of two films, one annealed 

before and one annealed after electrode deposition. The overlapping absorption spectra of 

these two films demonstrate that the films have similar bulk morphology.  However, by 

integrating both EQE spectra the device annealed post-electrode deposition has a 1.77 

mA/cm2 larger photocurrent (results shown in figure 5.5b. The JV characteristics shown in 

Figure 5.5c demonstrate that the device annealed after electrode deposition not only has 

higher short circuit current (Jsc), but also higher Voc and FF. Since both films only differ in 

the annealing step and display similar bulk morphology the higher overall performance of 

the post-production annealed film is attributed to an enhanced contact between the active 

layer and the device’s anode and cathode. It is worth mentioning here that the P3HT/ 

Lu3N@C80-PCBH devices produced during this study did not display PCE values greater 

than 2% unless the active layer underwent some form of annealing.  
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Figure 5.5: P3HT/Lu3N@C80-PCBH device performance verses device annealing process. a) Absorption 

of 0.50 wt.% P3HT/Lu3N@C80-PCBH films with a pre-production anneal (grey) and a post-production anneal 

(black). b) The EQE spectra of the same films. c) The current-voltage characteristics of the two films in the 

dark (filled triangles) and under solar simulated illumination (open triangles). 

 

Similar work for P3HT/C60-PCBM devices have shown that slowing the dry-time of the 

blend film induces highly ordered P3HT domains but also increases surface roughness that 

may interfere with electrode contact.[91, 106] In this part of the study dry times were held to 

 93



within 10 min after the 30 sec spin coating of the active layer by placing the wet film in a 

closed container. Li et al. reported on the P3HT/C60-PCBM that, when the film dry time is 

extended, a low-temperature, 110°C, anneal step before the electrode deposition leads to 

higher device performances through flatter surface morphology and reduces the level of 

residual solvent in the blend film.[91, 106] Therefore, a combination of pre-production anneal 

to improve the surface morphology and a post-production anneal to improve the electrode 

contact were investigated to further improve device performance. A series blend devices 

were built with various pre- and post-production anneals and optimized for thickness by 

changing the speed and duration of the spin coating process. An optimized 

P3HT/Lu3N@C80-PCBH device produced in this manner is shown in Figure 5.6, with an 

improved performance of PCE = 4.24 % (Voc = 810mV, Jsc = 8.85 mA*cm-2, and FF = 

59%). For comparison, a device using the same architecture and optimized with a C60-

PCBM acceptor is overlaid (Voc = 630mV, Jsc = 8.9 mA*cm-2, and FF = 61%) in the figure.  

By annealing the P3HT/ Lu3N@C80-PCBH device for a longer period (10min) at relatively 

low temperatures (110°C) before the LiF/Al is deposited, the film is allowed to further order 

and flatten without the constraint of a metal electrode, while the brief thirty second higher 

temperature (140°C) post-production anneal aids to improve the cathode contact, thus 

increasing the overall performance of the device. The enhanced performance of the 

Lu3N@C80-PCBH devices is due to the improved open circuit voltage while matching the 

short circuit current and fill factor of the C60-PCBM reference device. 
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Figure 5.6: P3HT/Lu3N@C80-PCBH device performance a) The EQE of P3HT/Lu3N@C80-PCBH (black) 

and P3HT/C60-PCBM (grey) blend devices. b) Current-voltage characteristics of P3HT/Lu3N@C80-PCBH and 

P3HT/C60-PCBM blend devices. Solid triangles indicate the dark JV curves and open triangles indicate the 

devices’ JV curve under solar simulated illumination. 

 

Summary 

The advantage of higher LUMO levels in metallo endohedral fullerene derivatives such as 

Lu3N@C80-PCBH offers a direct pathway to greater efficiency OPV devices by reducing the 

energy loss of the photo-excited electrons. Through comparative analysis of the film 

absorption and x-ray diffraction we ascertained an optimal blend ratio of P3HT and 

Lu3N@C80-PCBH of 50 wt.% fullerene loading, which is not the one-to-one molecular 

equivalent weight ratio of a typical C60-PCBM system. The difference in the optimal blend 

ratio is due to the increased size of the Lu3N@C80-PCBH, thereby effectively reducing the 

amount of fullerene needed for efficient charge transport to occur. GIXRD results also 

indicate that Lu3N@C80-PCBH promotes phase segregation of P3HT similar to C60-PCBM, 
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and increases interlayer interactions in the P3HT matrix. Analysis of device performance as 

a function of blend ratio revealed that Lu3N@C80-PCBH requires a finer network to harvest 

the excitons on the fullerenes due to the shorter singlet excited state lifetime in these 

molecules. Further a post-production anneal is required for efficient devices; by performing 

a combination of pre and post-production anneal on P3HT/ Lu3N@C80-PCBH devices, we 

produced devices with higher PCE values than our P3HT/C60-PCBM reference devices. 

These results clearly demonstrate the superior performance of a donor/acceptor system that 

has a smaller LUMO energy offset compared to the commonly used P3HT/C60-PCBM 

system. 
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Chapter 6: OPV devices with solvent additive  

There are a great many techniques used in forming high performance bulk-heterojunction 

structures. One of the current techniques employed is based on binary solvent systems. A 

subcategory of these binary solvent systems for active layer morphology modification is 

additive solvents. Additive solvents are small quantities of a secondary solvent added to the 

primary solvent that aids in modifying the morphology of the composite active layer while 

the blend film is solidifying.[107] This process method has gained increasing attention for its 

ability to modify the bulk-heterojunction structure without any heat treatment of the cast 

film. If implemented this process technique can reduce OPV production cost by enabling 

full solution processing of OPVs. There are a number of suitable additives that can modify 

the active layer morphology.[22, 23, 88, 107-109]  Here the term additive will be limited to a 

secondary solvent with a higher boiling point than the primary solvent that is then added to 

the donor:acceptor blend solution. Peet et al. first published work on the use of thiol 

derivatives to modify P3HT and poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-

b′]-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole), PCPDTBT, ordering during film 

solidification. Additives used this way have one primary mechanism of function. The 

concept is that one solvent evaporates leaving the second behind to modify the solidifying 

film.[107] Most examples from the literature use additives with lower vapor pressure and 

higher boiling points than the primary solvent. Having a mixture of solvents with differing 

vapor pressures means that the solvent’s concentration with a higher boiling point grows as 

the blend solidifies. During this solidification process the additive becomes the majority 

solvent and the concentration gradient of polymer to fullerene still in solution is 
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intentionally shifted. The shift in the solvated polymer:fullerene ratio is a direct result of the 

difference of donor and acceptor solubility in the additive. For example if an additive which 

does not dissolve the fullerene well is added to the blend solution then as the primary 

solvent evaporates the additive becomes the majority solvent and the fullerene precipitates 

out of solution. This solvent crashing technique tends to increase the fullerene domains size. 

In the following portion of this chapter an additive is selected to crash the polymer out of 

solution rather than the fullerene. Additives are usually added at < 10 vol.% and 

preferentially dissolve either the fullerene or the polymer. The very nature of what solvents 

can be considered as an additive for active layer modification vastly expands the potential 

parameter space for this research area to cover.  Due to the great variety of solvents that 

satisfy the additive boiling point condition it is a non-trivial task to find additives which 

enhance active layer blend morphology. 

 

We found that nitrobenzene, NtB, with a boiling point of 210 oC is a good candidate for the 

P3HT/Lu3N@C80PCBH system. The polar NtB readily dissolves the Lu3N@C80PCBH, but 

does not dissolve the P3HT.  Initial work by Moule and Meerholz proved that NtB worked 

well with the P3HT/C60-PCBM system.[109] They showed that through the use of NtB mixed 

with the primary solvent chlorobenzene, CB, at 4.25 vol.% they could produce OPV devices 

with 4% conversion efficiency and 4.3% conversion efficiency with a heat treatment of 180 

oC for 10 min. Moule and Meerholz showed that NtB causes the P3HT to aggregate and 

highly order itself.  Their hope was to form domains of polymer that are coated by a 

fullerene matrix. The problem with this processing technique is that the donor network and 

acceptor network ideally need to be interpenetrating to increase performance, and solubility 
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of the active materials may create a detached islands rather than a bicontinuous 

interpenetrating network.  An indication of this problem is in their need to thermally anneal 

the films to reach peak performance for their P3HT/C60-PCBM devices.  

 

The initial reason for using the NtB additive was to increase the order of the P3HT in our 

P3HT/Lu3N@C80-PCBH films and thereby increase the photo generated current out of the 

OPV devices. Results shown in chapter 5 indicated that relatively high loading of 

Lu3N@C80-PCBH in non-additive films interfered with the ordering of the P3HT. This 

interference with P3HT was found to be concentration dependent similar to C60-PCBM.[96] 

In this respect the NtB additive may allow us to increase the amount of fullerene near molar 

equivalent with C60-PCBM based devices without interfering with the polymer order. This 

process could increase the overall charge extraction efficiency and charge carrier mobility in 

both the donor and acceptor phases that seemed to be an issue with early stage devices. The 

secondary reason for testing was to enable a pathway for production of a high efficiency 

P3HT/ Lu3N@C80-PCBH without a heat treatment to lower final OPV device production 

cost and to test an alternative pathway for forming a blend film. Differential scanning 

calorimeter and analyzing OPV performance with annealing treatments initially indicated 

that Lu3N@C80-PCBH more easily phase segregated during heating than C60-PCBM, 

therefore there may be a limit to enhancing a P3HT/Lu3N@C80-PCBH device’s performance 

by thermal annealing alone. This additive technique could offer a route around this phase 

segregation issue during annealing.  
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Nitrobenzene 

OPV devices were prepared with varying NtB concentrations from 0-9 vol.% in a primary 

solvent of ODCB. ODCB was used because it can readily dissolve the polymer, and it was 

found to be one of the best solvents for the Lu3N@C80-PCBH. The Lu3N@C80-PCBH was 

weighed and transferred into the Argon Glove Box where it was baked for an hour at 150 oC 

on a hot plate to remove any residual solvents introduced during production. As depicted in 

figure 4.3 the Thermo Gravimetric Analysis of Lu3N@C80-PCBH show that this molecule is 

thermally stable up to 300 oC, so this heat treatment should not have altered the fullerene 

sample. The blend solution was processed in an inert atmosphere with anhydrous ODCB.  A 

single polymer stock solution of P3HT/ODCB at 20 mg/mL was used throughout this 

experiment. The polymer stock solution was stirred at 450 rpm while in a dry bath at 75 oC 

for > 6 hrs., then the polymer stock solution was allowed to cool to room temperature before 

blends were mixed.  The stock solution did not seem to gel at any point.  The dried fullerene 

material was solvated in an ODCB and NtB mixture, and the solutions stirred at ~ 450 rpm 

in a dry bath at ~ 94 oC for half an hour.  The fullerene/ODCB/NtB solutions were then 

allowed to cool to room temperature, and the P3HT/ODCB stock polymer solution was 

added to concentration.  A total of seventeen < 300 μL blend solutions were prepared with 

varying fullerene concentration between 12 mg/mL to 18 mg/mL and NtB concentrations 

varying from 0-9 vol.%. The active blend stirred for one hour at ~ 94 oC. The blend was 

cooled to room temperature. The device films were spin cast at 800 rpm onto a 

Glass/ITO/PEDOT-PSS substrates and GIXRD films were spin cast at 500 rpm onto low 

noise quartz substrates. The GIXRD films were spun at the slower spin speed to enhance the 
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thickness of the film and therefore the signal to noise ratio of the GIXRD spectra. The blend 

solutions were not filtered before spin casting, and were spun in an Argon Glove Box and 

allowed to dry in a plastic box for < 10 min.  The blend films all underwent annealing for 

one minute at 130 oC in Argon environment, to reduce inhomogenties present in the film. 

This annealing process step for the device films took place after the LiF/Al cathode 

deposition, and served a second purpose, to enhance electrode contact to the active layer as 

described in chapter 5. With these mixing parameters all films were very homogenous and 

very few large grains were visible even with the higher fullerene concentration films. Most 

NtB films did have a general haze as a surface feature, which can be expected with the use 

of high polarity solvents and/or polymer fullerene cluster formation, as well as prolonged 

film dry times.[91] 

The absorption shown in figure 6.1 indicates that the NtB increases the order of the polymer 

film. This increase in P3HT order is indicated by the vibronic shoulders of the P3HT 

absorption at 602 nm and 554 nm.[110] The data also indicates that the incorporation of NtB 

at 5 vol.% maximizes the ordering effect of the polymer grains.  This was the case for all the 

concentrations tested and evidence of that can be seen in the absorption spectra of 62 wt.% 

sample films in figure 6.1 a&b. However the GIXRD spectra shown in figure 6.2a displays a 

reduction of the P3HT’s (100) peak height with increasing NtB concentration; which 

indicates the overall order of the film is reduced with increases in additive concentration.  
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Figure 6.1: NtB additive’s influence on the absorption spectra of P3HT:Lu3N@C80-PCBH blend films at 

55 wt.% concentration a) and 62 wt.% concentration b) prepared with NtB additive at 0, 3, 5, 7, 9 vol.%.    
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Figure 6.2: NtB additive’s influence on the X-ray diffraction spectra of P3HT:Lu3N@C80-PCBH blend 

films. GIXRD a) and Absorption spectra b) for P3HT:Lu3N@C80-PCBH films at 55 wt.% concentration 

prepared with NtB additive at 0 (squares) , 3 (circles) , 5 (triangle) , and 7 (diamonds) vol.%. 
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The reduction in the P3HT’s (100) peak intensity with increasing NtB concentration is 

present in all blend ratios tested; which were limited to the 0, 3, 5, and 7 vol.% NtB at 55 

and 58 wt.% blends films. From the P3HT’s (100) peak the calculated P3HT grain size was 

observed to decrease from 14 nm to 10 nm in 1 nm increments with increasing NtB 

concentration. The decrease in P3HT grain size is possibly due to the increasing 

concentration of NtB sequestering the P3HT into smaller clusters. It is not obvious why the 

absorption spectra indicates NtB increases the P3HT order while the GIXRD results indicate 

a steady reduction in the overall P3HT order, but this discrepancy may point out that the 

P3HT order is interpreted differently in each spectra. The vibronic pattern and red-shift 

present in the absorption spectra are said to be due to the polymer/polymer intermolecular 

alignment,[110] so these vibronic shoulders shown in both the films’ absorption spectra in 

figure 6.1 and the absorption of the GIXRD films in figure 6.2b are only an indication that 

the NtB causes the P3HT molecules to accumulate into ordered clusters. This is in 

agreement with Moule et al.’s conclusion that the higher boiling point NtB additive 

functions to retain the fullerene in solution while the film dries and the increased P3HT 

phase segregation enhances P3HT’s order without fullerene interference, red shifting the 

film’s absorption. Since these interactions are on the molecular level the absorption spectra 

is expected to be directly independent. However the GIXRD measurements are highly 

dependent on the geometry of the organized P3HT domains. It is then within reason to 

expect that the NtB is causing the P3HT to increase order, but these smaller clusters are 

losing overall orientation in the film. The loss of overall orientation of the highly ordered 

clusters fits well with the observed discrepancy of the data; however it can also be expected 

that the loss of overall polymer orientation would induce a diffraction peak at a 0.38 nm due 
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to the P3HT’s thiophene backbone spacing or the hexal-hexal spacing.  This peak is not 

witnessed in any of the GIXRD spectra. The results are inconclusive since one would expect 

a loss of grain orientation to exhibit this 0.38 nm spacing peak; which is not present in the 

GIXRD spectra. Using a more highly resolved x-ray source such as the x-ray emission from 

a synchtron source may help to indicate whether the NtB additive increases the 

polymer/polymer interactions while decreasing the polymer grain to grain order and 

orientation. However these conclusions formed from the absorption and GIXRD spectra 

indicate that the level of NtB does affect the polymer network and thus device performance. 

 

Photocurrent spectra shown in figure 6.3 a-d represent the spectral conversion efficiency for 

a single device to convert photons at a specific energy into electrons in the external circuit.  

The NtB additive increased the overall conversion efficiency in three of the four blend ratios 

tested. The 55 wt.% blend ratio with 5 vol.% NtB presented the  highest external quantum 

efficiency for all devices tested; which matches well with the increase in absorption spectra 

due to polymer ordering. Under solar simulation conditions this device performed the best 

yielding a PCE = 2.25% (Voc = 750 mV, FF = 0.52, and Jsc = 5.75 mA*cm-2). 
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Figure 6.3: NtB additive’s influence on the OPV device external quantum efficiency spectra for 

P3HT:Lu3N@C80-PCBH blend films at 55 wt.% mg/mL a), 58 wt.% mg/mL b), 62 wt.% mg/mL c), and 64 

wt.% mg/mL d) concentrations prepared with NtB additive at 0, 3, 5, 7 and 9 vol.%. 

 

Shown in figures 6.4 a-e the 55 wt.% mg/mL blend performed better than all blend 

concentrations no matter the NtB concentration, and shown in figure 6.4c the 55 wt.% 

mg/mL blend performed the best with the NtB additive at 5 vol.%. This result was further 

evaluated in the previous chapter on Lu3N@C80-PCBH’s blend concentration influence on 

device performance. However, a 50 wt.% polymer/fullerene blend without additives was 
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found to produce the highest performing OPV devices. This donor:acceptor blend ratio was 

not tested with the NtB additives. All devices built with the NtB additive demonstrated Voc’s 

between 720 mV and 760 mV. This lower Voc was found to be material and handling 

specific and secondary test batches produced higher Voc of 780 mV.  Furthermore NtB was 

found not to influence the Voc, since the 0 vol.% films had similar Voc characteristics as 

those mixed with NtB. NtB did affect the overall devices’ power conversion efficiencies.  
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Figure 6.4:  NtB additive’s influence on the OPV device external quantum efficiency spectra for 

P3HT:Lu3N@C80-PCBH films at 55 wt.%, 58 wt.%, 62 wt.%, and 64 wt.% concentrations prepared with NtB 

additive at 0 a), 3 b), 5 c), 7 d) and 9 e) vol.%.  
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There is a trend in the device data demonstrated by figure 6.3 that as fullerene loading 

increases less NtB is needed to elicit maximum performance. This optimization effect could 

possibly be due to the self-organization properties of the blend.  The polymer/fullerene 

blend by itself phase separates into fullerene rich domains and polymer rich domains, 

meaning that these two molecules, to some extent, are immiscible in one another. Figure 6.3 

demonstrates that these OPV devices’ performance is enhanced with less NtB as the 

fullerene concentration is increased. This effect may be an indication that NtB is hindering 

the polymer/fullerene network formation up until the fullerene itself penetrates into the 

polymer grains.  The NtB in films with fullerene concentration above 62 wt.% i.e. 64 wt.% 

display an overall enhancement of the EQE, as shown in figure 6.3d. The 64 wt.% fullerene 

concentration as demonstrated in chapter 5 has surpassed the infiltration point and without 

the presence of NtB fullerene should interrupt the P3HT ordering. The NtB in this high 

fullerene concentration case may be reinstituting the bicontinuous polymer/fullerene 

network by forcing the P3HT to form ordered domains. Exemplifying this effect is not only 

the increased device performance shown in figure 6.3d, but also the absorption spectra 

shown in figure 6.5. In figure 6.5 the P3HT’s vibronic structure is shown to be restored after 

the addition of the NtB additive.  This is further proof that the use of NtB as an additive can 

in fact influence the phase segregation in a polymer/fullerene blend film, and preserve P3HT 

grain order while increasing fullerene loading.  
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Figure 6.5: NtB additive’s influence on the absorption spectra of P3HT:Lu3N@C80-PCBH blend films at 

64 wt.% prepared with NtB additive at 0, 3, 7 vol.%. 

 

Summary 

These results for the P3HT/Lu3N@C80PCBH blend suggest NtB’s boiling point is different 

enough to act as an additive in a primary solvent of ODCB for this P3HT/ Lu3N@C80PCBH 

composite system especially at high fullerene loading ratios. Also noted is the possible 

difference between P3HT order measured by absorption spectra and that order measured by 

GIXRD spectra. NtB additive did increase P3HT/Lu3N@C80PCBH  device performance 

verses devices made with no additive, but further work with NtB and other additives should 

be explored to achieve at least equal performance to those devices produced in chapter 4 & 

5. The use of additive has the potential to push the limits of OPV device performance with 

the end goal of reducing OPV production costs, and NtB may be one possible polar solvent 

that enables this manufacturing technique. 
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Chapter 7: OPV devices and cathodes materials 

The interface between the contacting electrodes and active layer is critically important to 

the OPV device performance.  The following section illustrates the results of the 

P3HT/Lu3N@C80-PCBH devices built with a variety of cathode materials, and the influence 

production processes have on PCE. 

 

A bulk-heterojunction single cell OPV device has both an anode which collects holes out of 

the polymer and a cathode which collects electrons from the fullerene acceptor network.  

During this study we use the most basic of device architectures. A bottom transparent anode 

is constructed on a passivated and subsequently polished silica glass substrate with a ~150 

nm Indium Tin Oxide, ITO, layer.  These glass/ITO substrates are the most common 

transparent electrodes for OPV material testing and custom patterned substrates can be 

purchased in relatively large quantities.  In preparation for the spin casting of the blend 

active layer the glass/ITO has ~30 nm PEDOT:PSS buffer layer spin cast on top.  This thin 

PEDOT:PSS buffer layer is a doped conjugated polymer with high hole mobility and 

electron blocking ability.[33] Also the PEDOT:PSS has been shown that it can pin its Fermi 

level to interfacing materials thereby lowering injection barriers for charge transport.[31] 

P3HT was chosen as the donor material for this study as well as the previously outlined 

work, because it is one of the best performing donor polymers, it is industrially available in 

large quantities, and there is great deal of literature available on the form and function of this 

polymer in OPV systems.[23] By using the ITO/PEDOT:PSS/P3HT as the hole transport 

network allows us to investigate Lu3N@C80-PCBH interaction with the top cathode and 
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compare results with published works on the ITO/PEDOT:PSS/P3HT/C60-PCBM system. In 

this study we tested a variety of sublimed and evaporated cathode materials such as 

aluminum (Al), lithium fluoride (LiF), Calcium (Ca), Cesium Fluoride (CsF), Lithium 

Chloride (LiCl), Barium (Ba), and Magnesium (Mg). The electrode materials were all 

deposited on to the active layer through a 38 gauge stainless steel shadow mask at vacuum 

pressures less than 2 x 10-6 Torr. All cathodes were subsequently capped with at least 80 nm 

of Al to prevent decomposition and to enhance contact to the device with test probes. The 

band diagram shown in Figure 7.1 indicates the work functions of these materials along with 

other candidates for anode and cathode materials in OPV devices.[39, 111-113]
 

 

Vacuum 
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Figure 7.1: Energy diagram of P3HT and Lu3N@C80-PCBX active layer with the corresponding 

ionization energies of various anode and cathode materials.  
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The proper assignment of the semi conducting active materials’ HOMO/LUMO energies as 

well as extraction electrodes’ work functions are vital in choosing materials that will 

theoretically produce a high performance OPV device. The choices in donor and acceptor 

active materials will govern the device’s maximum attainable conversion efficiency, while 

the electrode materials function as bridging components between the active blend and the 

external circuit. This is further evidenced by the findings that OPV device characteristics 

such as Voc and Jsc are more dependent on the active layer composition and not the 

extraction electrodes if properly selected.[39, 68] It has also been concluded that a metal-

insulator-metal (MIM) model, where an OPV device’s Voc is dictated by the difference in 

the anode and cathode work functions, is incompatible with experimental observations 

unless the Fermi levels of the two electrode materials are within the donor/acceptor 

bandgap.[72] Rather, the difference in the extraction electrodes’ work functions are said to 

induce an internal electric field in the device which aids in transport of freed charge carriers 

in the active layer. The electrodes also enhance free charge carrier extraction via Fermi level 

pining to the active layer.[114] This condition, where the cathode material’s work function is 

lower than the acceptor material’s LUMO energy, also has a maximizing effect on the OPV 

device’s Voc.[115] These findings support that the electrodes serve as a vital component to an 

OPV device’s function, and the following results and discussion demonstrate that their 

function is highly dependent on how each material interfaces with the active layer. 
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The optimal choice in deposited cathode material for the ITO/PEDOT-

PSS/P3HT/Lu3N@C80-PCBH device differed from the more highly studied ITO/PEDOT-

PSS/P3HT/C60-PCBM device. The cathodes’ performance shown in table 7.1 proved to be 



dependent not only on the band structure of the active materials to facilitate low potential 

barriers for charge extraction, but also the relative reactivity of the cathode materials and the 

active layer’s bulk and surface morphology. 

 

Cathode 
Material

Thickness 
(nm)

Depo. Rate 
(Å/s)

Voc    
(mV)

Jsc      
(mA*cm-2)

FF       (%) PCE     
(%)

Al 100 2 433 2.87 38.5 0.46
Mg/Al 20 / 100 0.2 / 2.3-20 400 2.57 38.1 0.39
LiF/Al 0.6 / 100 0.1 / 2.8-15 800 9.35 58.0 4.33
LiCl/Al 0.6 / 100 0.1 / 2.8-5 710 9.73 58.0 4.02
CsF/Al 0.6 / 100 0.1 / 2 720 2.97 33.5 0.74
Ca/Al 20 / 80 0.25 / 2 770 7.40 56.0 3.21
Ba/Al 20 / 80 1 / 2-3 830 6.55 52.0 2.82

 

Table 7.1: Performance of TNEF-based devices with different cathode materials,  The Al, CsF, and Mg 

devices’ performances were maximized after a post cathode deposition anneal at 125°C for 3 min. The Ca and 

Ba devices’ performances were maximized with a pre-cathode deposition anneal for 10 min at 110°C.  The LiF 

and LiCl devices’ performances were maximized with a pre cathode deposition anneal at 110°C for 10min and 

a post cathode deposition anneal at 140°C for 30 sec. 

 

Mg and Al electrodes were investigated as cathode materials because their work functions 

were expected to be above and below the LUMO energy of the TNEF acceptor materials. In 

the case of the Al, its work function of -4.28 eV is lower than the electrochemistry verified -

3.7 eV LUMO of the fullerene. One would expect that the Voc produced from a device with 

an Al cathode would decrease from the difference in the acceptor’s LUMO and the donor’s 

HOMO to the difference in the electrodes’ work functions similar to the MIM model.  The 

anode is not just a transparent oxide, it is a combination of both the transparent oxide, ITO, 
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and a thin layer of highly doped semi-conducting copolymer PEDOT:PSS. It has been 

shown that the Voc can be highly dependent on the batch to batch variation of the 

PEDOT:PSS and the surface treatment of the ITO.[116] However the Voc for an OPV device 

built with an Al contact is still expected to be lower than a device built with a cathode that 

has a higher work function than the LUMO energy and therefore an ohmic contact. An Mg 

cathode was chosen to reinforce the idea that the cathode materials with lower work 

functions than the acceptor’s LUMO energy will facilitate an ohmic contact to the acceptor’s 

LUMO level and produce a Voc comparable to the donor/acceptor bandgap.  However the 

devices produced with the Mg cathode proved to perform similarly to the Al suggesting that 

neither the Al nor the Mg is making contact to the acceptors LUMO level. To investigate 

contact of the Al and Mg cathode with the active layer devices were produced with no 

anneal treatment, pre-production anneal processing or post-production anneal processing.  

The best device characteristics are shown in table 7.1. These devices in table 7.1 underwent 

a post-production anneal processing which increased the power conversion efficiency more 

than 4 fold as compared to the no anneal and pre anneal treatment, indicating that the post-

production anneal enhances the contact between the cathode and fullerene network. This 

conclusion is substantiated by the fact that both the pre anneal and the post anneal treatments 

were identical, except for the presence of the solid cathode. It was not fully understood why 

the Mg cathode did not produce a Voc comparable to the difference in energies of the 

donor/acceptor bandgap. It is quite possible that the cathode’s apparent work function at the 

active layer/electrode interface was modified during the deposition of the cathode material.  

This can be caused by an incorporation of a contamination in the cathode which commonly 

occurs when a secondary material other than the cathode material has been incorporated into 



the electrode during deposition. Another problem is that the rate at which the electrode is 

deposited induces surface states which shift the metals work function and/or damage the 

active layer/cathode interface. Further investigation was not undertaken because all other 

tested cathodes produced much higher power conversion efficiencies.   

 

Low work function cathode materials such as Ca and Ba have been shown to increase the 

apparent electric field in the active layer and have been proven to increase overall efficiency 

in P3HT/C60-PCBM devices compared to other cathode materials.[39, 117] However these low 

work-function materials were found not to achieve the highest efficiency for the 

ITO/PEDOT:PSS/P3HT/Lu3N@C80-PCBH device architecture. This lower device 

performance shown in table 7.1 was found to be mainly due to the reactivity of the Ca and 

Ba. This is better understood by a comparative inspection of the optimization parameters 

and device performance of the LiF/Al cathode devices verse the devices produced with 

Ca/Al or Ba/Al cathodes.  
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As previously stated in chapter 5 on blend ratio optimization and annealing optimization the 

P3HT/ Lu3N@C80-PCBH active layer with a LiF/Al cathode required both a pre-production 

anneal and a post-production anneal treatment to increase the overall efficiency of the 

device. These results were found to correspond to the improved percolation and surface 

relaxations provided by the pre-production anneal and the increased interfacial contact 

provided by the post-production anneal. To understand this effect the formation of the active 

layer morphology must be understood. The blend solution which is spin cast on to the 

Glass/ITO/PEDOT:PSS substrate upon drying undergoes phase separation of the fullerene 



and polymer. This phase separation process produces the percolation network which allows 

freed charges to be transported to the electrodes. The pre-production anneal after the blend 

solution has solidified is used to flatten the surface of the film and to increase the mobility of 

the fullerene in the polymer matrix which increases the size of the percolation network.[75] 

However the post-production anneal treatment as shown in figure 7.2 for a devices built with 

LiF/Al cathode which was used to increase contact and performance in the Al and Mg 

electrodes as well, could not be used for the Ca/Al or the Ba/Al cathodes due to the 

materials high reactivity to oxygen. All anneal treatments took place on a hot plate in a 

<1ppm Oxygen glove box. This level of oxygen was still too high to anneal a device with a 

Ca or Ba cathode. Devices that underwent a post-production anneal to increase cathode 

contact would display high series resistances and lowered Voc indicating a resistive barrier 

had developed in the devices.  However these results do not rule out Ca and Ba as good 

candidates for the TNEF-based devices, because they have produced some of the highest 

Vocs (920 mV) seen with the P3HT donor and TNEF acceptor, unlike Al or Mg. This 

indicates that the processing of this device architecture may need to be completed in a totally 

inert atmosphere.  One possible solution is to try to deposit the Ca or Ba cathodes in high 

vacuum then subsequently anneal the devices while maintaining the vacuum to prevent 

reaction of the cathode material with surrounding gases, and promote the cathode’s contact 

to the fullerene network. 
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Figure 7.2: JV curves of ITO/PEDOT-PSS/P3HT/Lu3N@C80-PCBH/LiF/Al OPV devices, the illuminated 

(solid lines) and dark (dashed lines) JV curves for three ITO/PEDOT-PSS/P3HT/Lu3N@C80-PCBH/LiF/Al 

OPV devices. All three devices had a 110°C pre-cathode deposition anneal for 10 minutes with a 30 second 

post-production anneal treatment at 120°C (light grey), 140°C (grey), and 160°C (black).  
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Initial results indicated that devices built with a LiF/Al electrode displayed the highest 

power conversion efficiency, but the question still lingered as to why this cathode would 

function better than lower work function materials such as Ca or Ba. There has been a great 

deal of work done on the LiF/Al electrode in both OLED and OPV research.  This research 

has established that the submonolayer of LiF in the LiF/Al cathode is multifunctional. It has 

been sited as protecting the active layer surface from metal deposition, lowering the 

effective work function of the metal,[118] increasing the device’s built in potential,[117] doping 

the active layer with dissociated LiF,[118, 119] and/or introducing a dipole at the active 

layer/cathode interface which affects charge injection.[120, 121] A batch of devices were built 



with different LiF thicknesses to establish the optimal amount of LiF for a 

P3HT/Lu3N@C80-PCBH devices.  

0.0

1.0

2.0

3.0

4.0

0 2 4 6 8 10 12

LiF thickness / Å

E
ff 

/ %

 

a)

0.0

2.0

4.0

6.0

8.0

10.0

0 2 4 6 8 10 12

LiF thickness / Å

Js
c 

/ m
A/

cm
^2

 

0.30

0.40

0.50

0.60

0.70

0.80

0.90

0 2 4 6 8 10 12

LiF thickness / Å

Vo
c 

/ V

 

 

b) c)

Figure 7.3: LiF thickness influence on ITO/PEDOT-PSS/P3HT/Lu3N@C80-PCBH/LiF/Al OPV device 

characteristics: PCE a), Jsc b), and Voc c) for a series of ITO/PEDOT-PSS/P3HT/Lu3N@C80-PCBH/LiF/Al 

with LiF thickness varying from 0 nm to 1.2 nm. 

 

As shown in figure 7.3 variations in thickness of the LiF had very little influence on the 

performance of the P3HT/Lu3N@C80-PCBH devices. Demonstrated by figure 7.3a the mere 

presence of LiF enhances the devices performance. Ultraviolet photoemission spectroscopy 

and Kelvin probe measurements have been used to verify that work function of a LiF/Al 
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electrode decrease with increasing LiF layer thickness.[118, 122] One would expect that as the 

LiF thickness increased from 0.2 nm to 1.2 nm the built-in potential across the active layer 

would significantly increase, impacting the Jsc. As shown in Figure 7.3b and c the Jsc and Voc 

remain relatively unchanged with increasing LiF thickness.  This result that the mere 

presence of LiF enhances OPV performance does not explain why LiF is so important to the 

P3HT/Lu3N@C80-PCBH device performance. Devices were then built with CsF/Al and 

LiCl/Al cathodes to better understand whether other ionic compounds would increase PCE 

similar to LiF. 
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As shown in table7.1 the CsF/Al devices had high Voc but low current, and the LiCl/Al 

devices displayed high Voc and high current.  The devices built with a LiCl/Al cathode 

performed only marginally lower than the more optimized LiF/Al cathode devices.  High 

series resistance in the CsF/Al devices and high PCE of LiCl/Al devices helped us to 

conclude that the Li is necessary to extract high currents out of these P3HT donor / TNEF 

acceptor devices.  Heil et al. used secondary mass spectroscopy depth profiling to show that 

the LiF molecule can dissociate and diffuse into organic films upon deposition of Al.  They 

also demonstrated that the dissociation of LiF enhanced electron injection in their devices. 

LiCl was chosen since its cohesive energy is ~2 eV lower than that of LiF; which was 

expected to increase the number of freed Li ions for diffusion into the film increasing the 

electron injection in the devices.[123] The higher current out of the devices built with the 

LiCl/Al cathode seems to support the claim that more Li ions diffused into the device. To 

verify this conclusion more testing will need to be carried out with LiCl and other ionic 

compounds with different cohesive energies such as: LiBr, LiI, CsCl, and CsBr. Possibly the 



alkali metal also plays a role in the performance enhancement of these P3HT/TNEF devices. 

It would be of interest to use Na based ionic compounds as cathode materials, because Na 

has a lower bulk resistivity than Li or Cs with an intermediate atomic radius and electro-

negativity. If alkali ions are needed to diffuse into the active layer to enhance device 

performance then this indicates that the bulk-morphology of the P3HT/TNEF active layer 

may not be optimal for the top cathode devices used for this work. 

   

A number of parameters are used to tailor the blend film phase separation and thus the blend 

films bulk-morphology. The most notable consist of the supramolcular interactions of the 

active materials, the chosen solvent system, the blend solution dry time, and the blend film’s 

thermal treatment.[22, 75, 91, 107, 109, 124-126] All of these parameters can significantly impact the 

final bulk and surface morphology of a blend film.  However in device production only three 

of the four are amendable, and of those three the choice in solvent systems is dramatically 

hindered by the solubility of the active molecules.[127] To focus on the active layer LiF/Al 

cathode interface, thermal annealing and blend film dry time were used to influence P3HT/ 

Lu3N@C80-PCBH OPV device performance. 
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Figure 7.4: Film dry time’s influence on the JV curve of a ITO/PEDOT-PSS/P3HT/Lu3N@C80-

PCBH/LiF/Al OPV device. Depicted is the illuminated (solid lines) and dark (dashed lines) JV curves for 

three ITO/PEDOT-PSS/P3HT/Lu3N@C80-PCBH/LiF/Al OPV devices. The blend films’ spin times were 

lengthened to reduce the blend films’ drying rate from 20 minutes (in light grey), 10 minutes (in grey), and 2 

minutes (in black). All three devices had a 110°C pre-cathode deposition anneal for 10 minutes with a 30 

second post-production anneal treatment at 140°C. 

 

The LiF/Al devices shown in figure 7.4 were prepared by changing the duration of the spin 

casting of the film.  By varying the duration of spinning one is able to influence the film dry 

time.  Figure 7.4 demonstrates that by lengthening the blend film dry time devices display 

lower Voc and higher Jsc.  This higher Jsc is due to the blend films increased absorption and 

percolation network for charge extraction.[91, 128] The change in Voc is attributed to the active 

layers morphology rather than a cathode interaction.  The reasoning behind this is by 

decreasing the dry time the film’s bulk-morphology locks into a state more like the blend 
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solution with polymer and fullerene equally dispersed amongst one another enabling the 

cathode to contact the dispersed fullerene network. The converse is also true when the film’s 

dry time is extended by shorting the duration of the spin the film is allowed to dry 

undisturbed by spin casting. The longer the donor and acceptor molecules are held in 

solution the more likely the aggregates will form and fall away from the active layer/cathode 

interface. This slow drying process has been shown to not only increase aggregate size, but 

also to promote ordering of the donor and acceptor phases.[91] Figure 7.4 also demonstrates 

that the Voc decrease with this prolonged drying of the active layer. The enhancement of the 

ordering/phase segregation effect which causes molecular orbital overlap decreasing the 

HOMO/LUMO bandgap of the ordered phase. This shrinking of the bandgap with increased 

polymer order has been verified by a red-shift in the absorption spectra of P3HT films.[129, 

130] There may be another reason for this device’s lower Voc with increased dry time. By 

slowing the blend film’s dry time the fullerene may be precipitating so as to increase 

fullerene content in the lower half of the film when compared to the upper half of the film. If 

the fullerene does precipitate then this mechanism would prevent cathode materials such as 

Al, Mg, Ca, and Ba; which are not expected to diffuse into the organic film; from forming 

devices that  work  as well as devices with Li based cathodes.   
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Figure 7.5: GIXRD spectra for a P3HT/Lu3N@C80-PCBH film varying the x-ray source’s incident angle 

a). Plots b) & c) are the spectra present in plot a) but normalized to peak (100) plane intensity and (200) plane 

intensity respectively. The film was spin cast at 500 rpm and annealed at 110°C for 10 minutes and 140°C for 

30 seconds.  
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GIXRD studies were carried out to investigate this hypothesis that prolonged film drying 

induces the fullerene to precipitate to the lower regions of the film. By adjusting the angle of 

x-rays incident on the film’s surface we are able to adjust the x-ray beams penetration 

depth.[131] Figure 7.5a displays the x-ray diffraction patterns of a blend film with a 20 min 

dry time similar to the longest dry time shown in figure 7.4. 
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As the angle of incidence (αi) is lowered from 0.6° to 0.05° the diffraction patterns signal 

strength maximizes at αi = 0.2°. One way to compare the spectra is to normalize the data 

which has been done in figure 7.5 b & c.  In both figure 7.5 b & c one would hope that the 

Lu3N@C80-PCBH amorphous halo at 2θ ~ 8.4° shown in figure 5.1 would decrease as the αi 

decreases. This decrease in signal from the TNEF acceptor would support that there is less 

fullerene in the upper portion of the slow dried films. However as shown in figures 7.5 b & c 

the normalized signal strength does appear to decrease in the 2θ ~ 8.4° region of the spectra 

up to αi = 0.2°. This is because any x-ray beam at an αi less than the P3HT air interface 

critical angle of 0.14° will undergo total external reflection and only penetrate into the 

sample a few nanometers as an evanescent wave.[131] This means that only the GIXRD 

spectra with αi > 0.14° should be considered for this study.  Taking into account this critical 

angle condition in the GIXRD spectra shown in Figure 7.5b&c, a trend becomes present. 

The decreasing signal strength at 2θ ~ 8.4° as αi  approaches the film’s critical angle 

indicates that there is less fullerene near the surface of the slow dried blend film.  However 

this technique does not quantify the concentration gradient of fullerene in the film. To do 

this one would need either a highly resolved x-ray source, TEM image, XPS with ion beam 

mill or SIMS; all of which are non trivial techniques.[132] Until there is more substantial 



work to ascertain the bulk-morphology of the P3HT/ Lu3N@C80-PCBH active layer a 

fullerene depleted surface will remain as a possibility for why Mg, Ca, and Ba cathodes do 

not provide high performance marks for the P3HT/ Lu3N@C80-PCBH based OPV device. 

 

Another device configuration can be used to test whether this precipitation of fullerene has 

occurred in the blend film. That is to build inverted devices where a transparent bottom 

cathode is used to collect electrons from the precipitated fullerene network and a reflective 

anode is deposited on top of the polymer rich upper surface of the active layer.  A device 

architecture that seems likely to be a good candidate for a P3HT/ Lu3N@C80-PCBH inverted 

OPV is the Cs2CO3 cathode and a V2O5 or MoO3 anode capped with reflecting Al electrode.  

Results published with this device architecture demonstrate P3HT/C60-PCBM devices with 

high performance PCE >4%.[37, 113] Some work has also been done using ZnO as both a top 

cathode and bottom cathode. However ZnO performance as a cathode material in OPVs has 

been shown to be more processing dependent than other cathode materials.[36, 38, 133, 134] For 

these reasons the Cs2CO3 cathode and a V2O5 or MoO3 anode seem better suited for first run 

inverted P3HT/ Lu3N@C80-PCBH OPV devices. 

  

This chapter demonstrates the critical role cathodes play in extracting free charge carriers 

out of an organic bulk-heterojunction solar and lays down the ground work for further 

enhancement of P3HT/ Lu3N@C80-PCBH OPV devices. 
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Concluding Remarks 

The task setout to demonstrate that TNEF molecules can function as high performance 

acceptor materials in bulk-heterojunction OPV devices has been completed. Power 

conversion efficiencies in TNEF-based OPV devices have been reported at > 4%.[84, 135] The 

TNEF-based OPV devices reported here have higher Voc than commonly used empty cage 

acceptor materials (C60-PCBM & C70-PCBM). The presented Vocs approach the theoretical 

maximum expected from the difference in the acceptor materials electrochemical reduction 

potentials. The reduction potential and optical properties of these semiconducting TNEF 

molecules are shown to vary based on incarcerated trimetallic nitride cluster.  The data 

displayed within this work provides proof of concept that the varying reduction potential 

(160 -290 meV vs. C60-PCBM) of the TNEF acceptor molecules provides a pathway to 

enhancing OPV device performance by choosing a TNEF molecule which minimizes the 

molecular orbital offset of the donor/acceptor heterojunction. The film absorption of TNEFs 

is also shown to be higher than C60-PCBM or C70-PCBM in much of the visible spectrum. 

External quantum efficiency spectra confirm that light absorbed by the TNEF acceptor 

contributes to the photocurrent in devices built with a P3HT/ Lu3N@C80-PCBH active layer.  

OPV devices may benefit from TNEF materials higher absorption and photocurrent 

contribution by providing pathway to enhance active layer absorption. Calculations shown 

here estimate OPV device PCE > 8 % may be attainable by utilizing smaller bandgap donors 

in conjunction with TNEF acceptor materials. During this work Peet et al. has demonstrated 

such a low bandgap donor system, based on poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-

cyclopenta[2,1-b;3,4-b′]-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole), PCPDTBT, polymer 
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that has displayed a relatively high PCE of ~ 5.5 %[22] with C70-PCBM acceptor. Based on 

calculations provided within this work, PCPDTBT donor system shows great promise in that 

it falls within the theoretical maximum performance range of a TNEF-based OPV device. 

Many groups continue to produce OPV devices with ever increasing PCE. At this time the 

TNEF devices built for this dissertation sit among the highest reported OPV PCE for the 

P3HT donor system.[91] In comparison to their empty cage counterparts, TNEF materials 

have comparable charge carrier mobility, higher absorption characteristics, and amendable 

molecular orbital energies via trimetallic nitride cluster substitution. These TNEF materials 

have proven to be multifunctional and may serve as a pivotal material in the future of 

organic electronics.  
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Appendix A 

//Russel Ross C++ Code 
//Filename: FullereneEFF_pinnedahomo.cpp 
//Pinned Donor & Acceptor HOMO levels varying Acceptor LUMO 
//Absorption occurs on acceptor in this calculation see figure 4.7. 
 
#include <cstdlib> 
#include <ctime> 
#include <iostream> 
#include <fstream> 
#include <cmath> 
#include <string> 
#define in_file "ASTMG173.txt" 
#define data 1540 
#define EdHomo 4.8  // Donor HOMO Energy 
#define EaH 5.1   // Acceptor HOMO Energy 
#define EQE 0.65 
#define FF 0.65 
#define Pinc 1   // not set to 100 mW*cm-2 because efficiency 

output would need a second operation to 
reconvert to percentages 
// defined length of solar spectrum data for 
array size (up to 1699nm) and the polymer SC 
values 

using namespace std; 
 
int main() 
{ 
 srand((unsigned)time(0)); 
 float wavelength,solarirr,MinLam,c,Jsc=0,Eff=0; 
 float Spectrum[data][3]; //define array 
 int a; 
 //read in data file 
 ifstream ins; 
 ins.open (in_file); 
  
for(int i=0;i<data;i++) // extract necessary data from file in 

to Spectrum array 
 { 
  ins>>wavelength>>solarirr; 
  Spectrum[i][1]=wavelength; 
  Spectrum[i][2]=solarirr; 
  if(i<=240) 
  { 

Spectrum[i][3]=((wavelength*solarirr*0.5*pow(10.0,-
9.0))*1.602*pow(10.0,-19.0)*EQE)/(6.626*pow(10.0,-
34.0)*2.998*pow(10.0,9.0));  

//Current density at each wavelength, 
should be in mAmps/cm^2 

  } 
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if(i>240) //2nd calc due to variation in data 
step size 

  { 
Spectrum[i][3]=((wavelength*solarirr*pow(10.0,-
9.0))*1.602*pow(10.0,-19.0)*EQE)/(6.626*pow(10.0,-
34.0)*2.998*pow(10.0,9.0)); 

  } 
   
 } 
  
 for(double EaB=0.6; EaB<=2.1; EaB+=0.001)  

//x-axis for graph (Acceptor Band Gap 
Energy)  

 { 
  Eff=0; 
 MinLam=(6.626*pow(10.0,-

34.0)*2.998*pow(10.0,17.0))/(1.602*pow(10.0,-19.0)*EaB); 
//set minimum band gap wavelength for 
summation 

  Jsc=0; 
  a=0; 
    
  while(Spectrum[a][1] < MinLam)  

//step integration of current density based 
on current band gap 

  { 
   Jsc=Jsc+Spectrum[a][3]; 
   a++; 
  } 
  c=(EdHomo-EaH+EaB-0.3); 
  Eff=((EdHomo-EaH+EaB-0.3)*Jsc*FF)/Pinc; 
  if(Eff<0) 
  { 
   Eff=0; 
  } 
  cout<<EaB<<","<<Eff<<endl; 
 } 
  
 
 return 0; 
}//end main  
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