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The high cost of production of solar panels has prevented the widespread adoption of 

solar energy. A possible solution is to pursue solution-based solar cell technologies, 

since they can enable a low-cost and high-throughput manufacturing process. Both 

organic semiconductors and inorganic nanocrystals have emerged as promising 

solution-processable materials for solar cells. In this dissertation, I present my work on 

the investigation of both classes of materials for solar cell applications. 

 Organic photovoltaics consist of donor and acceptor organic semiconductors. 

The mechanism of charge transfer between the donor poly(3-hexylthiophene) (P3HT) 

and acceptor C60 was studied by incorporating an inter-layer into the bilayer solar cell. 

Charge transfer was shown to take place in a two-step process whereby energy transfer 

of the photo-generated excitons in P3HT to C60 is followed by a backward charge 

transfer step to P3HT.  

Novel ways to process these materials are also investigated. Solar cells from 

P3HT and a fullerene derivative, phenyl C61-butyric acid methyl ester (PCBM) were 

fabricated by spray-deposition. Good power conversion efficiencies above 2 % were 

demonstrated, indicating the viability of spray deposition as a fabrication method. In a 

separate effort, a novel fluorinated resorcinarene photoresist was used to photo-

lithographically pattern solar cells based on a blend of P3HT and PCBM for high-

voltage applications. A 15 mm array of 300 solar cells connected in series achieved an 

open circuit voltage (VOC) of 90 volts. 



 

Three new classes of materials for organic solar cell acceptors are presented, 

namely pentacenes, hexacenes, and anthradithiophenes. Solar cells based on P3HT and 

pentacenes gave efficiencies as high as 1.2 %. The hexacenes have the lowest band-

gap, enabling hexacene-based solar cells to have photocurrent response up to 800 nm. 

The anthradithiophene-based solar cells achieved the highest VOC approaching 1.1 

Volts, and decent efficiencies of around 0.8 %.  

Finally, a facile alcothermal method for the synthesis of dispersible CuO and 

Cu2O nanocrystals is presented. A bilayer CuO / PCBM solar cell demonstrated an 

efficiency of 0.04 %, indicating the potential of these materials for light harvesting 

applications.
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CHAPTER 1 

 

INTRODUCTION AND BACKGROUND 

 

The energy landscape 

Due to world population and economic growth, the global energy consumption is 

projected to increase from 13.5 TW in 2001 to 27.6 TW in 2050 and then to 43.0 TW 

in 2100.[1] In the “business as usual” scenario, with no changes to the way we utilize 

energy, CO2 emissions are projected to rise by over 20 % in the year 2020 with respect 

to 2004 levels.[2] This is an extremely undesirable situation, for rising CO2 emissions 

have been linked to global warming and climate change.[3] Urgent measures therefore 

need to be taken in order to reduce emissions. In an “advanced scenario”, in which 

non-polluting renewable energy sources are used to supply a large fraction of our 

energy needs, CO2 emissions in 2020 can be reduced by as much as 30 %.[2] Clearly, 

renewable energy should be aggressively pursued in order to prevent the worst effects 

of climate change. 

 Among the various sources of renewable energy, solar energy has by far the 

greatest resource base, for more energy from sunlight strikes the earth in 1 hour (4.3 x 

1020 J) than all the energy consumed on the planet in 1 year (4.1 x 1020 J).[1] However, 

the high costs of electricity generated from current solar cell technologies, which are 

several times that of electricity produced from coal,[4] have prevented the widespread 

adoption of solar energy. Extrapolated using standard technology learning curves, it 

may take 10 years or longer for solar energy to be cost competitive with coal-produced 

electricity,[5] although new “disruptive” technologies may be able to significantly 

reduce the timeline.[5] 
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A roll-to-roll manufacturing process based on solution-processable solar cell 

materials can be such a disruptive technology.[6] Solution processing allows the 

deposition of materials by methods such as screen printing,[7] inkjet printing,[8] and 

spraying,[9, 10] which are not only cheap but also high-throughput processes.[6] The last 

point is particularly important since solar radiation is rather diffuse, and a very large 

area of solar panels will be needed to satisfy the world’s demand for electricity.[4] For 

instance, a land area about the size of the state of Arkansas is needed for solar panels 

to provide the United States with all its electricity needs.[4] A high-throughput 

manufacturing process is therefore crucial in order to supply the large areas of solar 

panels that are required in a realistic time frame.  

With regards to the available solution-processable solar cell technologies, 

organic photovoltaics based on soluble semiconducting polymers and small molecules 

are already a fairly mature technology,[6] and companies such as Konarka have been 

established with the goal of commercialization.[6] Solar cells based on colloidal 

inorganic nanocrystals are also starting to attract attention, and progress in this area 

has been rapid in recent years.[11] In this dissertation, I will investigate both organic 

semiconductors and inorganic nanocrystals as materials for solution-processable solar 

cell technologies, with the goal of enabling a low-cost and high-throughput 

manufacturing process.  

To facilitate the discussion that will follow, standard solar cell terminologies 

will first be defined. This will be followed by a review of the progress in organic and 

nanocrystal solar cell technologies. Finally, an outline of the dissertation will be 

presented.   
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Solar cell terminologies 

Figure 1.1 shows the current-density (J) vs. voltage (V) curves for a solar cell tested 

in the dark as well as in the light. In this case, “light” refers to 100 mW/cm2 radiation 

from a solar simulator designed to approximate the air mass 1.5 (AM 1.5) solar 

spectrum as closely as possible. AM 1.5 refers to the solar radiation that has passed 

through 1.5 times of the Earth’s atmospheric mass. The various solar cell figures of 

merit, some of which are illustrated in the figure, are defined as follows: 

 

 

 

 

 

 

 

 

 

Figure 1.1  Solar cell J-V curves. 

  

VOC, the open-circuit voltage, is the voltage at which the solar cell current is 

zero (hence open-circuit). 

 JSC, the short-circuit current density, is the current density at which the solar 

cell voltage is zero (hence short-circuit).  

 PMAX is the maximum power output (current density multiplied by voltage) of 

the solar cell. VMAX and JMAX are the voltage and current density corresponding to this 

point of maximum power on the J-V curve.  

 FF, the fill factor, is a measure of the shape of the J-V curve, and is defined as 
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follows: 

    (Equation 1.1) 

 

 If PINC is the power intensity of the incident solar radiation, then the solar cell 

power conversion efficiency (PCE) is defined as follows: 

 

               (Equation 1.2) 

 

 

Organic solar cells 

The common feature of all organic semiconductors is that they possess a carbon 

backbone that alternate between single and double bonds, a property termed 

conjugation.[12] The pz orbitals on adjacent carbon atoms can overlap to form π 

orbitals, which are able to delocalize across the small molecule or polymer 

backbone.[12] Charge transport takes place primarily through these orbitals, and good 

transport properties are possible if adjacent molecular π orbitals possess good overlap 

with each other.[12] The extent of π orbital delocalization determines the quantum 

confinement of the electron wave-function, hence electrons in organic semiconductors 

can be modeled as particles in a box.[13] It is well known in quantum mechanics that 

the spacing between the quantum energy levels of such particles vary inversely with 

the square of the length of the box,[14] hence a larger degree of delocalization (“larger” 

box) results in smaller band-gaps. The band-gap of an organic semiconductor may be 

defined as the energy difference between the highest occupied molecular orbital 

(HOMO) and the lowest unoccupied molecular orbital (LUMO).[12] Figure 1.2 shows 

a representative gallery of organic semiconductors commonly used in photovoltaic 

applications.  
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Figure 1.2  A gallery of organic semiconductors. 

  

The first efficient solar cell fabricated from organic semiconductors was 

reported by Tang in 1986.[15] The active material was a bi-layer comprised of 

copper(II) phthalocyanine (CuPc) and a perylene tetracarboxylic derivative, and the 

solar cell achieved an efficiency of almost 1 % under AM 2 irradiation.[15] Although 

there were prior reports of organic solar cells,[16] the device architectures were mostly 

based on a single organic layer with the built-in potential generated from the Schottky-

barrier at one of the organic-metal interfaces, and low efficiencies of 0.1 % or below 

were typically reported.[16]. The key to the breakthrough of the Tang cell was the 

incorporation of the hetero-junction between two different organic semiconductors. It 

was understood later that this hetero-junction needs to be a type II semiconductor 

junction between two dissimilar organic materials with different HOMO and LUMO 

energy levels.[17] Upon photo-excitation in organic semiconductors, photo-generated 

electron and hole pairs remain tightly bound in the form of excitons, due to low 
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dielectric constants (typically around 3) and the localized nature of the electronic wave 

functions.[12] The role of the hetero-junction, then, is to allow for the dissociation of 

the photo-generated excitons into free electrons and holes via the transfer of an 

electron from the donor to acceptor or the transfer of a hole from the acceptor to the 

donor.[17] This dissociation process will be further elaborated upon in chapter 2. 

The success of the Tang cell inspired much subsequent work based on the bi-

layer donor-acceptor organic solar cell structure.[18] C60 became the acceptor of choice 

after the 1992 discovery of ultra-fast (picosecond time-scale) electron transfer from a 

semi-conducting polymer to the fullerene.[19] The field has progressed rapidly since 

the Tang cell, and some of the most successful donor/acceptor systems in terms of 

power conversion efficiencies are the CuPc/C60 (4.2 %),[20] pentacene/C60 (2.7 %),[21] 

and squaraine/C60 (3.2 %)[22] solar cells. Recently, a solar cell based on a dicyanovinyl 

(DCV)-substituted oligothiophene as the donor and C60 as the acceptor achieved an 

efficiency of 5.2 %,[23] representing the state-of-the-art in small molecule bi-layer solar 

cells.  

All of the above-mentioned solar cells made use of vacuum-deposited small 

molecules as the active layer, while a high-throughput manufacturing process should 

ideally be based on materials processed from solution. The breakthrough in solution-

processable organic photovoltaic technology came in 1995 with the synthesis of a 

soluble fullerene derivative, phenyl C61-butyric acid methyl ester (PCBM).[24] PCBM 

was blended with a donor semiconducting polymer, poly(2-methoxy-5-(2’-ethyl-

hexyloxy)-1,4-phenylene vinylene) (MEH-PPV), and the mixture was spin-casted 

from solution to form the solar cell active layer.[25] The solar cell achieved a quantum 

efficiency of nearly 3 %, which was two orders of magnitude better than previous 

polymer cells processed from solution.[25] This solar cell also introduced another 

innovation, namely the organic “bulk-heterojunction”. Since the donor and acceptor 
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phases were intimately mixed, the organic heterojunction was present everywhere in 

the film and not just at the bi-layer interface, thus giving rise to the term “bulk-

heterojunction”.  

 

 

 

 

 

 
 
Figure 1.3  Common organic solar cell device architectures: (a) bilayer cell (b) bulk-
heterojunction blend cell. 
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is in the middle of the film, and dissociated electrons and holes have well-defined 

pathways to the collection electrodes. For efficient exciton dissociation, the donor and 

acceptor layer thicknesses need to be on the order of the exciton diffusion length, 

typically 5-10 nm for organic semiconductors.[18] However, the films need to be about 

100 nm or thicker in order to absorb most of the incident solar radiation.[17] Such 

conflicting requirements represent the main disadvantage of bi-layer cells. The bulk-

heterojunction blend cell, on the other hand, has no such problem since the exciton 

dissociation interface occurs everywhere in the film, thus it can possess both the 

desirable properties of efficient exciton dissociation and light absorption. However, 

since the donor and acceptor phases are intimately mixed together, there are no well-

defined charge collection pathways, hence charge collection tends to be inefficient. 
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Typically, the active layers are sandwich between a low work-function metal cathode 

(such as Al) and a transparent conductor such as indium tin oxide (ITO) as the anode. 

A layer of poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) is 

usually inserted between the ITO and the active layer. PEDOT:PSS, a transparent 

conducting polymer, ensures that the anode has a high and well-defined work-function 

of around 5.0-5.1 eV, and also serves as the hole-transport layer.[17]  

Not surprisingly, morphology control is critical in bulk-heterojunction cells, 

since it is important to achieve the donor/acceptor domain sizes that provide the 

optimum compromise between exciton dissociation and charge collection. A 

significant advance was made in 2001, when Shaheen et al. demonstrated a 2.5 % 

efficient bulk-heterojunction cell based on poly[2-methoxy-5-(3’,7’-

dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV) as the polymer donor and 

PCBM as the acceptor.[26] They found that the choice of solvent for spin-coating was 

critical, and films spin-casted from chlorobenzene exhibited much more intimate 

mixing of the donor and acceptor phases than films spin-casted from toluene. The 

dramatic result was an increase in efficiency from 0.9 % for the toluene-casted films to 

2.5 % for the chlorobenzene-casted films.[26] This result highlighted the importance of 

film morphology for bulk-heterojunction cells.  

Another important breakthrough came from the debut of poly(3-

hexylthiophene) (P3HT) as a solar cell donor material in 2003.[27] P3HT has a lower 

band-gap (~ 1.9 eV) than MDMO-PPV (~ 2.2 eV)[17], and a hole charge-carrier 

mobility of 0.1 cm2/Vs which was an outstanding value for semiconducting polymers 

at that time.[28] The remarkable discovery of Padinger et al. was that a brief post-

fabrication thermal annealing was able to boost the efficiency of P3HT:PCBM bulk-

heterojunction solar cells from 0.4 % to as high as 3.5 %.[27] It was later understood 

that the effect of the thermal annealing treatment was to produce a nanoscale 
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interpenetrating network with crystalline order for both components, thus dramatically 

improving charge collection in the cell.[29] Further optimization to the P3HT:PCBM 

system led to significant increase in the power conversion efficiency in a relatively 

short time-frame of 2-3 years, with several groups reporting efficiencies ranging from 

4.4 % to 5.2 %.[30-33] Of particular interest was the paper by Li et al.,[30] in which he 

reported that “solvent-annealing” of P3HT:PCBM films can achieve efficiencies as 

good as or better than thermal annealing. Essentially, solvent annealing involved using 

a high boiling point solvent like 1,2-dichlorobenzene for processing, in order to 

facilitate slow-drying of the films in saturated solvent vapor which resulted in the 

evolution of favorable film morphologies.[30]   

One more notable method in the toolbox for morphology control is the 

processing of films with alkane dithiols.[34] In the debut solar cell paper for the low 

band-gap polymer, 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), it was reported that a 

PCPDTBT:PC71BM cell achieved an efficiency of 3.2 %.[35] PCPDTBT has a solid-

state band-gap of 1.5 eV,[35] which is lower than that of P3HT (1.9 eV) and hence 

allowing it to absorb a greater fraction of the solar radiation (see Figure 1.4). While 

3.2 % was a decent efficiency, it was found that PCPDTBT did not respond well to 

thermal or solvent annealing,[35] thus the regular methods for improving P3HT 

morphology did not work for this polymer. Subsequently, Peet et al. showed that the 

addition of a small amount (2 volume percent) of 1,8-octanedithiol to the solution 

prior to spin-coating boosted the efficiency of PCPDTBT:PC71BM cells from 2.8 % to 

5.5 %.[34] It was later found that the effect of the 1,8-octanedithiol was to allow the 

PC71BM to remain in solution for a longer time during the spin-coating process, thus 

facilitating the formation of a well-connected PCPDTBT network.[36] Other additives 

such as 1,8-diiodooctane were also found to have a similar effect, and it was 
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established that such additives need to have selective (differential) solubility of the 

fullerene component and possess higher boiling points than the host solvent.[36] 

 

 

 

 

 

 

 

 

Figure 1.4  AM 1.5 solar spectrum[37] showing P3HT[30] and PCPDTBT[34] absorption. 

 

 

 

 

 

 

 

 

Figure 1.5  VOC limit in organic solar cells. 

 

 In 2006, Scharber et al. published a set of important design rules for organic 

solar cells.[38] Through an investigation of a set of donor polymers with different 

HOMO/LUMO energy levels, they found that the solar cell VOC followed roughly this 

relationship: 
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Thus, the VOC is limited by the difference between the HOMO energy level of the 

donor and the LUMO energy level of the acceptor, as shown schematically in Figure 

1.5. The “loss” of 0.3 eV was an empirical factor and had not been fully 

understood,[38] although it had been attributed to the binding energy of the exciton in 

the organic semiconductor.[39] Based on this relationship, Scharber et al. calculated the 

maximum realistically achievable efficiencies as a function of polymer band-gaps and 

energy levels. They found that a band-gap of around 1.5 eV is ideal, with a maximum 

efficiency just over 10 %.[38] Incidentally, 1.5 eV is the band-gap of PCPDTBT. From 

Figure 1.4, it is clear that PCPDTBT absorbs a significantly higher fraction of the 

solar spectrum than a higher band-gap polymer like P3HT, but a large part of the solar 

spectrum remains un-utilized. Further reduction of the band-gap will allow more of the 

solar spectrum to be absorbed, but this comes with a sacrifice in VOC (Equation 1.3). 

The band-gap value of 1.5 eV thus represents the optimum compromise between light 

absorption and VOC.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6  Orbital hybridization in donor-acceptor polymers. 
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 These design rules motivated intense research efforts into low band-gap 

polymers with tunable energy levels. A favorite method for designing such polymers 

was via the donor-acceptor system, in which the polymers comprise of repeating 

donor-acceptor units.[40] This concept is illustrated in Figure 1.6, which shows that the 

low band-gap is a result of orbital hybridization between the LUMO and HOMO of 

the donor and acceptor units.[40] PCPDTBT is an example of a donor-acceptor 

polymer,[35] as illustrated in Figure 1.6 for clarity. A survey of high-performance 

donor-acceptor polymers is shown in Table 1.1. Such polymers represent the state-of-

the-art in organic solar cell efficiencies, with reported PCEs as high as 7.4 %.[41] 

 
Table 1.1  A survey of high-performance donor-acceptor polymers  
Polymer 
 

Acceptor
 

EG

[eV] 
VOC

[V] 
JSC

[mA/cm2] 
FF PCE 

[%] 
Ref

 
 

PC71BM 1.5 0.62 16.2 0.55 5.5 [36] 

 

PC71BM 1.9 0.81 9.6 0.69 5.4 [42] 

 

PCBM 1.8 0.90 9.5 0.51 5.4 [43] 

 

PC71BM 1.8 0.85 9.8 0.66 5.5 [44] 
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Table 1.1  (Continued) 
Polymer 
 

Acceptor
 

EG

[eV] 
VOC

[V] 
JSC

[mA/cm2] 
FF PCE 

[%] 
Ref

 

PC71BM

1.9 0.88 10.6 0.66 6.1 [45] 

 
 

PCBM 1.8 0.76 13.4 0.66 6.8 [46] 

 
 

PC71BM 1.6 0.74 14.5 0.69 7.4 [41] 

 

 Finally, it is worthwhile to mention that while single-layer organic solar cells 

are projected to have a maximum achievable efficiency of just over 11 %, tandem cells 

can have PCEs as high as 14 %.[47] The structure of a tandem cell is illustrated in 

Figure 1.7, which is essentially a front and back cell stacked on top of each other, 

with an inter-layer in between that serves as a recombination layer. The front and back 

cells are usually made from polymers with different band-gaps so that they absorb 

different portions of the solar spectrum (for instance, P3HT and PCPDTBT as shown 
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in Figure 1.4). In principle, the VOC of the tandem cell should be the addition of that 

of the front and back cells.[48] Such a structure is able to have a response over a greater 

portion of the solar spectrum (the addition of both polymers’ absorption spectrum) and 

still maintain a high VOC, thus it can overcome the limitations of a single-layer cell. 

Important design criteria for a tandem cell include an efficient recombination inter-

layer as well as current matching between the front and back cells.[48] A tandem cell 

consisting of PCPDTBT:PCBM as the front cell, P3HT:PC71BM as the back cell, and 

an inter-layer of TiOx and PEDOT:PSS achieved a power conversion efficiency of 6.5 

%.[48] In another notable work, a tandem cell was constructed with P3HT:PC71BM as 

the front cell, a blend of the low band-gap (1.5 eV) polymer poly[4,4’-bis(2-

ethylhexyl)dithieno[3,2-b:2’,3’-d]silole]-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7-

diyl] (PSBTBT) and PC71BM as the back cell, and TiO2/Al/PEDOT:PSS as the inter-

layer gave an efficiency of 5.8 %.[49] Further optimization of tandem cells, perhaps 

with the incorporation of some of the champion polymers shown in Table 1.1, is 

expected to be the best approach for achieving organic solar cells that are above 10 % 

in efficiency,[47] a performance benchmark considered important for viable 

commercialization and large-scale solar cell manufacturing.[6] 

 

 

 

 

 

 

 

Figure 1.7  Tandem solar cell structure. 
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Inorganic nanocrystal solar cells 

The field of nanocrystal (NC) science took off with the pioneering work of Louis Brus 

and his co-workers.[50-52] In 1983, his group was the first to investigate quantum size 

effects in an inorganic (CdS) NC,[50] while in the following year Brus presented a 

model for NC electron-electron and electron-hole interactions.[51] In 1988, Brus, 

Steigerwald and co-workers presented a synthesis of CdSe NCs via arrested 

precipitation in inverse micellar solution.[52] They further demonstrated that molecular 

modification of the NC surface enables isolation of the product with a variety of 

organic surface ligands that also enabled the solubility of the NCs in organic 

solvents,[52] which was of great importance for the size-stability and solution 

processing of these NCs.[52] In 1993, Murray, Norris and Bawendi pioneered the “hot-

injection” NC synthesis method, which was based on the pyrolysis of organometallic 

reagents by injection into a hot coordinating solvent.[53] In such a process, the reaction 

mixture becomes highly supersaturated instantaneously upon the injection of the 

reactive precursors, thus there is a well-defined and well-controlled nucleation step 

which leads to nearly monodisperse crystallites with small size-distribution.[53, 54] The 

high sample quality facilitated the further study and characterization of NC 

properties.[53] This “hot-injection” synthesis method thus became highly popular, not 

just for the synthesis of chalcogenide but also of metal and oxide NCs.[54] 

 The most interesting property of semiconductor NCs is that their band-gaps 

can be tuned by changing the NC size. Brus showed that as the NC diameter 

approaches the exciton Bohr radius, quantum confinement becomes a significant 

effect. This is clearly illustrated in Table 1.2, which shows that semiconductor band-

gaps at nano-scales are much larger than the bulk band-gaps. This effect is especially 

dramatic in PbSe, which has one of the largest exciton Bohr radius at 460 Å.[55] The 

band-gap of PbSe increases from the bulk value of 0.26 eV to 1.1 eV for a 31 Å 
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diameter NC,[56] which is almost a 5-fold jump. The variable band-gap makes NCs 

very versatile as solar cell materials, since NC band-gap affects both the light 

absorption and VOC of solar cells.[56]  

 
Table 1.2  Quantum-size effects of common NC semiconducting materials.  

Compound 
Bulk EG

[57]

[eV] 
Bohr radius
[Å] 

NC EG
a

[eV] References 

Si 1.11 49 1.68 (38 Å) [58] 

InP 1.35 150 1.9 (35 Å) [59] 

CdS 2.53 30 3.23 (39 Å) [60, 61] 

CdSe 1.74 56 2.16 (37 Å) [60, 62] 

CdTe 1.50 75 2.3 (33 Å) [60, 63] 

ZnS 3.6 22 4.5 (61 Å) [60, 64] 

PbS 0.37 200 1.0 (45 Å) [55] 

PbSe 0.26 460 1.1 (31 Å) [55, 56] 
a The NC band-gap is listed for a particular NC size (in brackets)

 

 

 

 

 

 

 

 

 

Figure 1.8  Multi-exciton generation. 
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Figure 1.8; essentially it is a process whereby the absorption of a high-energy photon 

(more than twice the band-gap) gives rise to two or more electron-hole pairs. Early 

reports show MEG occurring in several types of NCs including PbSe,[65-68] PbS,[66] 

CdSe,[67] and Si,[58] with reports of as many as seven excitons generated per absorbed 

photon for PbSe NCs at energies that are 7.8 times the band-gap.[68] It was believed 

that MEG will be more efficient in NC as compared to bulk semiconductors, since in 

the bulk crystal momentum must be conserved in addition to energy conservation thus 

imposing an additional constraint.[58, 66] Furthermore, the rate of electron relaxation 

through electron-phonon interactions should be significantly reduced due to the 

discrete nature of the electron-hole spectra in NCs.[66] Clearly, it would be 

advantageous for solar cells to exploit MEG, and it was shown using a detailed 

balance analysis that the maximum PCE is 42 % for a material with a carrier 

multiplication threshold at 2 EG, as compared to 31 % if MEG is not present.[69] The 

initial optimism, however, was dampened with the publication of a report that MEG 

was not observed in CdSe NCs,[70] thus contradicting earlier reports.[67] Later studies 

of MEG carried out with more careful data analysis confirmed that MEG was present 

in PbSe NCs, albeit at a much lower efficiency.[71, 72] For instance, Trinh et al. 

reported a carrier multiplication of just 1.7 at a photon energy that was 4.8 times the 

band-gap.[71] Despite these setbacks, MEG had already been demonstrated in practical 

devices,[73, 74] and it may yet lead to more efficient solar cells.  

 The combination of several attractive NC properties, namely solution 

processability, band-gap tunability, potential for MEG, and availability of materials to 

absorb at all parts of the solar spectrum (see Table 1.2) led to much research interest 

in NC solar cells.[11] Three main device architectures for solid-state NC solar cells 

have emerged (see Figure 1.9), namely polymer/NC blend organic-inorganic hybrid 

cell (Figure 1.9(a)), NC/metal Schottky junction cell (Figure 1.9(b)), and 
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NC/acceptor bilayer cell (Figure 1.9(c)).[11] A survey of NC-based solar cell 

performance is presented in Table 1.3. 

 

 

 

 

 
 
Figure 1.9  Common NC solar cell architectures: (a) polymer:NC bulk-heterojunction 
blend cell (b) NC/metal Schottky cell (c) NC/acceptor bilayer cell. 
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poor performance of PbS and PbSe hybrid cells was due to the inefficient exciton 

dissociation from most polymers to these NCs.[80] They found a polymer PDTPQx that 

demonstrated superior exciton dissociation which subsequently gave the best 

performance when blended with PbS NCs, although they offered no explanation as to 

why this polymer worked better than others.[80] 

 
Table 1.3  A survey of NC-based solar cell performance  

Active material 
VOC 
[V] 

JSC

[mA/cm2] FF 
PCE 
[%] Ref. 

Polymer:NC blend hybrid cells

P3HT:CdSe 0.45 5.70 0.4 1.7 [75]

P3HT:CdSe 0.62 8.79 0.50 2.9 [76]

PCPDTBT:CdSe 0.67 9.02 0.51 3.2 [77]

P3OT:CdTe 0.71 3.12 0.48 1.1 [78]

P3HT:PbSe 0.38 1.73 0.40 0.26 [79]

PDTPQx:PbS 0.38 4.20 0.34 0.55 [80]

Schottky cells 

PbSe 0.24 24.5 0.41 2.1 [81]

PbS 0.47 7.8 0.55 2.0 [82]

PbS 0.51 14.0 0.51 3.6 [83]

PbSxSe1-x 0.45 14.8 0.50 3.3 [84]

Bilayer cells 

CdSe/CdTe 0.45 13.2 0.49 2.9 [85]

CuInSe2/ZnO 0.28 25.8 0.39 2.8 [86]

CuZnSnSSe/ZnO 0.43 31.2 0.54 7.2 [87]

PbSe/ZnO 0.44 24 0.32 3.4 [56]

SnS/PbS 0.35 4.2 0.27 0.5 [88]

PbS/a-Si 0.2 9.0 0.39 0.7 [89] 

PbS/PCBM 0.59 10.0 0.63 3.7 [90]

PbS/ZnO 0.59 8.9 0.56 2.9 [91]

PbS/TiO2 0.46 20.7 0.33 3.1 [92]

PbS/TiO2 0.51 10.5 0.60 3.4 [93]

PbS/TiO2 0.51 16.2 0.58 5.1 [94]
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 In a Schottky solar cell, band-bending occurs at the interface between the NC 

and metal electrode.[81] In this carrier-depleted region, an electric field is generated 

that drives exciton dissociation and the separation of electrons and holes.[81] 

Fabrication of NC Schottky cells can be a challenge since NC films have a tendency to 

possess cracks which will lead to a device short-circuit upon deposition of the top 

metal electrode, but Luther et al. overcame the problem by using a layer-by-layer 

(LBL) process to form their NC film.[81, 95] Their LBL method proceeds as follows: 

first a PbSe NC layer was deposited by dip-coating, after which it was treated with 

1,2-ethanedithiol (EDT). The EDT was effective at displacing the original solubilizing 

oleic acid ligands, thus making the film insoluble and allowing another layer of PbSe 

NCs to be deposited. This process of dip-coating and EDT treatment was repeated 

several times, producing a robust crack-free film.[95] Furthermore, since EDT is a 

much shorter ligand than oleic acid, the coupling between adjacent NCs was much 

improved in the EDT treated film and resulted in a 30-60 fold improvement in 

conductivity.[95] PbSe NC Schottky cells were successfully fabricated using this LBL 

method, achieving a large JSC of 24.5 mA/cm2 and a PCE of 2.1 %.[81] The LBL 

method was further utilized in the fabrication of PbS[82, 83] and PbSxSe1-x
[84] NC 

Schottky cells. A PCE of 3.6 % was reported for PbS,[83] while the ternary PbSxSe1-x 

system achieved an efficiency of 3.3 %.[84] 

 Schottky solar cells, however, suffer from the inherent disadvantage that the 

VOC in practical devices is limited to about half the band-gap due to the details of the 

band-bending at the semiconductor-metal interface.[96] This problem is avoided in a 

bilayer NC/acceptor structure (Figure 1.9(c)) in which exciton dissociation and charge 

separation takes place at the semiconductor heterojunction rather than at the NC/metal 

interface. Clearly, the acceptor should be chosen so that it forms a type II 

heterojunction with the NC for efficient charge transfer to take place. In some cases, 
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both layers in the cell are NCs, such as the CdSe/CdTe[85] and the SnS/PbS[88] systems. 

In most bilayer cells, however, the acceptor is an n-type semiconductor such as 

ZnO,[56, 86, 87] TiO2,
[93, 94], PCBM,[90] or amorphous Si.[89] Details of the solar cell 

performances are listed in Table 1.3, where it can be seen that the best bilayer cells 

out-perform the best Schottky cells. Notable performances include a PbS/TiO2 system 

that gave 5.1 %,[94], and a CuZnSnSSe/ZnO cell that achieved 7.2 % efficiency.[87] 

 Although the development of NC solar cells started much later than organic 

solar cells, the field really took off in the last few years and reported PCEs are already 

comparable to or better than the best organic cells (Table 1.1). The future of NC solar 

cells looks very bright indeed.  

 

Outline of the dissertation 

In this first chapter, a background on the world’s energy landscape and motivation for 

work on solution-processable solar cell technologies were given. Standard solar cell 

terminologies were defined and then progress in organic solar cells as well as 

inorganic nanocrystal solar cells was reviewed.  

 Chapter 2 goes into greater detail on the exciton dissociation process in organic 

solar cells. It is shown that a two-step exciton dissociation process is present, in which 

there is initially an energy-transfer of the exciton from the donor to the acceptor, 

followed by a back-ward charge transfer step from the acceptor to the donor. This 

work had been published in Applied Physics Letters.[97] 

 Chapter 3 describes a spray-deposition process for the deposition of both the 

active layer as well as the top electrode for polymer solar cells. This work was also 

published in Applied Physics Letters.[10]  

 In chapter 4, it is shown how a novel fluorinated photo-resist was utilized for 

the patterning of polymer solar cells to achieve a high-voltage solar cell array. This 
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work was published in the Journal of Materials Chemistry.[98] 

 Chapter 5 introduces a new family of electron-deficient pentacene-based 

acceptors to replace PCBM in organic solar cells. It is shown that these acceptors have 

good light absorption properties as well as good band alignment with P3HT thus 

producing high VOC. Two papers were published from this work, one in Journal of 

Materials Chemistry[99] and the other in Chemical Science.[100] 

 Chapter 6 presents work on two more families of electron-deficient acene-

based acceptors. Hexacenes absorb even further into the longer wavelengths of the 

solar spectrum, while anthradithiophenes have larger band-gaps that led to higher solar 

cell VOC. Manuscripts of this work are in preparation.  

 Finally, chapter 7 presents a novel synthesis of copper oxide nanocrystals, as 

well as their optical and NC properties. Copper oxide is an earth-abundant material, 

and both CuO and Cu2O possess attractive optical properties for light-harvesting 

applications. A CuO NC based solar cell is also demonstrated. A manuscript of this 

work is in preparation.  

 



 

 23

CHAPTER 2 

 

ORGANIC PHOTOVOLTAIC CHARGE DISSOCIATION MECHANISM 

  

Abstract 

Charge and energy transfer are competing processes in many photo-excited organic 

donor/acceptor systems.  Both processes can be the basis of the exciton dissociation 

mechanism occurring in organic solar cells.  Deposition of a thin interlayer of a wide 

band-gap organic semiconductor between a P3HT/C60 heterojunction selectively 

suppressed electron transfer at the interface.  External quantum efficiency 

measurements showed that device performance was unaffected by the presence of the 

electron blocking layer.  These results can be explained by two-step exciton 

dissociation where energy transfer of excitons from the donor to the acceptor is 

followed by backward hole transfer to the donor.  The same interlayer was shown to 

decrease the photocurrent in CuPc/C60 heterojunctions, a system where this energy 

transfer pathway is forbidden. Hence, both energy and charge transfer were shown to 

contribute to exciton dissociation. 

 

Introduction 

In 1992, the dissociation of photo-generated excitons in the semiconducting polymer 

MEH-PPV by means of electron transfer to C60 was reported.[19] This process was 

found to occur at a sub-picosecond time scale and to be very efficient.[19] As a result, 

this mode of exciton dissociation has been widely accepted as the primary mechanism 

underlying free carrier generation in polymer-based solar sells. A schematic of this 

exciton dissociation process by means of electron transfer is shown in Figure 2.1. 

Briefly, a photo-generated exciton diffuses to the organic hetero-junction, where 
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electron transfer from the donor to acceptor takes place, and then the charges are 

collected at the electrodes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1  Charge transfer mechanism of exciton dissociation. 

 

 However, charge transfer and energy transfer have been known to be 

competing processes in many donor/acceptor (D/A) dyad systems.[101-104] Here 

“energy transfer” refers to Förster resonant energy transfer (FRET).[105] FRET takes 

place as a result of an oscillating dipole-dipole interaction between the donor and 

acceptor,[105], and its rate is given by[105] 

 

         (Equation 2.1) 
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acceptor, R is the donor-acceptor separation distance, and R0 is a length scale that 

depends on the donor-acceptor orientation as well as the amount of spectral overlap 

between the donor luminescence and acceptor absorption.[105] It is clear from 

Equation 2.1 that these are all factors affecting FRET efficiency. In many conjugated 

oligomer–fullerene dyads, FRET from D to A was found to take place approximately 

two orders of magnitude faster than charge transfer, and was therefore a much more 

efficient process.[102, 103]   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2  Two-step energy/charge transfer mechanism of exciton dissociation. 
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occur as a two-step process whereby hole “back-transfer” to the polymer would follow 

FRET of excitons to C60, as shown schematically in Figure 2.2. Such two-step 

processes have been measured in dyads in solution,[101-103] and there is indirect 

evidence for the two-step process between discrete D/A thin film.[106] However, direct 

observation is complicated by the ultra-fast nature of the energy transfer step; for 

instance, an attempt to observe the two-step process in a MDMO-PPV:PCBM blend 

using pump-probe spectroscopy was inconclusive due to the limited temporal 

resolution of the instrument.[104]    

 Vacuum deposited inter-layers provide a useful way to selectively interfere 

with charge and energy transfer pathways.[18, 107, 108] Inter-layers with a large energy 

gap have been employed as spacers between D and A layers to study energy transfer 

processes.[18] Moreover, inter-layers with appropriate HOMO and LUMO levels have 

been used extensively in vacuum deposited multilayer light emitting diodes to block 

holes or excitons at a particular layer within the device.[107, 108] By incorporating the 

appropriate vacuum deposited interlayer between the polymer and C60 hetero-junction, 

it should be possible to suppress electron transfer from the polymer to C60, while 

sustaining energy transfer and allowing hole transfer back to the polymer. 

 In this work, the presence of FRET from P3HT to C60 was investigated. As 

mentioned in Chapter 1, P3HT is a popular donor material for polymer solar cells, 

with reported PCEs up to 5.2 %.[30-33] Since the P3HT band-gap of 1.9 eV[48] is higher 

than the C60 band-gap of 1.7 eV,[109] FRET should be energetically favorable. N,N′-bis 

(3-methylphenyl)-N,N′-bis(phenyl)-benzidine (TPD) was utilized as a vacuum 

deposited interlayer between solution deposited P3HT and vacuum deposited C60.  The 

low electron affinity of TPD (LUMO at ~2 eV) is expected to disrupt electron transfer 

from P3HT and C60.  On the other hand, energy transfer between P3HT and C60 should 

remain largely uninhibited for thin TPD films.  Moreover, hole transfer from C60 to 
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P3HT remains energetically favorable. As a comparison, the low band-gap (1.6 

eV[109]) material CuPc was also investigated. With a lower band-gap then C60, FRET 

from CuPc to C60 is energetically unfavorable and should not take place. The 

molecular structures of the above materials are shown in Figure 2.3, while their 

HOMO-LUMO energy levels (taken from literature[48, 109, 110]) are given in Figure 2.4. 

  

 

 

 

 

 

 

 

 

 

Figure 2.3  Molecular structures of materials used in this study. 

 

 

 

 

 

 

 

 

 

Figure 2.4   Energy levels of P3HT,[48] CuPc,[109] TPD,[110] and C60.
[109] 
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Experimental 

All organic films were deposited on pre-patterned ITO electrodes, which were cleaned 

by sonication in a mild detergent, rinsed in deionized water, dried under a nitrogen 

stream, and followed by a 10 minute UV-ozone treatment.  P3HT (Plextronics Inc.) 

was deposited from a chlorobenzene solution by spin coating.  CuPc, TPD (Aldrich) 

and C60 (Term USA) were deposited under high vacuum (<10-6 Torr) at rates of 0.2-

0.5 Å/s.  Reference films of the same thickness were deposited on quartz slides during 

device fabrication to obtain accurate UV-Vis absorption spectra.  A shadow mask was 

used to deposit TPD inter-layers on part of the substrate.  This allows data for devices 

with and without an interlayer to be compared on the same substrate.  TPD deposition 

was carried out on all substrates simultaneously to ensure inter-layers of identical 

thickness. For the cathode, a 1000 Å thick Ag film was deposited at a rate of 1-5 Å/s.   

 Deposition rates were monitored by a quartz crystal monitor, and film 

thicknesses were verified by an ADE Phase Shift MicroXAM non-contact optical 

profilometer.  A Digital Instruments DI3000 atomic force microscope (AFM) was 

used in tapping mode to characterize the surface roughness of the donor layers.  

External quantum efficiency measurements were performed with a 1000 Watt research 

lamp coupled to an Oriel Cornerstone ¼ m monochromator.  Long-pass optical filters 

were introduced at 450 nm and 600 nm to eliminate spurious λ/2 illumination.  The 

short-circuit current was monitored with a Keithley 236 source-measure unit.  

Intensity of the monochromatic light source was monitored with a Newport 1935-C 

power meter with a calibrated 918D low power detector. 

  

Results and Discussion 

The external quantum efficiency (EQE) is a measure of the number of charge carriers 

collected in the external circuit for every photon that is incident onto the solar cell at a 
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particular wavelength. It is calculated according to the formula:[111] 

 

                    (Equation 2.2) 

 

where JSC is the short-circuit current (mA/cm2),  is the wavelength of light (nm) and 

PINC is the incident power intensity (mW/cm2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.5  EQE of (a) P3HT/C60 and (b) CuPc/C60 hetero-junctions with and without 
a TPD inter-layer. UV-Vis absorption spectra of the layers are also indicated. 

 

Figure 2.5(a) shows that the EQE of P3HT/C60 devices with and without a 25 

Å thick TPD interlayer are approximately the same.  In the region below 400 nm, 
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where light absorption predominately takes place in the C60 layer, the photocurrent is 

due to the dissociation of excitons formed within the C60 side of heterojunction.  These 

excitons dissociate via hole transfer to P3HT, and the addition of the TPD layer is not 

expected to dramatically alter this process.  This is consistent with the fact that the 

same EQE is measured in devices with and without the TPD layer.  On the other hand, 

in the region between 500 and 600 nm, it is P3HT that dominates light absorption.  

The fact that the EQE remains largely unaffected by the introduction of the TPD 

interlayer indicates that energy transfer from P3HT to C60, succeeded by exciton 

dissociation by hole-transfer back to P3HT, plays a major role in these hetero-

junctions.  

 To better illustrate this point, the results above are contrasted to data from 

heterojunctions where energy transfer from the donor to the acceptor is not expected to 

take place.   Figure 2.5(b) shows the EQE of CuPc/C60 devices with and without a 

TPD interlayer.  As expected, the presence of the interlayer does not affect 

photocurrent generation in regions of the spectrum where C60 is absorbing the incident 

light.  On the other hand, and in sharp contrast to the P3HT heterojunctions, there is an 

appreciable decrease in EQE in the region where CuPc is absorbing (above 600 nm).  

Since energy transfer from CuPc to C60 is forbidden due to the smaller band gap of 

CuPc, electron transfer from CuPc to C60 is the only mechanism for exciton 

dissociation in this region.  The decrease in the EQE observed by the introduction of 

the TPD layer shows that the latter is effective in blocking electron transfer. 

 The above discussion is summarized schematically in Figure 2.6. The 

P3HT/C60 heterojunction corresponds to the left half of the figure where the two-step 

energy and charge transfer process takes place and photo-current is unaffected. On the 

other hand, the CuPc/C60 heterojunction is described by the right half where energy 

transfer is forbidden, thus photo-current is greatly reduced. 
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Figure 2.6  FRET outcomes for two different band-gap scenarios: (a) donor EG is 
larger (b) acceptor EG is larger. 

 

 The fact that the EQE of the CuPc/TPD/C60 device above 600 nm is not 

completely extinguished indicates that the TPD interlayer might not be continuous at 

this thickness.  Indeed, for thicker interlayer films we see further suppression of the 

photocurrent in this regime (thicker inter-layers, however, also decrease energy 

transfer).  The implication here is that some degree of electron transfer is still likely to 

take place in the P3HT/TPD/C60 devices.  This makes it difficult to quantify the 

fraction of excitons in P3HT/C60 heterojunctions which dissociate directly via electron 

transfer versus via a two-step process involving energy transfer.  Still, the difference in 

the behavior between P3HT and CuPc shows that two-step processes are important in 

heterojunctions utilizing the former as the donor.  

 High film roughness of the donor layers may contribute to an imperfectly 

formed TPD interlayer.  A rough P3HT layer, for example, may result in a TPD layer 

with a high density of pin-holes.  With sufficient contact between P3HT and C60, 

normal charge transfer takes place which circumvents the electron blocking capacity 

of the interlayer.  Atomic force microscopy (AFM) characterization of the films 

(Figure 2.7) effectively rules out surface roughness as a cause for incomplete 
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interlayer formation.  The RMS surface roughness for P3HT is 1.32 nm.  In contrast, 

the RMS roughness of vacuum deposited CuPc is 5.70 nm which is much higher than 

that of P3HT.       

 

 

 

 

 

 

 

Figure 2.7  AFM images of (a) P3HT film (b) CuPc film. 

 

Conclusion 

In summary, the introduction of a thin TPD interlayer between P3HT and C60 did not 

affect the photocurrent in hetero-junction devices.  The same interlayer caused a large 

decrease in the photocurrent in CuPc/C60 hetero-junctions in the region where light 

was absorbed by CuPc.  These results are consistent with the presence of an energy 

transfer channel from P3HT to C60.  Therefore, exciton dissociation in P3HT/C60 

heterojunctions can take place as a two-step process, where energy transfer from 

P3HT to C60 is followed by exciton dissociation via hole transfer to P3HT. 

These findings can have substantial implications for the choice of active materials for 

organic solar cells. For instance, a recent paper building up on this work not only 

confirmed the findings presented here, but also demonstrated a more efficient solar 

cell by taking advantage of FRET.[112]
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CHAPTER 3 

 

SPRAY DEPOSITED ORGANIC SOLAR CELLS 

 

Abstract 

Spray deposition is emerging as an attractive low-cost, high throughput method for 

organic solar cell fabrication. In this work, it is demonstrated that a highly conductive 

formulation of poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) 

(PEDOT:PSS) can be spray deposited to form the top electrode for an organic solar 

cell. An inverted solar cell fabricated in this way with a blend of P3HT and PCBM as 

the active layer achieved a power conversion efficiency of 2.0 % under AM 1.5 100 

mW/cm2 illumination.  

  

Introduction 

Organic solar cells have attracted much attention due to their potential for low-cost, 

high-throughput roll-to-roll manufacturing on flexible substrates.[6] Solution 

processing of the active material is the key for such a process.[6] There are many 

methods to deposit the active material by solution, such as doctor blading,[113] screen 

printing[7] and inkjet-printing.[8]  

Recently, spray deposition has emerged as another attractive coating technique 

for organic solar cell fabrication.[9, 114] Vak et al.[9] reported a solar cell with an active 

layer that was spray-deposited from a blend of P3HT and PCBM, which achieved a 

power conversion efficiency (PCE) of 2.8 %. This is comparable to the performance 

obtained from spin-coated active layers, thus proving the viability of the spray 

approach. Spray deposition has the obvious advantage of being compatible with a 

high-throughput roll-to-roll process. It also results in less material wastage when 
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compared to spin-coating, and does not require careful optimization of the solvent 

formulation that is needed for inkjet printing.[8] Furthermore, unlike spin-coating, 

spray deposition tends to leave sequentially deposited layers intact and enables the 

fabrication of multi-layered devices. 

All the above reported work,[7-9, 113, 114] however, utilized a vacuum step in 

which metal is thermally evaporated to form the top electrode for the cell, which is 

undesirable for a high-throughput process. In this work, it is shown that the metal 

electrode can be replaced by a spray-deposited highly conducting layer of poly(3,4-

ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS). Ahlswede et al.[115] 

achieved conductivities as high as 300 S/cm by modifying Clevios PH 500, a highly 

conducting PEDOT:PSS formulation available commercially from H. C. Starck, with 

additives such as dimethylsulfoxide (DMSO) and Sorbitol. While it is still not 

absolutely certain as to the reasons for the increase in conductivity, it has been 

speculated that DMSO leads to a dielectric screening between the charge carriers and 

counter-ions in PEDOT:PSS, thus improving charge mobility.[115] There is also 

evidence that the additives lead to conformational changes in the PEDOT polymer 

chains, thus improving inter-chain interactions.[115] Such formulations have been 

utilized to replace indium tin oxide (ITO) as the anode in organic solar cells[115] as 

well as in organic light emitting diodes (OLEDs),[116] with performances comparable 

to the ITO-based anode devices. These successful demonstrations provided the 

inspiration in this work to use modified PH 500 as a replacement for the top metal 

electrode. Its rather high work function of ~5.0 eV,[116] however, implies that it will be 

more suitable as the anode of an inverted solar cell, since the traditional organic solar 

cell device structure has low work function metals like Ca/Al as the top cathode 

electrode.[15]  
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A schematic of our inverted device structure is shown in Figure 3.1. Cesium 

carbonate (Cs2CO3) has been shown to reduce the effective work function of ITO from 

4.5 eV to 3.4 eV.[117] ITO modified in this way has been utilized as the cathode in 

efficient inverted organic solar cells,[117-119] with PCE as high as 4.2 % being 

reported.[119] The approximate energy level diagram is shown in Figure 3.2, with 

values taken from literature.[48, 116, 117] 

 

 

 

 

 

 

 

Figure 3.1  Inverted solar cell device schematic. 

 

 

 

 

 

 

 

Figure 3.2  Device energy level diagram. 

 

Experimental 

Glass substrates with pre-patterned ITO electrodes (Kintec, Hong Kong) were cleaned 

by sonication in mild detergent, rinsed in de-ionized water, dried in a nitrogen stream, 
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and treated with a 10-minute UV-ozone exposure. The substrates were then transferred 

into a nitrogen-filled glovebox where all subsequent processing took place except for 

the spraying steps, which were done in air. A Cs2CO3 solution in 2-methoxyethanol (2 

mg/ml) was spin-coated at 5000 rpm on top of the ITO, followed by annealing at 170 

C for 20 minutes.[119] PCBM (Nano-C) was added to a solution of P3HT (American 

Dye Source) in chlorobenzene (15 mg/ml) at a P3HT:PCBM ratio of 1:0.6 by weight, 

and this blend was spin-coated at a rate of 1500 rpm on top of Cs2CO3 to form the 

active layer with a thickness of ~150 nm. For comparison, devices with spray-

deposited active layer were also fabricated. Substrates were pre-heated on a hotplate at 

140 C for two minutes, and 700 μl of P3HT:PCBM solution was spray deposited 

using a Badger 200G airbrush (Figure 3.3) held at a fixed distance of 17.5 cm above 

the substrate, at a N2 spray pressure of 20 PSI. The spray solution was twice as 

concentrated as the one used for spin-coating, and a film thickness of ~1.2 μm was 

obtained. Since spray-deposition produced very rough films,[9] it was necessary for the 

film to be very thick in order to prevent short circuits.  

 

 

 

 

 

 

 

 

 

Figure 3.3  Badger air-brushes used for spray-coating. 
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Figure 3.4  Molecular structures of materials used in this work. 

 

The PEDOT:PSS formulation was prepared by blending DMSO (Aldrich) at 5 

% volume with Clevios PH 500 (H. C. Starck), to which Sorbitol (Aldrich) was added 

at a concentration of 2 mg/ml.[115] The molecular structures of all the materials used in 

this work are shown in Figure 3.4. 1600 μl of the formulation was spray-deposited on 

top of the active layer through a shadow mask to form the top electrode with a 

thickness of ~2.1 μm. The airbrush was held at a distance of 16 cm from the substrate 

which was kept at 140 C on the hotplate. The N2 spray pressure was 20 PSI, as above. 

Figure 3.5(a) is a photograph of a single film of spray-deposited PEDOT:PSS, while 
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Figure 3.5(b) shows the completed devices with the patterned PEDOT:PSS electrodes 

on top of a spray-deposited P3HT:PCBM layer. 6 devices were obtained on each 

substrate, with an active device area of 3 mm2. 

 

 

 

 

 

 
 
Figure 3.5  Photographs of spray-deposited PEDOT:PSS (a) single-layer film (b) 
electrodes patterned using a shadow mask.   

 

The samples were annealed at 160 C for 8 minutes in the glovebox to get rid 

of residual moisture in the film, as well as to induce favorable phase separation 

between P3HT and PCBM.[120] The samples were then transferred into a vacuum 

chamber and pumped down to ~10-6 Torr for an hour. This step improved performance 

significantly, presumably due to the removal of oxygen trapped in the device during 

the spray-coating step in air. In principle, the spraying could have been performed in a 

N2 environment, and this step can then be omitted.  

Control P3HT:PCBM cells with the standard device stack comprising of 

ITO/PEDOT:PSS/P3HT:PCBM/CsF/Al were also fabricated. The ITO substrates were 

cleaned as above, and then PEDOT:PSS (Clevios AI4083, used as received with no 

additives) was spin-coated at 6000 rpm followed by an annealing step at 170 C for 4 

minutes. P3HT:PCBM was then deposited in two different ways: (i) spin-coating at 

1500 rpm from chlorobenzene solution (same recipe as above) (ii) spray-deposition 

using the same protocol as above, but with a smaller amount (300 μl) of solution. 

(A) (B)
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CsF/Al were thermally evaporated at high vacuum (~10-6 Torr) to form the top 

electrode. A final thermal annealing step (160 C for 8 minutes) was performed to 

optimize film morphology as before.[120] 

Current-voltage characteristics of the completed devices were obtained with a 

Keithley 236 source-measurement-unit, both in the dark as well as under AM 1.5 100 

mW/cm2 illumination from a Solar Light 16S-002 solar simulator (calibrated by a 

Newport 818P-010-12 thermopile high power detector). Instrument control and data 

taking were done using a LabView program. Spectral mismatch was not taken into 

account in the measurements. 

 

Results and Discussion 

Current-voltage curves for the devices with PEDOT:PSS top electrode are shown in 

Figure 3.6(a). The device with the spin-coated active layer achieved an open circuit 

voltage (VOC) of 0.60 V, a short circuit current (JSC) of 7.03 mA/cm2, a fill factor (FF) 

of 0.48, and a respectable power conversion efficiency (PCE) of 2.0 %. The device 

with the spray-deposited active layer gave a 0.54 V VOC, 2.36 mA/cm2 JSC, 0.29 FF 

and a PCE of 0.4 %. Charge collection efficiency is low in the very thick spray-

deposited active layer, which explains its poor performance compared to the spin-

coated device. The problem does not lie with the spray deposited active layer itself, 

since the control device with CsF/Al top electrode and spray-deposited active layer 

achieved a PCE of 2.2 % (Figure 3.6(b)), which is comparable to previous reports of 

spray-deposited cells.[9, 114] The thickness of the active layer in the control cell was 

~0.5 μm, significantly thinner than the active layer of the all spray-deposited cell (~1.2 

μm). We found that if the sprayed active layer thickness was kept at 0.5 μm and the 

PEDOT:PSS formulation was sprayed on top, short-circuited devices were the end 

result. It appears that the PEDOT:PSS penetrated the rough active layer more than Al, 
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hence the need for thicker active layers.  Finally, it is worth mentioning that the 

control device with spin-coated active layer and evaporated CsF/Al top electrodes 

gave a PCE of 3.5 % (Figure 3.6(b)). Thus, the devices with the spray-deposited 

layers are still somewhat inferior, and it is likely that the film morphology of the 

sprayed layers is not as good as the spin-coated layers. The sprayed layers tend to be a 

lot rougher, for instance.[9] All the above results are summarized in Table 3.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.6  Current voltage curves for solar cells under AM 1.5 100 mW/cm2 
illumination with (a) PEDOT:PSS top electrode (b) CsF/Al top electrode. 
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Table 3.1  Summary of solar cell performance  
Active material 
(P3HT:PCBM) 

Top 
electrodea 

VOC

[V] 
JSC

[mA/cm2] FF 
PCE 
[%] 

Spin-coated PEDOT:PSS 0.60 7.03 0.48 2.0 

Spray-deposited PEDOT:PSS 0.54 2.36 0.29 0.4 

Spin-coated CsF/Al 0.64 10.83 0.61 3.5 

Spray-deposited CsF/Al 0.60 9.95 0.43 2.2 
a PEDOT:PSS top electrodes are spray-deposited, while CsF/Al top electrodes are thermally 
evaporated 

 

To get a better idea of the quality of the PEDOT:PSS electrode, the sheet 

resistivity of single PEDOT:PSS films spray-deposited under similar conditions were 

measured with a 4-point probe. The sheet resistivity is calculated using the formula for 

a thin film: 

 

        (Equation 3.1) 

 

where I is the current measured by the 4-point probe at the voltage V. A value of RS = 

900 Ω/square was obtained, which is comparable to the value of 500 Ω/square 

reported by Ahlswede et al. for spin-coated layers.[115] Together with the film 

thickness of ~2.1 μm, this gives a conductivity of ~5 S/cm. The low value indicates 

that the composition and deposition of the PEDOT:PSS layer were probably not 

optimized, but the advantage of spray-deposition is that very thick films can be 

obtained which makes up for the low conductivity. Higher sheet resistances were 

previously obtained with thinner PEDOT:PSS films (for instance, 2800 Ω/square from 

a ~0.9 μm thick film). Furthermore, transparency or roughness are not important 

issues, since the PEDOT:PSS is used as the top contact.  
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Conclusion 

It has been demonstrated that spray-deposited PEDOT:PSS can replace thermally 

evaporated metal as the top electrode in an inverted P3HT:PCBM solar cell. A device 

with a spin-coated active layer and spray-deposited PEDOT:PSS electrode achieved a 

PCE of 2.0 %. Devices with both the active layer and top electrode deposited by 

spraying are also possible, though the PCE is more modest (0.4 %). With further 

optimization, an all-spray-deposited organic solar cell may become a reality in the 

near future, paving the way for low-cost roll-to-roll manufacturing.  
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CHAPTER 4 

 

HIGH VOLTAGE POLYMER SOLAR CELLS PATTERNED BY 

PHOTOLITHOGRAPHY 

 

Abstract 

An acid-sensitive semiperfluoroalkyl resorcinarene has recently been demonstrated as 

an effective photoresist for the photolithographic patterning of organic semiconductor 

materials. In this work, this novel photoresist is used to pattern polymer solar cells 

fabricated from a blend of P3HT and PCBM, so as to obtain high open circuit voltages 

(VOC). An array of 300 solar cells in series, with a period of 50 μm, achieved a VOC of 

90 volts and a power conversion efficiency (PCE) of 0.3 %.  

 

Introduction 

Interest in high-voltage solar cells is motivated by applications in 

microelectromechanical systems (MEMS),[121, 122] which typically require driving 

voltages of tens to hundreds of volts. Such solar cells provide a self-contained power 

supply that allows for autonomous MEMS applications. These solar cells were 

fabricated from amorphous silicon, and achieved voltages above 100 volts by 

connecting miniaturized cells in series.[121, 122] 

Recently, a high-voltage polymer solar cell fabricated from a blend of P3HT 

and PCBM has been demonstrated by Niggemann et al.[123] The P3HT:PCBM system 

represent one of the most promising material sets for organic solar cells, achieving 

efficiencies of around 5 %.[30-33] The advantage of using P3HT:PCBM solar cells is 

that in addition to possible applications in MEMs, they can be easily integrated into 

organic electronic applications to provide on-board power for organic thin film 
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transistors (OTFTs), which typically require operating voltages of tens of volts.[124] 

 To achieve high-voltage in a small area, the individual solar cells in the array 

need to be small (on the order of microns), hence patterning methods with high 

resolution are needed. Photolithography is an attractive technique, since it is well-

established in the semiconductor industry and it can easily achieve sub-micron feature 

size. However, it is challenging to pattern organic electronic materials, as many of the 

processing steps in photolithography involve the use of solvents that can damage the 

organic layers. Niggemann et al. got around this problem by photolithographically 

patterning the electrodes first before spin-coating the active layer on top.[123] With sub-

micron spacing between the electrodes, they achieved a 880-volt solar cell with a total 

electrode distance of just 17.4 mm.[123] However, their device architecture requires the 

active material to be sandwiched in a planar configuration between the electrodes 

(Figure 4.1(a)), and a rather low power conversion efficiency of 0.008 % was 

reported. The planar configuration is bad for charge collection since carriers have to 

travel a long distance to get to the electrodes. In Niggemann’s cell, for instance, the 

spacing between the electrodes is about 500 nm[123] as compared to 100-200 nm for 

the average spin-coated active layer thickness,[17] and photolithography places 

limitations to making the feature sizes even smaller. Lewis et al. demonstrated another 

approach that utilized shadow masks to pattern top aluminum electrodes in series.[125] 

In this way, they were able to fabricate devices in the standard configuration, that is 

the active layer (P3HT:PCBM) being sandwiched vertically between the anode and 

cathode electrodes (Figure 4.1(b)). Their active layer thickness was 200 nm, and the 

array of 18 P3HT:PCBM cells achieved a voltage of 7.8 volts and a power conversion 

efficiency of 0.06 %.[125] However, it is difficult to achieve small features with shadow 

masking, and mask alignment is also a challenge.  
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Figure 4.1  High-voltage solar cell array architectures: (a) planar configuration with 
the active layer sandwiched horizontally between electrodes (b) standard solar cells 
linked in series with the active layer sandwiched vertically between electrodes. 
 

 In this work a technique is demonstrated that can be used to directly pattern the 

organic active layer by photolithography in order to achieve high solar cell voltages. 

Previously, the Ober group at Cornell has shown that an acid-sensitive 

semiperfluoroalkyl resorcinarene is an effective photoresist for the photolithographic 

patterning of organic semiconductor materials.[126, 127] The resorcinarene is soluble in 

hydrofluoroethers (HFEs), which were found to be completely benign to non-

fluorinated organic electronic materials.[126, 127] This is because materials with high 

fluorine content such as the resorcinarene and hydrofluoroethers are “fluorous” in 

nature,[128] and possess the unique property of being immiscible with both polar and 

organic (non-fluorinated) materials.[128] This is clearly illustrated by Figure 4.2, which 

shows a vial containing three immiscible photoluminescence solution layers: the top 

layer is poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT) dissolved in hexane, 

the middle layer is tris-(2,2’-bipyridyl)ruthenium (II) hexafluorophosphate 

([Ru(bpy)3]
2+(PF6

)2) dissolved in water, and the bottom layer is a fluorinated light-

emitting polymer (RF-F8[129]) dissolved in hydrofluoroether. Since hydrophobic 

organic materials are already immiscible with polar materials, fluorous materials 

V V (A) (B)
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provide a third “orthogonal” direction (Figure 4.2) in terms of solvent immiscibility 

and opens up new opportunities for materials processing. For instance, fluorinated 

light-emitting polymers have been reported and are shown to be robust against 

standard organic solvents.[129, 130]  

 

 

 

 

 
 
Figure 4.2  Vial with three immiscible solution layers: F8BT in hexane, 
[Ru(bpy)3]

2+(PF6
)2 in water, and a fluorinated polymer in hydrofluoroether (image 

courtesy of Dr. Alexander Zakhidov). 

 

The resorcinarene photoresist can thus be spin-coated from hydrofluoroether 

solution directly on top of the organic active layer. There will be no damage to the 

organic layer due to the orthogonal nature of the fluorous and organic materials 

(Figure 4.2). An array of 300 P3HT:PCBM solar cells was patterned in this way and 

connected in series, achieving an open circuit voltage (VOC) of almost 90 volts. With 

this technique, it is possible to achieve high resolution using photolithography, and 

also incorporate the standard device architecture that has been optimized for polymer 

solar cells (Figure 4.1(b)).  

 

Experimental 

A schematic of the device fabrication process is shown in Figure 4.3. Glass substrates 

with unpatterned 15 Ω/ square indium tin oxide (ITO) (Kintec, Hong Kong) were 

cleaned by sonication in mild detergent, rinsed in de-ionized water, dried in a nitrogen 

stream and treated with a 10-min UV-ozone exposure.  The ITO was then patterned 
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with standard photolithography. Shipley 1813 photoresist was spin-coated onto the 

ITO, which was then selectively exposed using a HTG System III-HR Contact Aligner 

before being developed with AZ 300 MIF developer. The patterned photoresist was 

used as a mask for the wet etching of ITO by hydrochloric acid, which yielded an  

array of 300 ITO electrodes with a width of 40 μm and a 10 μm gap between 

electrodes (hence a 50 μm period). Residual photoresist was removed with acetone 

and isopropanol (IPA).  

 

 

 

 

 

   

 

 

 

Figure 4.3  Schematic of the device patterning process. 

 

The ITO array was cleaned once again by the same process as described above. 

PEDOT:PSS (Clevios PH 500) was then spin-coated on top at 6000 rpm, and then 

baked on the hot-plate at 170 C for 4 minutes. P3HT (American Dye Source) was 

dissolved in 1,2-dichlorobenzene at a concentration of 17 mg/ml, to which PCBM 

(Nano-C) was added at a concentration of 10 mg/ml (for a total of 27 mg/ml). The 

P3HT:PCBM blend was spin-coated at 600 rpm on top of the PEDOT:PSS to give a 

film about 200 nm thick.  
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Figure 4.4  Materials for fluorinated resorcinarene photoresist. 

 

The molecular structures of the materials used for the photoresist are shown in 

Figure 4.4. The resorcinarene and photoacid generator (PAG) were synthesized by Dr. 

Jin-Kyun Lee from the Ober group at Cornell. A mixture of the resorcinarene and a 

small amount of PAG (20:1 by weight) was dissolved in a 5:2 solvent mixture of HFE 

7500 hydrofluoroether solvent (3M) and propylene glycol methyl ether acetate 

(PGMEA) at a concentration of 20 % by weight. The purpose of PGMEA was to 

improve the solubility of the resorcinarene. PGMEA was found to have only a small 

effect on the performance of P3HT transistors,[126, 127] and had been utilized in the 

photolithographic patterning of P3HT.[131] This formulation was spin-coated on top of 

the P3HT:PCBM layer at 1000 rpm to form a photoresist about 1 μm thick.   
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The photoresist was patterned by selective exposure with a GCA Autostep 200 

DSW i-line Wafer Stepper, baked at 70 C for a minute, and then developed using 

HFE 7200 (3M) solvent. The patterned photoresist was then used as a mask for the dry 

etching of the P3HT:PCBM and PEDOT:PSS layers by oxygen plasma with a Oxford 

PlasmaLab 80+ RIE System. The residual photoresist was stripped by dipping the 

films into HFE 7200 with 10 % IPA. The addition of a small amount of IPA allows the 

HFE 7200 to dissolve the previously insoluble parts of the photoresist. The patterned 

active layer was designed to have a 5 μm offset with respect to the ITO, so that the 

effective width of the active region was 35 μm (Figure 4.5). Since the array had a 

period of 50 μm, this implied that the active region was 70 % of the total cell area. An 

optical microscopy image of the patterned ITO electrodes and active layers is shown 

in Figure 4.6.  

 

 

 

 

 

Figure 4.5  Dimensions of the solar cell array. 

 

 

 

 

   

 

 

Figure 4.6  Optical microscopy image of patterned ITO and active layers. 
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Finally, 4 Å of CsF and 300 Å of Al were deposited through a shadow mask by 

thermal evaporation under high vacuum (~106 torr) to create top electrodes with a 

width of 3 mm. The substrate was tilted at an angle of 45 with respect to the 

incoming stream of Al atoms (as shown in Figure 4.3) so that the Al will not come 

into contact with the bottom ITO as a result of the shadowing effect by the 

P3HT:PCBM active layer thus avoiding a short circuit. However, the Al electrode will 

be in contact with the ITO electrode of the adjacent cell, hence forming a series 

connection. The final configuration is an array of 300 solar cells in series, with a total 

length of 15 mm and width of 3 mm, which gives a total cell area of 45 mm2. A plan 

view of the completed device is shown in Figure 4.7.  

 

 

 

 

 

 

 

 

Figure 4.7  Photograph showing plan view of finished device. 

 

 For solar cell characterization, current-voltage (I-V) curves were obtained with 

a Keithley 236 source-measurement-unit (SMU) under AM 1.5 100 mW/cm2 

illumination from a Solar Light 16S-002 solar simulator.  The light output power was 

calibrated using a Newport 818P-010-12 thermopile high power detector, which has a 

flat response over a broad spectral range. A LabView program was used for 

instrument control and data acquisition.  

VHIGH

Al
 

Active 
layer 

15 mm



 

51 

Results and Discussion 

Various solar cell parameters, such as the open circuit voltage (VOC), short circuit 

current (JSC), fill factor (FF) and power conversion efficiency (PCE) were calculated 

from the I-V curves. The device was annealed at 160 C on a hotplate for 80 minutes, 

and was tested several times during the course of the annealing process. Solar cell 

characteristics as a function of annealing time are tabulated in Table 4.1.  

 
Table 4.1  Solar cell performance as a function of annealing time.  
Annealing Time 
[min] 

VOC 
[V] 

JSC

[mA/cm2] FF 
PCE
[%] 

0 0.36 0.001 0.26 0.0001 

8 65.4 0.016 0.32 0.35

16 77.4 0.017 0.34 0.44

32 84.2 0.016 0.30 0.41

48 86.0 0.016 0.26 0.35

64 89.0 0.016 0.24 0.34

80 89.6 0.014 0.24 0.31

 

The cell had a negligible VOC before thermal annealing, which is likely to be a 

result of imperfect Al shadowing by the active layer, creating microscopic shorts 

across the devices. A brief thermal annealing (8 minutes) caused the VOC to increase 

dramatically from 0.36 volts to 65.4 volts. Thermal annealing had been shown to lead 

to a restructuring of the organic layers,[29] which will help eliminate microscopic 

shorts.[111] The highest PCE of 0.44 % was achieved after 16 minutes of annealing, 

which is significantly better than previous reported values for high-voltage polymer 

cells.[123, 125] Further annealing decreased the PCE to 0.31 %, but VOC increased 

steadily to reach 89.6 volts after 80 minutes.  This increase in VOC with thermal 

annealing is reproducible and had been observed for cells with different thicknesses of 

the Al cathode. Evaporating a thick layer of Al will worsen the problem of 
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microscopic shorts and lead to a lower final VOC, while reducing the thickness will 

increase series resistance. The thickness reported here (300 Å) was found to be 

optimum.  

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 
 
Figure 4.8  Current voltage solar cell curves of (a) high-voltage solar cell array (b) 
single solar cell as control.  

 

 The final current-voltage curve of the solar cell array under AM 1.5 100 

mW/cm2 illumination is shown in Figure 4.8(a). The average voltage per cell is 0.3 

volts, while the current density for a single cell in the array is 4.2 mA/cm2 (assuming 

that each cell contributes the same current). The poor fill factor of 0.3 is likely due to 
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the high series resistance RS, which is estimated to be 105 Ω/cm2. This is perhaps to be 

expected, since there are 300 ITO-organic and 300 organic-metal junctions. In order to 

make a comparison, a single stand-alone 3 mm2 P3HT:PCBM cell was fabricated 

under essentially the same conditions as the solar cell array but without the 

photolithographic patterning steps. The current-voltage curve of this cell is shown in 

Figure 4.8(b). It achieved a VOC of 0.60 volts, JSC of 7.0 mA/cm2, FF of 0.59 and a 

PCE of 2.48 %, with a series resistance RS ~ 3 Ω/cm2. Thus, both the voltage and 

current values of a single cell in the solar cell array are at least half that of the stand-

alone control cell, which indicates that the array device architecture does not suffer 

from a huge performance drop. Even with the low fill factor taken into account, the 

PCE is still a fairly respectable 0.3 %, and compares favorably with previous reports 

of high-voltage organic solar cells.[123, 125] This result also indicates that the 

P3HT:PCBM layer can undergo oxygen plasma treatment while it is protected by the 

fluorinated photoresist, thus the P3HT:PCBM system appears to be fairly robust.  

 

Conclusion 

A high-voltage polymer solar cell array was successfully patterned using 

photolithography. The array produced an open circuit voltage approaching 90 volts, 

with a power conversion efficiency of 0.3 % under AM 1.5 100 mW/cm2 illumination. 

The VOC and JSC of a single cell in the 300-cell array are shown to be at least half that 

of a single stand-alone control cell fabricated under similar conditions. This indicates 

that photolithographic patterning via perfluorinated resocinarene photoresist is a viable 

technique for the fabrication of high-voltage polymer solar cells.  
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CHAPTER 5 

 

ELECTRON DEFICIENT PENTACENES AS ACCEPTORS FOR ORGANIC 

SOLAR CELLS 

 

Abstract 

A series of electron deficient pentacenes have been synthesized, and characterized for 

their effectiveness as acceptors in polymer bulk-heterojunction solar cells using P3HT 

as the donor material. All of the materials reported here were effective acceptors, 

including 6,13-bis(triisopropylsilylethynyl) (TIPS) pentacene, a known high mobility 

p-channel organic semiconductor. Variations in the position and nature of the electron-

withdrawing group on the pentacene core allowed tuning of device open-circuit 

voltage (VOC), while photocurrent was strongly correlated with acceptor crystal 

packing motif. Materials with 2D π-stacking interactions were found to perform 

poorly in comparison to materials with 1D π-stacking interactions. Tuning the 

trialkylsilylethynyl substitution on the most promising candidates surveyed led to a 

number of derivatives with power conversion efficiencies (PCE) greater than 1 %, and 

the best pentacene acceptor gave reproducible performance in excess of 1.2 %. 

  

Introduction 

The majority of research in the field of organic solar cells has centered on the 

development of new donor polymers,[35, 41-46, 132] and on improvements in processing 

conditions to yield optimum morphologies for charge transport.[26, 29, 34, 36] C60 and C70 

based fullerene derivatives have remained the de-facto standard acceptor in these 

systems,[35, 41-46, 132] and numerous design rules have been developed to yield improved 

polymer devices based on these acceptors.[38] PCBM (and PC71BM) remains the most 
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commonly used n-type material since the conception of bulk-heterojunction cells (see 

Table 1.1), recently yielding conversion efficiencies approaching 8 %.[41] 

Due to the impressive performance of fullerene-based acceptors, efforts to 

discover new acceptors for polymer bulk-heterojunction cells have to-date been quite 

limited.[133] The success of PCBM as a champion acceptor for organic solar cells is 

due to its ability to accept electrons from semiconducting polymers at ultrafast (~1012 

s) time scales,[19] and the nano-scale interpenetrating network that it forms with these 

polymers.[29] However, fullerenes suffer from several disadvantages such as poor light 

absorption in the visible spectrum,[134] hence they do not contribute significantly to the 

photocurrent of the solar cell. They are also known to produce reactive singlet oxygen 

under photo-excitation,[134] which can lead to device degradation. Furthermore, the 

synthesis of fullerenes typically involves high-temperature steps,[135, 136] hence 

fullerene production can be rather energy-intensive. In addition, freshly prepared 

fullerenes exist as a mixture of several products, and their purification can be 

challenging.[137] 

Besides PCBM and other fullerene derivatives, efficient organic solar cells 

have been fabricated predominantly from polymeric acceptors, with best reported 

efficiencies around 1.8 %.[138-140]  Polymeric acceptors have the advantages of good 

absorption in the visible and a higher LUMO energy level than PCBM, giving rise to a 

higher open-circuit voltage (VOC).[138-140] The polydispersity of polymers, however, 

increases fabrication complexity since performance has been shown to be correlated to 

molecular weight.[141] Furthermore, electron transport in some polymer acceptors is 

trap-limited,[142, 143] which reduces fill factor and lowers efficiency. 

The limitations of fullerene and polymeric acceptors make it desirable to 

explore non-fullerene small-molecule acceptors. Such acceptors, however, have 

performed rather poorly and are somewhat inferior to polymers. Acceptors based on 
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chromophores such as perylene diimide,[144] vinazene,[145] and diketopyrrolopyrrole[146, 

147] derivatives yielded bulk-heterojunction solar cells with power conversion 

efficiencies of 0.55 %, 0.75 % and 1.0 % respectively. Recently, Brunetti et al.[148] 

demonstrated an acceptor based on the 9,9’-bifluorenylidene back-bone which 

achieved a PCE of 1.7 % in a solar cell with P3HT as the donor, which is the best 

performance for non-fullerene small-molecule acceptors so far.  

The ease with which pentacene-based small-molecule acceptors can be 

synthetically tuned to improve charge transfer, charge transport and film morphology 

makes these compounds ideal candidates for a systematic study of their structure-

property relationships as bulk-heterojunction photovoltaic acceptors.[149] Adding a new 

class of high-performance acceptors to the suite of materials currently used for solar 

cell fabrication will further understanding of the transport and phase separation 

properties of acceptor systems in polymer bulk-heterojunction solar cells, and could 

yield molecular design insights for the improvement of organic photovoltaic 

acceptors, fullerene-based or otherwise. Thus a key aspect for such small molecule 

systems is their compatibility with currently optimized deposition techniques – these 

new acceptors must be studied essentially as drop-in replacements for PCBM, without 

excessive departure from the traditional processing techniques or device configuration.  

This work is a survey of soluble pentacene derivatives with electron-

withdrawing groups on the pentacene core. The impact of these groups on the open-

circuit voltage (VOC) of P3HT / pentacene bulk-heterojunction solar cells and the 

optimization of top candidates are reported. While transistor studies have shown that 

the addition of numerous electron-withdrawing groups is required to yield good n-type 

performance in pentacene-based semiconductors,[150] initial investigation of 

cyanopentacenes as organic photovoltaic acceptors showed that this high degree of 

substitution results in low VOC in solar cells; the best performance was obtained from 
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derivatives substituted with a single electron-withdrawing group.  Inspired by this 

result, a series of pentacene derivatives substituted with a single electron-withdrawing 

group were synthesized and studied.  Chloro, nitro, trifluoromethyl, perfluoroethyl and 

carboxymethyl derivatives were prepared. Recent reports of the positional sensitivity 

of electronic characteristics in pentacene derivatives[151] inspired the synthesis of 

derivatives containing the electron-withdrawing group at both the 1- and 2-position on 

the acene ring. Since initial investigations were focused on optimizing VOC, only the 

triisopropylsilyl derivatives were originally prepared.  Once materials with the best 

VOC were determined, the grain size and transport properties of the acceptors were 

then optimized by alterations in the trialkylsilyl group. Several of the resulting 

materials yield photovoltaic cells with power conversion efficiency (PCE) greater than 

1.0 %, and the best performing derivatives show PCE > 1.2 %. 

 

Experimental 

Most of the pentacene derivatives reported in this work were synthesized by Ying Shu 

from the Anthony group at the University of Kentucky, with contributions from Dr. 

Zhong Li and Balaji Purushothaman. Only the general synthetic schemes will be 

reported here; further details can be found in the published literature.[99, 100] 

The synthesis of trialkylsilylethynyl-substituted cyanopentacenes (Figure 

5.1) began by the condensation of 4,5-diiodobenzene-1,2-dicarbaldehyde[152] with 

either 1,4-cyclohexanedione, or 1,4-dihydroxyanthracene to yield tetraiodo or 

diiodo pentacenequinone. Ethynylithium solutions were prepared by treatment of 

the alkyne with n-butyl lithium, followed by addition of the quinone. After the 

quinone was fully dissolved, the reaction was quenched with saturated ammonium 

chloride solution, and the crude diol was isolated via silica chromatography. The 

diol was then deoxygenated and the resulting trialkylsilylethynyl iodopentacenes 



 

58 

were recrystallized from hexanes. They were then treated with KCN in the 

presence of a palladium catalyst and CuI to yield the desired cyanopentacenes. The 

reaction products are shown in Figure 5.2. Compound 1 was obtained as a by-

product of the synthesis of compound 4. 

 

 

 

 

 

 

 

 

 

 

Figure 5.1  General scheme for the synthesis of cyanopentacenes.  

 

 

 

 

 

 

 

 

  

 

Figure 5.2  Molecular structures of the cyanopentacenes. 
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The synthesis of the mono-substituted triisopropylsilyl pentacene targets is 

straightforward, generally arising from the addition of a lithium acetylide to the 

corresponding pentacenequinone, followed by deoxygenation with stannous chloride. 

Most of the necessary quinones were prepared either by aldol condensation between a 

substituted phthalaldehyde and 1,4-dihydroxyanthracene, or Cava reaction between an 

a,a,a'-tribromo o-xylene and 1,4-anthraquinone (Figure 5.3). The carboxymethyl 

derivative could not be prepared in this fashion, due to the higher reactivity of the 

acene substituent.  In this case, the corresponding iodopentacene was first synthesized, 

followed by Pd-mediated coupling of the desired functional group onto the pentacene 

core (similar to the cyanopentacene synthesis).  The synthetic products are shown in 

Figure 5.4. The un-substituted 6,13-bis(triisopropylsilylethynyl) (TIPS) pentacene 

(compound 14) is also tested for comparison. 

 

 

 

 

 
 
 
Figure 5.3  General synthetic approach to electron-deficient mono-substituted 
pentacenes (for R1 or R2 = CF3, Cl, CF2CF3, or NO2 and R3 = triisopropyl). 

 

 

 

 

 

 

Figure 5.4  Molecular structures of the mono-substituted pentacenes. 
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In order to estimate the HOMO and LUMO energies of these new materials, 

the compounds were subjected to solution electrochemical analysis by differential 

pulse voltammetry. This was performed with a BAS CV-50W voltammetric 

analyzer at room temperature with a platinum button working electrode, a platinum 

wire counter electrode and a silver wire pseudo-reference electrode, in a nitrogen-

purged 0.1M Bu4NPF6 solution in dichloromethane, using ferrocene/ferrocenium 

(Fc/Fc+) as an internal standard at a scan rate of 20 mV/s. The HOMO and LUMO 

levels are then calculated based on their values relative to Fc/Fc+ (4.8 eV), and are 

tabulated in Table 5.1.  
 
 
Table 5.1  HOMO and LUMO energy levels calculated from electrochemical data.  

Compound 
HOMO 
[eV] 

LUMO
[eV] 

EG

[eV] 

1 5.31 3.50 1.81

2 5.44 3.63 1.81

3 5.44 3.64 1.80

4 5.47 3.64 1.83

5 5.45 3.63 1.82

6 5.75 3.91 1.84

7 5.28 3.41 1.88

8 5.29 3.45 1.84

9 5.32 3.42 1.90

10 5.34 3.52 1.82

11 5.34 3.55 1.79

12 5.26 3.49 1.77

13 5.17 3.33 1.84

14 5.16 3.35 1.82

PCBM 6.10 3.70 2.40

P3HT 5.16 ~3.2 ~1.9
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Figure 5.5  Plot of HOMO and LUMO energy levels of (a) cyanopentacenes (b) 
mono-substituted pentacenes. 

 

The HOMO and LUMO energy levels are plotted in Figure 5.5 for easy 

comparison. A closer look at the cyanopentacenes (compounds 1-6; Figure 5.5(a)) 

shows many interesting trends. For instance, no significant differences in energy 

levels were observed between any of the dicyano-substituted pentacenes 

(compounds 2-5), indicating that energy levels are not altered by the various 

trialkylsilylethynyl (TIPS, TIBS, TCPS, TCHS respectively for compounds 2-5, 

see Figure 5.2) substitutions. On the other hand, the sequential addition of nitrile 

groups to the pentacene core (one nitrile group for compound 1, two groups for 

compounds 2-5, and four groups for compound 6) progressively depressed both the 

LUMO and HOMO of the material.  Neither the number of nitrile groups on the 

(A) 
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acene core nor changes in the trialkylsilyl group yield significant changes in the 

HOMO-LUMO gap of the pentacene. More importantly, all the pentacenes form 

type II semiconductor heterojunctions with P3HT, indicating their viability as 

acceptors.  

A comparison of the mono-substituted pentacenes (compounds 1, 7-13; Figure 

5.5(b)) shows slight variations in energy levels. As expected, the strongly electron-

withdrawing nitro substituent (compounds 10 and 11) gave rise to the lowest lying 

LUMO level, followed by nitrile (compound 1) and carboxymethyl (compound 12) 

substituents. Only small differences exist in the LUMO energies between pentacenes 

substituted on the 1-position versus those substituted on the 2-position with the same 

functional group (compounds 7 and 8, and compounds 10 and 11).   

Several of the pentacenes yielded crystals of sufficient quality for at least 

cursory structural analysis by single-crystal X-ray diffraction, performed by Dr. Sean 

Parkin at the University of Kentucky. Two of the most common crystal packing 

motifs for acenes used as organic semiconductors are the edge to face 

“herringbone” arrangement, and the face to face π-stacking arrangement.[153] 

Trialkylsilylethynyl substitution on acenes generally yields 1-D and 2-D π-stacked 

arrays.[154, 155] Among these pentacene derivatives, a common motif was a 1-D 

"slipped-stack" (Figure 5.6 (b)) arrangement adopted by compounds 6, 8, and 9. The 

resulting pairwise-stacked acenes are insulated from adjacent stacks by the 

substituents of those stacks.  Another common motif is the 1-D “sandwich-

herringbone” (Figure 5.6 (c)) structure adopted by compounds 1, 4, and 5. In this 

structure, two adjacent pentacene molecules π-stacked closely together in a 

“sandwich”, and these sandwiches then stack edge to face in a “herringbone” 

arrangement. Compounds 2, 3, and 11 adopted a 2-D “brickwork” (Figure 5.6(a)) 

packing similar to that of TIPS pentacene (compound 14).[156] Compounds 7, 10, 12 
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and 13 formed crystals that were of poor quality or were too small for analysis by 

single crystal x-ray diffraction.  

 

 

 

 

 

 

 

 

 

 
 
Figure 5.6  Crystal packing motifs of the pentacenes: (a) 2-D “brickwork” (b) 1-D 
“slipped-stack” (c) 1-D “sandwich-herringbone”. 

 

Solar cells were fabricated on pre-patterned ITO coated glass substrates, which 

were cleaned by sonication in a mild detergent, rinsed in de-ionized water, dried in a 

nitrogen stream, and treated with a 10-minute UV-ozone exposure. PEDOT:PSS was 

filtered through a 0.45 μm PVDF syringe filter, and then deposited by spin-coating at 

6000 rpm for 60 seconds. The PEDOT:PSS layer was baked on a hot-plate at 170 C 

for 4 minutes to remove residual solvent. The samples were then transferred into a 

nitrogen-filled glovebox, in which all subsequent processing steps were carried out. 

P3HT and pentacene acceptor were dissolved in toluene or a toluene/dichlorobenzene 

solvent mixture at a 1:1 ratio to give a total concentration of 20 mg/ml.  The 

semiconductors were applied by spin-coating on top of the PEDOT:PSS layer at 1000 

rpm for 60 seconds. Finally, 4 Å of CsF and 400 Å of Al were thermally evaporated 
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under high vacuum (~106 Torr) to form the cathode for the devices. A shadow mask 

was used in the evaporation to define a device active area of 3 mm2. A schematic of 

the device stack is shown in Figure 5.7. 

 

 

 

 

 

 

Figure 5.7  Schematic of the solar cell device stack.  

 

Solar cell current-voltage (I-V) curves were obtained with a Keithley 236 

source-measurement-unit (SMU) under AM 1.5 100 mW/cm2 illumination from a 

Solar Light 16S-002 solar simulator.  Light output power was calibrated using a 

Newport 818P-010-12 thermopile high power detector, which has a flat response over 

a broad spectral range. Spectral mismatch was not taken into account in these 

measurements. In general, 4-5 devices were tested per acceptor, and values reported 

here are averaged over these devices. 

Film morphology was investigated using tapping mode atomic force 

microscopy (AFM) as well as optical microscopy. AFM images were taken with a 

Digital Instruments Dimension 3100 Atomic Force Microscope, with a scan area of 5 

μm by 5 μm. Optical microscopy was done using an Olympus MX50 optical 

microscope equipped with a high-resolution digital camera. In order to study the 

spectral response of the solar cells, external quantum efficiency (EQE) spectra were 

measured for the best performing cells. This was done using a Newport 1000 W xenon 

lamp coupled to an Oriel Cornerstone 260 ¼ m monochromator as the light source, a 

GLASS 

ITO

PEDOT:PSS 

CsF/Al 

P3HT:Pentacene
blend
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Keithley 236 SMU to measure short circuit current, and a Newport 918D-UV3-OD3 

low power detector to monitor the light intensity. The EQE data was compared to UV-

Vis absorption spectra obtained using a Shimadzu UV-3101PC UV/Vis/Near-IR 

Spectrophotometer.  

 

Results and Discussion 

Initial studies of solar cell performance were done with the cyanopentacenes to 

investigate the effects of number of electron-withdrawing groups as well as the 

trialkylsilylethynyl solubilizing group. All solar cells were fabricated with a 1:1 

blend of P3HT : cyanopentacene spin-coated from pure toluene. The results are 

summarized in Table 5.2. 

 
Table 5.2  Solar cell performance of P3HT : cyanopentacene cells.  

Acceptor Crystal packing 
VOC

[V] 
JSC

[mA/cm2] FF 
PCE 
[%] 

1 1-D “sandwich-
herringbone” 

0.84 2.45 0.36 0.74 

2 2-D  
“brickwork” 

0.58 0.44 0.38 0.10 

3 2-D  
“brickwork” 

0.50 0.67 0.37 0.12 

4 1-D “sandwich-
herringbone” 

0.54 1.93 0.41 0.43 

5 1-D “sandwich-
herringbone” 

0.60 1.16 0.38 0.26 

6 1-D “slipped-
stack” 

0.44 0.36 0.40 0.06 

 

 The first observation was that acceptors that pack in a 1-D “sandwich-

herringbone” motif (compounds 1, 4, and 5) greatly out-performed the others. A 

comparison of compounds 2 - 5 shows that crystal packing is greatly influenced by the 

trialkylsilylethynyl solubilizing group. TIPS and TIBS (compounds 2 and 3) gave 

rise to 2-D “brickwork” packing, while 1-D “sandwich-herringbone” was obtained 
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from TCPS and TCHS (compounds 4 and 5). Optical microscopy was used to probe 

film morphology of these pentacene derivatives. Figure 5.8(a) shows a film spin-

casted from a 1:1 blend of P3HT and compound 2, showing the formation of large 

(~10-20 μm) crystals. In fact, the films appeared cloudy after spin-coating, due to light 

scattering from these crystals. Since it is desirable to have donor-acceptor domains of 

~10 nm in size for efficient exciton dissociation to occur,[29] the large scale phase 

separation observed here is the likely cause of the low JSC and PCE of these cells. 

Strong inter-molecular interactions due to 2-D π-stacking may be the reason for the 

formation of such large crystals. In contrast, a film spin-coated from a blend of P3HT 

and compound 4 does not exhibit large crystal formation (Figure 5.8(b)), probably 

due to weaker π-stacking interactions in the solid state. Therefore, such materials may 

produce a better film morphology for exciton dissociation. This general observation 

was noted over all of the 1-D and 2-D π-stacking materials examined in this study.  

Hence, similar to a previously reported result with 1-D π-stacking anthradithiophene-

based donors,[157] organic solar cells show the opposite performance trend as 

compared to organic thin film transistors (OTFTs), for which 2-D π-stacking materials 

were found to give the highest transistor mobilities.[149] 

 

 

 

 

 

 

 

 
Figure 5.8  Optical microscopy images of films from (a) blend of P3HT and 
compound 2 (b) blend of P3HT and compound 4.  

(A) (B) 
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The HOMO / LUMO energy levels of the cyanopentacenes can explain the 

differences in the VOC. By comparing the energy levels in Figure 5.5(a) and the VOC 

values in Table 5.2, it is clear that the VOC trend is consistent with the design rules 

published by Scharber et al.,[38] which stipulate that a larger difference between the 

donor HOMO and the acceptor LUMO energy levels will lead to higher VOC 

(Equation 1.3). It is thus not surprising that the highest VOC of 0.84 V was obtained 

with compound 1 which has the highest lying LUMO at 3.50 eV. The ability to tune 

HOMO / LUMO energy levels of the cyanopentacenes is thus a great advantage of this 

family of acceptors, since it allows control of the VOC. The VOC value of 0.84 V also 

compares favorably with the VOC of ~ 0.60 V for P3HT:PCBM based solar cells 

(Figure 4.8(b)). 

 Further device optimization was performed on compound 1, the most 

promising of the cyanopentacenes. The high tendency for pentacene to crystallize and 

create large donor/acceptor domains suggests that suppression of pentacene 

crystallization during film formation can lead to improved performance. It has been 

shown that the addition of alkanedithiols to a solution of PCPDTBT and PCBM prior 

to spin-coating dramatically improved the performance of the PCPDTBT:PCBM 

cell.[34, 36] Alkanedithiol additives have a higher boiling point than the host solvent,[36] 

and subsequent work showed that the improved device performance is due to the 

selective dissolution of one of the blend components during the spin-casting process 

thus giving rise to a more optimum film morphology.[36] This inspired the idea to 

experiment with solvent mixtures to improve the cell performance of devices 

containing the pentacene acceptors. 1,2-dichlorobenzene (DCB) seems to have the 

appropriate combination of solvating power and high boiling point to serve as an 

additive for our new acceptors, and its ability to “solvent anneal” both P3HT and 

acene-based materials.[30, 157] 
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Figure 5.9  AFM images of films from blends of P3HT and compound 1 spin-casted 
from (a) pure toluene (b) toluene and DCB solvent mixture. 

       

A series of comparative studies showed that a blend of P3HT and compound 1 

(1:1 ratio by weight) spin-casted from a toluene/DCB solvent mixture at a 10:3 ratio 

by volume yielded the highest performing devices.  No thermal annealing was 

performed on the finished devices, since this was typically found to degrade device 

performance. Clear morphological changes were observed by AFM as the proportion 

of DCB was increased (Figure 5.9), suggesting suppression of large crystal formation 

in one of the semiconductor components and a more uniform grain size.  From 

toluene-casted films, large, coarse crystalline-looking features can be seen (Figure 

5.9(a)), yielding an rms roughness of 22.0 nm. The film casted from a toluene/DCB 

mixture (Figure 5.9(b)) possesses finer features with a significantly lower film rms 

roughness (9.1 nm), suggesting more intimate contact between the donor and acceptor 

phases. Under these conditions, the device performance of compound 1 was improved 

to yield a VOC of 0.84 V, JSC of 3.56 mA/cm2, FF of 0.42, and a PCE of 1.27 %. This 

is a significant increase in efficiency compared to the device spin-casted from pure 

toluene that gave just 0.74 %. Current-voltage (I-V) curves under 100 mW/cm2 AM 

1.5 illumination are plotted in Figure 5.10 to illustrate this performance enhancement.  

 

(A) (B) 
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Figure 5.10  Comparison of current-voltage (I-V) curves of solar cells from a blend of 
P3HT and compound 1 spin-casted from pure toluene versus a toluene/DCB mixture. 

 
Table 5.3  Solar cell performance of the mono-substituted pentacene acceptors 
processed with the optimized toluene/DCB mixture.  

Acceptor Crystal packing 
VOC

[V] 
JSC

[mA/cm2] FF 
PCE 
[%] 

1 1-D “sandwich-
herringbone” 

0.84 3.56 0.42 1.27 

7 N/A 
 

0.59 0.54 0.32 0.10 

8 1-D “slipped-
stack” 

0.70 1.86 0.32 0.41 

9 1-D “slipped-
stack” 

0.67 2.07 0.33 0.46 

10 N/A 
 

0.56 0.27 0.32 0.05 

11 2-D  
“brickwork” 

0.64 0.49 0.28 0.09 

12 N/A 
 

0.86 1.05 0.39 0.35 

13 N/A 
 

0.70 0.94 0.37 0.24 

14 2-D  
“brickwork” 

0.79 0.24 0.39 0.08 

 

The success of the mono-substituted cyanopentacene inspired the synthesis of 

other pentacene derivatives with a single electron-withdrawing group (Figure 5.4). 

These mono-substituted pentacenes were then studied using the optimized fabrication 
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procedure described above, and their device performances are shown in Table 5.3. As 

before, almost all devices show higher VOC than a typical P3HT:PCBM cell (VOC ~ 

0.6 V), which is due to the higher lying LUMO levels of the pentacene-based 

acceptors. It is noteworthy that even the un-substituted TIPS pentacene (compound 

14), a known high-mobility p-type semiconductor in OTFTs,[158] can function as an n-

type acceptor to P3HT thus suggesting that these materials are ambipolar in nature. In 

general, the materials whose π-stacking motif approaches 1-D π-stacking exhibit 

higher JSC and hence higher PCE, consistent with previous observations for the 

cyanopentacenes. A significant impact of the substitution pattern on the VOC of the 

solar cells is observed.  Derivatives substituted on the 1-position of the acene 

(compounds 7 and 10) showed demonstrably lower VOC than derivatives containing 

the same electron-withdrawing group at the 2-position (compounds 8 and 11).  The 

magnitude of this difference (in all cases > 0.05 V) is significantly greater than would 

be estimated from the differences in LUMO energies (on the order of 0.0 – 0.04 eV). 

Contributing to this phenomenon may be the very different crystallinity of the 1-

substituted vs. the 2-substituted derivatives – as mentioned previously, none of the 1-

substituted derivatives yielded crystals suitable for crystallographic analysis. 

The nitro (NO2) and perfluoroethyl (CF2CF3) groups are strongly electron-

withdrawing and yielded unacceptably low VOC, while the trifluoromethyl (CF3), 

chloro (Cl) and carboxymethyl (COOCH3) derivatives were deemed worthy of further 

exploration. In the cynanopentacene study, derivatives adopting a 1-D “sandwich-

herringbone” crystal packing arrangement (e.g. compound 1) yielded the highest JSC in 

blends with P3HT.  The silylethyne route to acene functionalization allows facile 

tuning of crystal packing by simple changes to the silane, and a number of newly 

synthesized derivatives were screened for this crystal packing motif.  While the 

carboxymethyl derivative could not be altered to yield the desired crystal packing, 
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both the trifluoromethyl derivative 15 (requiring the TIBS substituent) and the chloro 

derivative 16 (requiring the TCPS substituent) did yield the desired motif (Figure 

5.11).  It is worth noting that the trifluoromethyl derivative also yielded materials with 

motifs not screened for OPV performance before; a simple 1-D "slipped-stack" motif 

(compound 17, TCPS substituent) and an unusual "cruciform" version of this motif, 

where alternate pentacene units are rotated by approximately 90° relative to their 

neighbors in the stack (compound 18, tri-n-propylsilyl (TNPS) derivative).   

 

 

 

 

 

 

 

 

 

 

Figure 5.11  Molecular structures and crystal packing of compounds 15-18. 

 
Table 5.4  Solar cell performance of acceptors 15-18.  

Acceptor Crystal packing 
VOC

[V] 
JSC

[mA/cm2] FF 
PCE 
[%] 

15 1-D “sandwich-
herringbone” 

0.80 3.17 0.50 1.26 

16 1-D “sandwich-
herringbone” 

0.95 2.44 0.43 1.00 

17 1-D “slipped-
stack” 

0.78 3.23 0.33 0.83 

18 1-D “slipped-
stack” 

0.62 1.05 0.27 0.18 

 

15 

16 

17 

18 
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Solar cell performances of these compounds are shown in Table 5.4. Once 

again, it is observed that materials adopting a 1-D “sandwich-herringbone” crystal 

packing arrangement (compounds 1, 15, 16) yield the highest device currents and fill-

factors.  The requirement of a strongly one-dimensional packing motif for best 

performance is further supported by the high performance of compound 17, which, 

although not adopting the sandwich herringbone motif, still packs in a 1-D “slipped-

stack” arrangement.  

     As a preliminary study of the stability of these new materials, their operational 

performance was characterized after exposure to ambient air alongside that of a 

traditional P3HT / PCBM device fabricated at the same time.  The power conversion 

efficiency (PCE) is plotted over time in Figure 5.12 as a fraction of the initial PCE 

before air exposure. The device lifetime of pentacene-based materials was comparable 

to that of the simultaneously measured PCBM-based device, with the perfluoroethyl 

(CF2CF3) derivative (compound 9) showing the greatest stability. 

 

 

 

 

 

 

 

 

      
Figure 5.12  Comparison of device lifetimes of pentacene-based vs. PCBM-based 
solar cells.  
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To investigate the spectral response of these acceptors, the EQE spectrum of 

the best acceptor (compound 1) in a blend with P3HT was acquired (Figure 5.13(a)). 

The peak EQE is above 25% at around 500 nm for this device, corresponding to the 

peak absorption of P3HT (Figure 5.14). The smaller peaks at around 330 nm and 670 

nm correspond to the absorption peaks of compound 1 (Figure 5.14), showing that it 

too is contributing to the generation of photocurrent outside the absorption window of 

P3HT, hence extending the spectral response of the P3HT solar cell. For comparison 

with PCBM, normalized EQE spectra are plotted in Figure 5.13(b). It clearly shows 

that the pentacene-based cell has a photo-response that goes further into the red than 

the PCBM-based cell, hence capturing a larger fraction of the solar spectrum. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 5.13  (a) EQE spectrum of a cell from a blend of P3HT and compound 1 (b) 
normalized EQE spectra comparison between P3HT : PCBM and P3HT : 1. 

(A) 

(B) 
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Figure 5.14  UV-Visible absorption spectra of P3HT, PCBM and compound 1. 

 

Conclusion 

A wide variety of silylethyne-substituted pentacene derivatives have successfully 

served as effective acceptors in P3HT-based bulk-heterojunction solar cells. An 

improved fabrication procedure was used that exploits solvent mixtures to yield better 

film morphology. The nature, position and number of electron-withdrawing groups 

substituted onto the pentacene core were all found to impact the device VOC.  The 

electron-deficient pentacene acceptors led to devices with voltages higher than 

typically observed with PCBM acceptor. After determining the substituents yielding 

the best voltage, optimization of the acceptor crystal packing by changing the alkyl 

groups on the silyl substituent led to improvements in device JSC, yielding three new 

acceptors all with power conversion efficiency > 1.0 %.  The best derivatives, cyano 

(CN) substituted compound 1 and trifluoromethyl (CF3) substituted compound 15, had 

PCE > 1.2%.  The wide array of pentacene derivatives that yielded efficient solar 

cells, along with the ease with which new derivatives can be prepared, make these 

pentacenes a versatile platform for the development of structure-property relationships 

for organic photovoltaic acceptors.  
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CHAPTER 6 

 

ACENE ACCEPTORS FOR IMPROVED RESPONSE TO THE SOLAR 

SPECTRUM 

  

Abstract 

Electron-deficient pentacenes were shown to be efficient acceptors for polymer solar 

cells. In this work, two more acene families, namely hexacenes and 

anthradithiophenes, are investigated as solar cell acceptors. The strategy of attaching 

electron withdrawing substituents to the acene backbone once again proved successful 

in converting the previously p-type acenes into acceptors. The hexacenes are shown to 

extend the spectral response of P3HT-based solar cells to about 800 nm, which is 

further into the infra-red than what the pentacene acceptors are capable of. 

Anthradithiophenes, on the other hand, possess a high-lying LUMO, giving rise to 

VOC approaching 1.1 volts and PCE of 0.8 % when used as acceptors to P3HT. They 

also show light absorption up to about 600 nm, and can potentially complement the 

absorption spectra of emerging low band-gap polymers.  

  

Introduction 

In the previous chapter, detailed reasons were given for the need to explore alternative 

acceptors to fullerenes for organic solar cells, and will not be repeated here. Electron-

deficient pentacenes were shown to be fairly successful as acceptors, achieving 

efficiencies in excess of 1.2 %. Being of lower band-gap than P3HT, they extended the 

spectral response of P3HT-based solar cells to about 700 nm (Figure 5.14).  

 In order to further extend the spectral response, it makes sense to explore 

acceptors with even lower band-gaps. Since electrons in organic semiconductors can 
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be modeled as particles in a box (see Chapter 1), extending the orbital delocalization 

by going to a higher acene like hexacene is the obvious step to reduce the band-gap. 

The band-gap of hexacene is 1.6 eV,[159] as compared to 1.9 eV for pentacene.[21] 

While electronic devices based on pentacene and the smaller acenes like anthracene 

and tetrecene have been widely studied,[149] no device studies based on hexacene has 

been reported, which is likely due to its poor stability.[159] Recently, Payne et al. has 

shown that attachment of trialkylsilylethnyl groups to the hexacene core not only 

imparts solubility to the molecule but also makes it stable enough to be studied in 

solution.[159]  

  

 

 

 

 

 

 

 

 

 
Figure 6.1  Molecular structures and band-gaps of anthradithiophene, pentacene, and 
hexacene. 

 

 In comparison, anthradithiophene (ADT) is a lot more stable and has been 

investigated extensively for applications in organic thin film transistors[160, 161] 

(OTFTs) as well as in solar cells.[157] An OTFT based on a spin-coated film of a 

soluble derivative, 2,8-difluoro-5,11-bis(triethylsilylethynyl) anthradithiophene (diF-

TESADT), achieved a carrier mobility of 1.5 cm2/Vs,[160] while a transistor based on a 
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single-crystal of the same material gave a mobility as high as 6 cm2/Vs.[161] The rather 

large 2.2 eV band-gap of ADT[157] implies limited absorption of the solar spectrum 

when used in solar cells, but also means that larger VOC is possible (see Equation 1.3). 

A solar cell based on the ADT derivative 2,8-diethyl-5,11-bis(triethylsilylethynyl) 

anthradithiophene (ethyl-TES-ADT)  as the donor and PCBM as the acceptor achieved 

a VOC of 0.84 V and a PCE of 1.0 %.[157] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.2  Molecular structures of hexacene and ADT acceptors investigated in this 
work.  

 

 In this work, two hexacene and two ADT derivatives are investigated as 

acceptors to P3HT, as shown in Figure 6.2. Fluorination of the backbone of an 
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organic semiconductor, CuPc, led to a dramatic increase in stability.[162] The partially 

fluorinated hexacenes, tetrafluoro-7,14-tricyclopentylsilylethynyl-hexacene (F4-

TCPS-Hn) and tetrafluoro-7,14-tricyclohexylsilylethynyl-hexacene (F4-TCHS-Hn), 

are thus expected to exhibit similar improved stability. Meanwhile, the ADT acceptors 

are functionalized with a triethylsilylethynyl (TES) solubilizing group and an amide 

electron-withdrawing (pyrrolidine) group. ADTs are usually prepared and studied as 

inseparable mixtures of the syn and anti regioisomers. Therefore, the precursors of 

amide functionalized ADTs (ADTAs) in this study, including ADT quinone, 

dibromide, dicarboxylic acid and diacid chloride, were only accessible as mixtures. 

The as-synthesized amide (mix-ADTA) was also a mixture showing no sign of isomer 

separation on silica thin film chromatography. However, it was noticed that in certain 

solvents, such as toluene and chlorobenzene, syn- and anti-ADTAs crystallized 

independently out of the isomer mixture to form distinct crystals. Thus, gram-scale 

isomerically-pure ADTAs can be easily obtained using a simple, scalable fractional 

crystallization process. 

 

Experimental 

Hexacene and isomerically-pure ADTA acceptors were synthesized by Balaji 

Purushothaman and Dr. Zhong Li respectively from the Anthony group at University 

of Kentucky. They also performed the electrochemical studies, while Dr. Sean Parkin 

from the University of Kentucky did the single crystal x-ray diffraction to determine 

crystal packing.  

 HOMO / LUMO energy levels of the acceptors were obtained by 

electrochemical analysis, performed on a BASi Epsilon potentiostat. The experiments 

were done under a stream of nitrogen in a 0.1 M solution of tetra-nbutylammonium 

hexafluorophosphate as a supporting electrolyte in anhydrous o-dichlorobenzene. The 
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experiments were carried out using platinum electrodes at a scan rate of 100 mV/s 

against Ag wire as a pseudoreference electrode at room temperature. Ferrocene was 

used as a reference oxidation potential. Calculated HOMO / LUMO energy levels are 

shown in Figure 6.3. Similarly to the pentacene acceptors, a change in the solubilizing 

group from TCPS to TCHS has little effect on the HOMO and LUMO levels of the 

hexacenes. The two isomers of the ADTA also have virtually identical energy levels.  

 

  

 

 

 

 

 

Figure 6.3  HOMO and LUMO energy levels calculated from electrochemical data. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4  Crystal packing of the hexacenes and ADTAs. 

F4-TCHS-Hn 

syn-ADTA anti-ADTA 
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 On the other hand, there are significant differences in the crystal packing 

(Figure 6.4). F4-TCHS-Hn exhibits a 1-D π-stacking arrangement, while F4-TCPS-

Hn does not yield crystals of sufficient quality for single-crystal x-ray diffraction 

analysis. In the case of syn-ADTA, there are two asymmetric units per unit cell, which 

contains two ADTA molecules and two toluene molecules. The two ADTA molecules 

are related by an inversion center with strong π-π interaction (~ 3.4 Å) and opposing 

dipole moments, resulting in a strong 1-D π-π stacking motif. However, anti-ADTA 

forms twin-crystals which do not contain any solvent molecules. A herringbone 

packing motif was observed, with no π-π interactions between molecules within stacks 

because of the complete facial offset of adjacent ADT core. This suggests that charge 

transport and hence device performance will be poor for anti-ADTA. 

Solar cells were fabricated on pre-patterned ITO coated glass substrates, which 

were cleaned by sonication in a mild detergent, rinsed in de-ionized water, dried in a 

nitrogen stream, and treated with a 10-minute UV-ozone exposure. PEDOT:PSS was 

filtered through a 0.45 μm PVDF syringe filter, and then deposited by spin-coating at 

6000 rpm for 60 seconds. The PEDOT:PSS layer was baked on a hot-plate at 170 C 

for 4 minutes to remove residual solvent. The samples were then transferred into a 

nitrogen-filled glovebox, in which all subsequent processing steps were carried out. 

For hexacene cells, P3HT and hexacene were dissolved in toluene at a ratio of 1:1 by 

weight to give a total concentration of 20 mg/ml. For ADTA cells, P3HT and ADTA 

were dissolved in toluene at a weight ratio of 1:0.6 to give a total concentration of 16 

mg/ml. The solutions were stirred thoroughly before being spin-coated on top of the 

PEDOT:PSS layer at 1000 rpm for 60 seconds. Finally, 4 Å of CsF and 400 Å of Al 

were thermally evaporated under high vacuum (~106 Torr) to form the cathode for the 

devices. A shadow mask was used in the evaporation to define a device active area of 

3 mm2. 
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Solar cell current-voltage (I-V) curves were obtained with a Keithley 236 

source-measurement-unit (SMU) under AM 1.5 100 mW/cm2 illumination from a 

Solar Light 16S-002 solar simulator.  Light output power was calibrated using a 

Newport 818P-010-12 thermopile high power detector, which has a flat response over 

a broad spectral range. Spectral mismatch was not taken into account in these 

measurements. In general, 4-5 devices were tested per acceptor, and values reported 

here are averaged over these devices. In order to study the spectral response of the 

solar cells, external quantum efficiency (EQE) spectra were measured for the best 

performing cells. This was done using a Newport 1000 W xenon lamp coupled to an 

Oriel Cornerstone 260 ¼ m monochromator as the light source, a Keithley 236 SMU 

to measure short circuit current, and a Newport 918D-UV3-OD3 low power detector 

to monitor the light intensity. The EQE data was compared to UV-Vis absorption 

spectra of thin films of the acceptors (Figure 6.5), obtained using a Shimadzu UV-

3101PC UV/Vis/Near-IR Spectrophotometer.  

 

 

 

 

 

 

 

 
 
 
Figure 6.5  UV-Vis absorption spectra of thin films of the hexacene and ADTA 
acceptors. 
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Results and Discussion 

UV-Vis absorption spectra of thin films of the acceptors are shown in Figure 6.5. As 

to be expected from the low hexacene band-gap (1.6 eV), the hexacene acceptor 

exhibits significant absorption up to around 800 nm. The higher band-gap (2.1 eV) of 

ADTA means that it does not absorb much beyond 600 nm. However, it can 

potentially be used as an acceptor to the emerging high-performance low band-gap 

polymers which typically have poor absorption in the 400-500 nm wavelength 

range.[35, 41] The absorption of the ADTA will therefore complement nicely the 

absorption spectra of these low band-gap polymers. 

  

 

 

 

 

 

 

 
Figure 6.6  Current voltage curves of P3HT : hexacene blend cells under AM 1.5 100 
mW/cm2 illumination. 

 
Table 6.1  Solar cell performance of hexacene acceptors.  

Acceptor 
VOC 
[V] 

JSC

[mA/cm2] FF 
PCE
[%] 

F4-TCPS-Hn 0.11 0.20 0.28 0.006

F4-TCHS-Hn 0.30 0.33 0.30 0.030

 

 The current-voltage curves of P3HT : hexacene blend cells are plotted in 

Figure 6.6, while their performance is summarized in Table 6.1. It is noteworthy that 
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these are the first devices that have been fabricated from hexacene. The devices show 

minimal degradation (less than 5 %) in efficiency after light exposure for 5 minutes, 

thus validating that the fluorination approach to improving stability. The better 

performance of the TCHS derivative is probably due to superior crystal packing.  

 

 

 

 

 

 

 

 
Figure 6.7  EQE of P3HT : F4-TCHS-Hn blend cells. Inset shows a close-up of the 
plot near the absorption edge of the hexacene. 

 

 A plot of the external quantum efficiency (EQE) of the best hexacene cell is 

shown in Figure 6.7. While the peak EQE at 500 nm corresponds to P3HT absorption 

(Figure 5.14), there is clearly photocurrent up to about 800 nm which corresponds to 

the absorption edge of the hexacene (Figure 6.5). Thus, even though the efficiency is 

not spectacular, the hexacene definitely contributes to the photocurrent and is effective 

at extending the spectral response of P3HT cells even further into the infra-red than 

pentacene acceptors (Figure 5.13). Further improvements in crystal packing and / or 

material stability may lead to better performance.   

 Solar cell performance of the P3HT : ADTA blend cells are summarized in 

Table 6.2. In most literature work, ADT derivatives were studied as syn/anti mixtures 

due to the great challenge in the preparation of isomerically pure materials. Although 

excellent device properties were still achieved,[161] the impact of isomeric impurity on 
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materials properties remains unclear. From Table 6.2, it is clear that solar cells based 

on syn-, mix- and anti-ADTAs demonstrated performance differences based on 

isomer and isomer purity. The performance expected from the crystal structures was 

mirrored by the devices; compared to the barely functioning devices based on anti-

isomer, syn-ADTA yielded much better cell efficiency up to 0.8 %. Furthermore, mix-

ADTA, the as-synthesized isomer mixture, yielded device performance intermediate 

between the two pure isomers. Most likely, when this statistical mixture was used 

without purification, anti-ADTA behaved as an essentially inactive impurity, forming 

poorly-functioning crystalline domains that simply degraded the cell performance set 

by syn-ADTA. Finally, device performance is enhanced after a brief (120 C for 1 

minute) post-fabrication thermal annealing, which is a processing advantage for the 

ADTA acceptors as compared to pentacenes or hexacenes which suffer performance 

degradation with thermal treatment. 

 
Table 6.2  Solar cell performance of ADTA acceptors.  

Acceptor 
VOC 
[V] 

JSC

[mA/cm2] FF 
PCE
[%] 

As fabricated 

syn-ADTA 0.88 1.31 0.31 0.36

mix-ADTA 0.59 0.72 0.29 0.13

anti-ADTA 0.06 0.30 0.25 0.004

After brief thermal annealing (120 C for 1 minute) 

syn-ADTA 1.05 1.93 0.39 0.80

mix-ADTA 0.59 0.55 0.28 0.09

anti-ADTA 0.10 0.30 0.26 0.008

 

 The VOC of the best device based on syn-ADTA (1.05 V) is one of the highest 

reported for P3HT-based solar cells. This is to be expected due to the high-lying 

LUMO (3.21 eV) of ADTA (Figure 6.3). In fact, the measured LUMO of ADTA is 
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almost the same as that of P3HT. The P3HT LUMO value indicated here is just an 

estimate based on optical data and not actually calculated from electrochemistry, 

hence the LUMO offset between P3HT and ADTA may be greater than indicated. 

Nevertheless, it is a concern since it was assumed that a minimum LUMO offset of 0.3 

eV is necessary for efficient electron transfer.[38] However, a recent report 

demonstrated an efficient (1.7 % PCE) solar cell with a LUMO offset of just 0.1 

eV,[163] thus the minimum required offset may be smaller than previously believed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 6.8  Current-voltage curves in the dark and light (AM 1.5 100 mW/cm2) of 
solar cells from a blend of P3HT and (a) syn-ADTA (b) anti-ADTA. 

 

 It is also worth noting that there is huge contrast in the VOC of these test cells. 

The identical LUMO energies of the two isomers makes this difference unusual, since 

(A) 

(B) 
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VOC is typically estimated based on the energy offset between the HOMO of donor 

and the LUMO of acceptor (Equation 1.3). However, other factors also contribute to 

VOC, as demonstrated by a more sophisticated equation derived by Kippelen and co-

workers:[164]  

 

           (Equation 6.1) 

 

where n is the diode ideality factor, k is Boltzmann’s constant, T is temperature, e is 

the charge of an electron, JSC is the short circuit current, and J0 is the dark current at 

large reverse bias. From Equation 6.1, it is clear that a larger dark current leads to 

smaller VOC. Current voltage curves of the P3HT : ADTA cells are plotted in Figure 

6.8, both in the dark and under AM 1.5 100 mW/cm2 illumination. It is clear that the 

dark current for anti-ADTA is about an order of magnitude larger than that for syn-

ADTA, thus resulting in a much smaller VOC for the former. The larger dark current 

for anti-ADTA is likely due to poor film quality resulting in leakage current through 

the pin-holes in the film.  

 

 

 

 

 

 

 

 

Figure 6.9  EQE spectrum of P3HT : syn-ADTA solar cell.  
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 The EQE of the best P3HT : syn-ADTA solar cell is plotted in Figure 6.9. The 

peak value is around 12 % at wavelengths of 500 nm and 550 nm. Since the absorption 

spectra of P3HT and ADTA (Figures 5.14 and 6.5) are somewhat similar, it is 

difficult to determine for certain if the ADTA is contributing to the photocurrent. 

However, the 0.2 eV HOMO offset (Figure 6.3) means that hole transfer from the 

ADTA to P3HT is energetically favorable, thus ADTA is expected to contribute 

significantly. 

 

Conclusion 

The first device based on hexacene is demonstrated, exploiting the improvement in 

stability from partial fluorination of the hexacene core. EQE of solar cells from a 

blend of P3HT and hexacene acceptor show photocurrent at 800 nm, way beyond the 

absorption edge of P3HT and proved that the hexacenes are effective at extending the 

spectral response of P3HT cells. In addition, it has been successfully demonstrated 

that the introduction of amide groups has converted p-type anthradithiophenes into 

electron-deficient materials that can be used as novel acceptors in polymer solar cells. 

Furthermore, it produced differential self-assembly of the syn- and anti- isomers that 

allowed for the first time the separation and property evaluation of isomerically pure 

ADTs. This class of amide functionalized ADT acceptors features high VOC 

approaching 1.1 volts in P3HT based solar cell with PCE of 0.8 %. 
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CHAPTER 7 

 

COPPER OXIDE NANOCRYSTALS FOR LIGHT-HARVESTING 

APPLICATIONS 

 

Abstract 

Earth abundant, non-toxic and low band-gap materials like copper (I) oxide (Cu2O) 

and copper (II) oxide (CuO) are attractive candidates for application in solar cells. In 

this work, a synthesis of CuO and Cu2O nanocrystals (NCs) by a facile alcothermal 

route is reported. The nanocrystals are dispersible in common solvents, thus enabling 

the processing of these materials by solution. A CuO nanocrystal solar cell achieved a 

power conversion efficiency of 0.04 %, indicating the potential of these materials for 

light-harvesting applications.   

 

Introduction 

As reviewed in Chapter 1, impressive results have been achieved with nanocrystal 

(NC) solar cells in recent years.[11] Efficient solar cells have been reported based on 

CdSe, CdTe, PbS, PbSe, CuInSe2 and CuZnSnSSe NCs, with PCEs as high as 7.2 % 

(see Table 1.3).  

 The above-mentioned materials may be good test-beds for studies of NCs as 

photovoltaic materials, but not of them may be feasible candidates for wide-spread 

deployment due to toxicity and availability. Cd and Pb are toxic heavy metals, while 

In and Te are among the least abundant elements in the Earth’s crust.[165] It is thus 

desirable to explore other alternative solar cell materials. Copper and iron based 

semiconductors have emerged as attractive materials from an analysis by Wadia et al. 

based on abundance and cost.[166]  For instance, Wu et al.[167] recently reported a Cu2S 
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NC based solar cell with a promising PCE of 1.6 %. Copper (I) oxide (Cu2O) and 

copper (II) oxide (CuO) are also attractive candidates for light-harvesting applications 

due to their band gap energies of 1.4 eV (indirect) for CuO[168] and 2.0 eV (direct) for 

Cu2O
[169] that are quite close to the ideal band-gap for a single junction photovoltaic 

cell estimated from detailed balance.[170] Cu2O has been investigated as a solar cell 

material for several decades,[171]  with recent reports of PCE up to 2.0 %.[172-174] CuO 

has been employed in photo-electrochemical cells[175, 176] and as a cathode for dye-

sensitized solar cells.[177] The use of CuO as the active layer in solid state solar cells 

has, to the best of my knowledge, not yet been investigated and is the focus of this 

work.      

Copper oxide NC syntheses via various routes have been reported in the 

literature.[178-193] Relatively few of these reports, however, discuss the dispersibility of 

their copper oxide NCs in common solvents,[190-193] which is of importance for 

solution-based processing of thin films. In particular, Yuhas et al.[192] and Hung et 

al.[193] reported solar cells based on films spin-coated from Cu2O NC solutions, with 

PCE from 0.05 % to 0.14 %. In this work, the synthesis of colloidal CuO and Cu2O 

NCs by a facile alcothermal method is reported. The NCs are characterized by 

transmission electron microscopy (TEM), X-ray diffraction (XRD), Fourier transform 

infrared spectroscopy (FTIR) and UV-visible absorption spectroscopy. Finally, as a 

proof of concept, a bi-layer solar cell based on CuO and phenyl-C61-butyric acid 

methyl ester (PCBM) is demonstrated.   

 

Experimental 

For the synthesis of CuO NCs, 0.29 g of copper (II) acetate (Sigma Aldrich) was 

added to 30 ml of reagent alcohol (Sigma Aldrich) under vigorous stirring. 1 ml of de-

ionized (DI) water was added, and the mixture was heated to 75 °C. In a separate 
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container, 1.3 ml of 25 % tetramethylammonium hydroxide (TMAH) in methanol 

(Sigma Aldrich) was added to 10 ml of reagent alcohol. After 15 minutes of stirring, 

when the copper acetate has fully dissolved, the TMAH solution was gradually added 

over 5 minutes in regular intervals. The reaction was allowed to proceed at 75 °C for 

60 minutes, and the resultant product was collected by precipitation with hexane and 

then centrifuging at 3750 rpm for 5 minutes.    

For the synthesis of Cu2O NCs, 0.29 g of copper (II) acetate was added to 30 

ml of reagent alcohol under vigorous stirring at 35 °C. In separate containers, 2 

identical solutions of 1.3 ml of 25 % TMAH in methanol added to 5 ml of reagent 

alcohol were prepared, while in a third container 0.30 g glucose (Sigma Aldrich) was 

dissolved in 1 ml of DI water. After 15 minutes of stirring, when the copper acetate 

has fully dissolved, the first batch of TMAH solution was gradually added over 5 

minutes. The glucose solution was then added, followed by the second batch of 

TMAH solution (also over 5 minutes). The mixture was heated to 65 °C, after which 

the reaction was allowed to proceed for 90 minutes, and the resultant product was 

collected by centrifuging at 3750 rpm for 5 minutes.    

In order to characterize the NCs, TEM samples were prepared by drop-casting 

very dilute NC suspensions in methanol onto carbon grids (Electron Microscopy 

Sciences), and images were taken using a FEI T12 Spirit TEM. X-ray diffraction was 

performed on a Bruker General Area Detector Diffraction System (GADDS). A 

Thermo Scientific Nicolet iS10 FT-IR spectrometer was used to perform FTIR 

spectroscopy on NC samples that have been washed and centrifuged three times with 

reagent alcohol to get rid of unreacted precursors. UV-visible absorption spectroscopy 

was performed using a Shimadzu UV-3101PC UV/Vis/Near-IR Spectrophotometer. 

All film thickness measurements were done using a Tencor P10 Profilometer. 
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Solar cells were fabricated on pre-patterned indium tin oxide (ITO) coated 

glass substrates (Kintec, Hong Kong), which were cleaned by sonication in a mild 

detergent, rinsed in de-ionized water, dried in a nitrogen stream, and treated with a 10-

minute UV-ozone exposure. CuO NCs were dissolved in a solvent mixture of 2:1 

chloroform and methanol at a concentration of ~10 mg/ml, and then spin-coated on 

top of the ITO at 2000 rpm to give a film ~40 nm thick. A cell with a thicker CuO 

layer (~70 nm) was also fabricated by performing the spin-coating step 3 times. This is 

possible because the underlying layer is not completely dissolved during the spin-

coating of subsequent layers. PCBM solution (20 mg/ml in chloroform) was then spin-

coated on top of the CuO at 2000 rpm to give a film ~120 nm thick. Finally, 4 Å of 

CsF and 400 Å of Al were thermally evaporated under high vacuum (~10−6 Torr) to 

form the cathode for the devices. A shadow mask was used in the evaporation to 

define a device active area of 3 mm2. Control PCBM only solar cells (without CuO) 

were also fabricated. Device current-voltage curves were obtained with a Keithley 236 

source-measurement-unit (SMU) in the dark and as well as under AM 1.5 100 

mW/cm2 illumination from a Solar Light 16S-002 solar simulator.  Light output power 

was calibrated using a Newport 818P-010-12 thermopile high power detector, which 

has a flat response over a broad spectral range. EQE measurements were performed 

using a  Newport 1000 W xenon lamp coupled to an Oriel Cornerstone 260 ¼ m 

monochromator as the light source, a Keithley 236 SMU to measure short circuit 

current, and a Newport 918D-UV3-OD3 low power detector to monitor the light 

intensity. 

 

Results and Discussion 

The copper oxide synthesis is modified from a previously reported method for the 

synthesis of dispersible zinc oxide NCs.[56, 194] Copper (II) acetate, Cu(OAc)2, was 



 

92 

dissolved in reagent alcohol and then reacted with tetramethylammonium hydroxide 

(TMAH) to form copper (II) hydroxide. CuO was then formed through heating: 

Cu2+ + 2(OH)− → Cu(OH)2      (Equation 7.1) 

Cu(OH)2 → CuO + H2O     (T = 75 °C)      (Equation 7.2) 

To form Cu2O (instead of CuO), the copper hydroxide was reacted with glucose as a 

reducing agent in the following reaction:[183] 

2Cu(OH)2 + C5H11O5-CHO →  

Cu2O + C5H11O5COOH + 2H2O     (T = 65 °C)      (Equation 7.3) 

It was observed that an excess of TMAH and mild heating (at 65 °C) were necessary 

conditions to drive the reaction forward. 

 

 

 

 

 

 

 

 

Figure 7.1  TEM images of (a) CuO NCs (b) Cu2O NCs. 

 

 Figure 7.1 shows the TEM images of the CuO and Cu2O NCs, in which it can 

be seen that they have a rather large size distribution of around 4-5 nm. The relatively 

broad size distribution of the colloidal CuxO NCs is likely the result of the nucleation 

and growth dynamics of the reaction. Unlike the ‘hot-injection’ synthesis,[53] the 

simplified alcothermal method lacks a single well-defined nucleation event leading to 

broader NC diameter distributions.  X-ray diffractograms (Figure 7.2) of the NCs are 

(A) 

50nm

(B)

20nm
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consistent with the literature values for CuO (JPCD# 05-0661) and Cu2O (JPCD# 05-

0667). The Cu2O phase does not show up in the CuO synthesis and vice versa. It was 

observed that the addition of a small amount of de-ionized (DI) water (3 % by volume) 

during the CuO synthesis produced NCs with more well-defined and narrower XRD 

peaks as compared to NCs synthesized without water, suggesting larger particles were 

formed. In previously reported syntheses of ZnO nanoparticles with zinc acetate in 

alcohol,[195, 196] it was observed that the role of water was to increase the concentration 

of Zn2+ ions in the solution, since zinc acetate is more soluble in water than 

alcohol.[195, 196] Thus, it seems reasonable to arrive at the same conclusion for the CuO 

synthesis, that is the water promotes the forward reaction due to a higher concentration 

of Cu2+ ions in the solution.  

 

 

 

 

 

 

 

 

 

  
Figure 7.2  X-ray diffractograms of (a) CuO NCs, with comparison between 2 
syntheses: one with water added and the other without any water. (b) Cu2O NCs. The 
black lines represent literature values for CuO (JPCD# 05-0661) and Cu2O (JPCD# 
05-0667). 
 

In order to get an estimate of the NC size, the XRD peaks are fitted to the 

Scherrer equation:[197] 

(A) 

(B) 
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               (Equation 7.4) 

 

where t is the NC size, K is a shape factor usually taken to be 0.9,  is the X-ray 

wavelength, B is the full-width (in radians) at half maximum of the peak intensity, and 

B is the Bragg angle. The fits gave a CuO NC size of (5.1 ± 0.8) nm and a Cu2O NC 

size of (4.6 ± 0.4) nm, which are consistent with the TEM images.  
 

 

 

 

 

 

 

 
Figure 7.3  Photograph of vials of Cu2O NC solution in water (left) and CuO NC 
solution in a solvent mixture of 2:1 ratio of chloroform and methanol (right). 

 

The Cu2O NCs are water dispersible and only slightly dispersible in organic 

solvents, while CuO NCs disperse well in a 2:1 solvent mixture of chloroform and 

methanol (Figure 7.3). To understand the dispersibility behavior, the NC surface 

chemistry was investigated using infrared spectrosocopy. FTIR spectra of the NCs 

were taken and shown in Figure 7.4. Both NCs show clear OH, CH, and CH3 peaks. 

The peaks at 1560 cm−1 for CuO and 1600 cm−1 for Cu2O are rather difficult to assign 

since both the water H-O-H scissoring vibration and the carboxylate anion 

asymmetrical stretching fall within this range,[198] but both should be represented since 

they are both present in the reaction. The data thus suggests that acetate (accounting 

for both the carboxylate and CH peaks), hydroxide and water molecules from the 
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synthesis are adsorbed onto the NC surfaces. The presence of both polar and organic 

groups explains why the CuO NCs disperse well in the chloroform and methanol 

mixture. On the other hand, the FTIR data for Cu2O indicate that the polar OH 

(symmetrical stretching) and H-O-H (scissoring) peaks are much stronger than the 

organic CH and CH3 peaks, which is consistent with the observed dispersibility of 

Cu2O NCs in water.  

 

 

 

 

 

 

 

 
Figure 7.4  FTIR spectra of CuO (top) and Cu2O (bottom) NCs. 

 

 

 

 

 

 

 
 
Figure 7.5  UV-Visible absorption spectra of CuO and Cu2O NCs in solution. 
 

 Figure 7.5 shows the UV-Visible absorption spectra of the Cu2O and CuO 

NCs in solution, clearly indicating the better absorption of CuO at the higher visible 

and IR wavelengths. The absorption spectrum of an 80 nm thick CuO film spin-coated 
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from solution (Figure 7.6) was used to calculate the absorption coefficient α of the 

CuO according to the formula: 

 

              (Equation 7.5) 

 

where A is the film absorbance and t is the film thickness. The absorption coefficient 

is plotted in Figure 7.7. The data indicates that CuO has a high α (defined as being 

greater than 104 cm−1) for wavelengths up to ~800 nm. This compares favorably to the 

absorption of crystalline Si which has a high α only up to ~500 nm,[96] underlining the 

potential of this material for light harvesting applications.  

 

 

 

 

 

 
 
Figure 7.6  UV-Visible absorption spectra for spin-casted CuO and PCBM films. 

 

 

 

 

 

 

 
 
Figure 7.7  Absorption coefficient α of CuO calculated based on a spin-coated CuO 
NC film. 
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Tauc plots are generated from the absorption data to determine the direct and 

indirect band-gaps, which are based on the relationship:[199] 

   GEEE        (Equation 7.6) 

where α is the absorption coefficient, E is the photon energy, EG is the material band-

gap, and  = ½ or 2 for indirect and direct band-gap respectively. Tauc plots for CuO 

are shown in Figure 7.8(a), which indicate a direct band-gap at 3.07 eV and an 

indirect band-gap at 1.40 eV. The latter value is similar to the literature value for the 

indirect bulk band-gap.[168] While there have been reports of quantum confinement 

observed in CuO nanostructures,[182, 184] the authors did not perform an indirect band-

gap fit to their data, hence it is difficult to make meaningful comparisons. Due to the 

difficulty in obtaining good quality thin films from a water-based solution, Tauc plots 

for Cu2O (Figure 7.8(b)) are generated directly from the solution absorption data. The 

fit indicates a direct band-gap at 2.91 eV, which is much larger than the reported bulk 

value of 2.0 eV[169] but is consistent with that reported for Cu2O nanostructures,[186, 193] 

suggesting that quantum confinement effects may be present.     

 

 

 

 

 

 

 

 

 

 
 
Figure 7.8  Tauc plot direct and indirect band-gap fits for (a) CuO (b) Cu2O. 

(A) 

(B) 
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Figure 7.9  Schematic of the CuO / PCBM bilayer solar cell. 

 

 

 

 

 

 

 

 

Figure 7.10  Device energy level diagram. 

 

As a proof of concept of the light-harvesting applications of the copper oxide 

NCs, a bilayer solar cell comprising of CuO and PCBM was fabricated. A single layer 

of CuO is unsuitable as the active layer, since the NC film contains cracks and 

pinholes and will result in a short-circuited device. This is similar to what has been 

reported about PbSe NC films, which require multiple iterations of NC deposition and 

cross-linking to fill up the cracks.[81, 95] PCBM is chosen since it is the acceptor of 

choice in solution-processable polymer solar cells (see Chapter 1 and Table 1.1), and 

its good film forming property allows it to cover up cracks in the CuO film. The 

literature value energy levels of the conduction and valence bands of CuO[168] and the 

lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital 
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(HOMO) of PCBM[48] are such that CuO and PCBM form a type II semiconductor 

heterojunction, hence they are suitable as a donor and acceptor pair. Figure 7.9 shows 

a schematic of the device stack with indium tin oxide (ITO) forming the anode and 

CsF/Al as the cathode, while the literature values for the semiconductor energy levels 

are plotted in Figure 7.10.[48, 168, 200]  Assignment of bulk CuO energy levels is 

supported by the small difference in NC optical band-gap relative to literature (bulk) 

values.[168] 

 

 

 

 

 

 

 

 
Figure 7.11  Current-voltage curves in the dark and light (AM 1.5 100 mW/cm2) of a 
CuO (40 nm) / PCBM bilayer cell and the control PCBM only cell. 

 

Figure 7.11 shows the device current density voltage (J-V) curves both in the 

dark and light (under AM 1.5 100 mW/cm2 illumination) of the bilayer cell with a ~40 

nm thick CuO layer. It achieved a VOC of 0.44 V, JSC of 0.24 mA/cm2, fill factor (FF) 

of 0.38 and a power conversion efficiency (PCE) of 0.040 %. As a control, a PCBM 

only cell (without CuO) was fabricated and tested (also shown in Figure 7.11). It 

shows a much lower JSC of 0.03 mA/cm2 and PCE of 0.011 %, although it gave a 

higher VOC of 0.78 V and slightly higher FF of 0.41. Meanwhile, a bi-layer cell with a 

thicker CuO (~70 nm) layer is characterized by poorer JSC (0.15 mA cm2), FF (0.35), 

and PCE (0.024 %) compared to the cell with thinner CuO (refer to Table 7.1 for a 



 

100 

summary of device results). These results suggest that efficient charge collection is 

only taking place in the thin CuO layer near the interface, and additional CuO layer 

thickness does not contribute to the photocurrent while possibly adding to series 

resistance and recombination as indicated by the poorer FF. A route to improving 

device performance may be to use semiconductor nanowires (such as n-type ZnO) as 

the acceptor material, and the CuO NCs are then infiltrated into the gaps of the NWs. 

Such a device architecture has the advantage of separating the light absorption and 

charge collection pathways, so that both processes can be efficient.[201] 
 
 
Table 7.1  Summary of solar cell device results. 

Active material 
VOC

[V] 
JSC

[mA/cm2] FF 
PCE 
[%] 

CuO (40 nm) / PCBM 0.44 0.24 0.38 0.040 

CuO (70 nm) / PCBM 0.46 0.15 0.35 0.024 

PCBM 0.78 0.03 0.41 0.011 

 

 

 

 

 

 

 

 
Figure 7.12  Comparison of EQE spectra of CuO (40 nm) / PCBM bilayer cell and 
PCBM-only cell.  

 

External quantum efficiency (EQE) spectra of the devices were also taken and 

plotted in Figure 7.12. Not surprisingly, the shape of the EQE of the PCBM only cell 

follows that of the PCBM absorption. It is clear that the bilayer cell shows a superior 
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EQE to the PCBM only cell, and the improved EQE at higher wavelengths beyond 

500 nm can be attributed to the contribution from the CuO by taking into account the 

absorption spectra of both materials (Figure 7.6). 

 

Conclusion 

A synthesis of CuO and Cu2O NCs by a facile alcothermal route is reported. The CuO 

NCs are dispersible in a chloroform / methanol mixture while the Cu2O NCs are water 

dispersible, thus enabling the processing of these materials by solution. A bilayer CuO 

and PCBM solar cell achieved a power conversion efficiency of 0.04 %, indicating the 

potential of these materials for light-harvesting applications.   
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