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ABSTRACT 

 The enhancement of charge collection in organic photovoltaics by using 

nanocomposite materials is investigated.  Two such approaches are detailed in this thesis.  

Chapter 1 addresses the addition of metal nanorods to the PEDOT layer of an organic 

solar cell in an attempt to focus incident light for better absorption by the polymer layer.  

Composites designed to facilitate charge transfer from nanoparticles to the 

polymer/fullerene system are the focus of the second chapter.  Chapter 3 details a 

refinement to the research presented in chapter 2, adding fullerenes to the mix and 

creating ternary systems and providing an analytical framework for evaluating these 

systems.  The material choices are expanded in chapter 4; we investigate a new, lower 

band gap conjugated polymer (PCPDTBT) as well as core-shell nanoparticles and how 

they interact in the system.  Results are reported and further avenues of research are 

suggested. 
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INTRODUCTION 

 One of the main challenges in the organic photovoltaic field is the balance that 

needs to be achieved between photon collection and charge carrier mobility.  These 

properties are intimately related to the thickness of the device.  Increasing thickness will 

increase the absorption of the device, however, poor charge carrier mobilities (as are 

often evident in organic materials) will limit the amount of power that can be converted 

by that device.   

 In the first chapter, we investigate the near field effects of gold nanorods in the 

PEDOT:PSS buffer layer of P3HT solar cells.  By focusing incoming light into the 

absorption layer of the photovoltaic through an antenna effect that provides a field 

maximum near the nanorod interface, it was thought that absorption in the polymer layer 

could be increased.  We show that this is not the case and present a succinct reason why. 

 The bulk of this work focused on improving the current by incorporating a 

complimentary absorber into the device.  In the work detailed in chapter 2, CdSe 

nanoparticles were mated with electron acceptors (SWCNTs and MV) and incorporated 

into the absorbing layer of devices.  The work started with the use of these composites as 

electron acceptors in P3HT based devices.  That path was determined to be unworkable 

and a new configuration was used, the ternary bulk heterojunction system. 

 Chapters 3 and 4 in this thesis focus on that system and provide some insights on 

the balance that needs to be achieved between absorption and charge mobility and 

trapping.  The devices are analyzed, showing an increase in charge trapping that is 

dependent on the concentration of nanoparticles and fullerenes in the system.  In the last 

work, we find that a shift to core-shell nanoparticles helps mitigate this charge trapping  
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and we also present results with PCPDTBT, a low band gap polymer that has been well 
studied by the greater community. 
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CHAPTER 1: METALLIC NANOANTENNAE AND THEIR USE IN ORGANIC-

POLYMER PHOTOVOLTAICS 

 This work focuses on enhancement of absorption by manipulation of light before 

it reaches the absorbing layer.  All devices were constructed by the author and all 

experiments were conducted by the author.  Catherine J. Murphy and Patrick Sisco 

fabricated the gold nanorods used for this experiment while at the University of South 

Carolina.  Analysis present in the paper is the work of the author with input from the co-

authors and substantial input from Professor David L. Carroll and Professor Richard 

Adams.  The formatting of this article is dictated by Springer and the Journal of Cluster 

Science. 
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Abstract 

The potential of gold nanorods act as “antennae” in organic photovoltaic devices to 

improve performance by enhancing the optical field within the device has been 

examined. Gold nanorods were blended into the buffer layer of standard poly (3-

hexothiopene) (P3HT) : 6, 6-phenyl C61-butyric acid methyl ester (PCBM) photovoltaic 

cells. Increases in both the broad spectrum absorption and device fill factors (as 

compared to solar cells without nanorods) were observed. A comparison of the internal 

resistance and absorption allows estimation of what part in the change in performance 

can be attributed to greater absorption and increases in buffer layer conductivity. 

Key Words: organic photovoltaics, gold nanorods, optical antenna, light absorption 

 
Introduction 

 Organic photovoltaics, particularly bulk heterojunction devices, have shown 

promise as alternatives to standard semiconductor based solar cells (1). One of the main 

limitations of these designs is the low charge carrier mobility of the polymer blend. This 

leads to losses due to radiative recombination and to space charge build up which limits 

collection of current from the device. In order to avoid this, the absorbing layer is 

typically between 90 to 150 nm in thickness; this introduces another limitation as the 

thickness of the layer is now smaller than the wavelengths of light that it is intended to 

absorb. In the standard device architecture, this layer is placed directly in contact with the 

rear metal electrode, as shown in Figure 1, which then forms a mirror at which the 

parallel component of the electric field goes to zero. 
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Figure 1: Schematic diagram of length scales in a planar organic photovoltaic. 

 

 For the case of the P3HT and PCBM bulk heterojunction (P3HT:PCBM) 

absorber, this means the electric field maximum actually occurs outside of the absorbing 

layer for normally incident light. As Moule, et. al. have shown, when this effect is 

integrated over all incident angles, the “thin film effect” can limit the total absorptivity of 

a 100 nm layer to less than 70% of the total intensity (2). So if one integrates all the 

photons in the absorption band of P3HT:PCBM, one gets a maximum photocurrent ~26 

mA/cm2,  but thin film effects limit this to ~11 mA/cm2 (3). Thus, while recent theoretical 

calculations predict that such devices can reach 10.8% power conversion efficiency, (4) 

the best measured efficiencies are around 5%  (5). 

Thin film organic devices share this limitation with other technologies, such as 

thin silicon devices.  Using nanoparticles that are smaller than the wavelength of light 

being absorbed and coated on the surface can lead to enhancement.  The mechanism for 

this enhancement is the result of a coupling between the excited surface plasmons of the 

4



particles and the semiconductor they are in contact with.  This effect increases the 

scattering cross section into the solar cell, effectively focusing the optical field within the 

device such that the light intensity is strongest in the absorber.  This leads to greater 

absorption of light by the photovoltaic layer and hence, more current collected.  Other 

phenomena, such as local field enhancement and direct charge carrier transfer have been 

suggested as well(6). Traditionally, this sort of ‘focusing’ is done with a lens in the 

optical regime (i.e. an optical concentrator).  The use of nanoscale antennas (where the 

dimensions of the antenna << wavelength of scattered light) has been suggested as an 

alternative because the scattering caused by them can lead to a field coupled to 

propagation directions that place the E-field maximum within the absorption layer of a 

solar cell. In contrast to a lens, these antennas can be incorporated into the device itself. 

Nanorods of noble metals (such as gold and silver) have just such interesting absorption 

and scattering properties (7) and have been shown to act as ‘optical antennae’ (8).  

Much of the work done in this area has focused on the effect of silver 

nanoparticles on thin film amorphous silicon (9)(10) or silver nanoparticles with 

P3HT:PCBM as the absorber(11).  One group has seen significant enhancement with 

P3HT based devices and small (~13nm diameter) silver nanospheres(12).Gold 

nanoparticles have been shown to provide some increase in performance to traditional 

semiconductors(13), however, this effect may be due to increased wave guiding as 

opposed to an antenna effect.  There is some concern that gold may be too ‘lossy’ at its 

Plasmon resonance frequencies to effectively increase performance (14). 

Experimental Section 
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 Gold nanorods were blended into the PEDOT layer of standard P3HT:PCBM 

organic photovoltaic cells. Increases in both the broad spectrum absorption and the 

device fill factors (as compared to solar cells created without the nanorods) were 

observed. A direct comparison of the internal resistance and absorption characteristics 

allows estimation of the change in performance that can be attributed to greater 

absorption and that which might be associated with increases in buffer layer conductivity. 

In contrast to earlier work which included Au and Ag nanoparticles in the absorbing layer 

directly (15), here the hole injection layer of poly(3,4-ethylene dioxythiophene): 

poly(styrene sulfonate) (PEDOT:PSS) of the organic solar cell (Figure 1) is loaded with 

the nanoparticle antennae. This increases the broad spectrum absorption (presumably) as 

well as the sheet conductivity of the buffer layer. 

 The photovoltaic devices were fabricated as described in literature (5). The buffer 

layer of composite PEDOT:PSS solution was blended with 0%, 5%, 10%, and 15% by 

volume of a gold nanorod solution. The gold nanorods had lengths of 59 ± 3 nm and 

diameters of 12 ± .3 nm corresponding to an aspect ratio (length/width ratio) of 5.0. The 

nanorods were synthesized as described in literature (16) to achieve a particle 

concentration solution of 3.3 x 10-10 moles/liter.  A solution of P3HT:PCBM in a 1:.6 

weight ratio was mixed in 1,2-dichlorobenzene at a concentration of 15 mg/mL (for the 

P3HT) for 24 hours.  This was spin coated onto the prepared substrates at 1300 rpm, 

leading to a device thickness ~80 nm.  The devices were dried in a nitrogen atmosphere 

for 2 hours to ensure complete evaporation of solvent from all devices. 1.5 nm of Lithium 

Flouride and 100nm of Aluminum were then deposited on the devices via thermal 

evaporation under vacuum.  The device size was 0.380 +/- .04 cm2 with four devices per 
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sample as defined by a shadow mask.  IV data presented is the average of eight devices at 

each loading.  Absorption was performed on individual samples. 

Data 

 Absorbance in the devices was determined using an Ocean Optics USB 2000 

photometer, and all samples were tested against a reference of cleaned, ITO coated glass. 

The absorption was measured from devices with each length and several loadings of the 

nanorods. Figure 2 shows a comparison between the absorption in devices with 0%, 5%, 

and 15% nanorod loadings. 

 

Figure 2: Absorption spectra of devices tested (0% loading blue solid line, 5% loading orange dotted line, 10% 
loading red dashed line, 15% loading purple dash-dot line. 
 
  

Next, device efficiencies and performance characteristics were determined using 

an Oriel AM 1.5g solar simulator. The simulator was calibrated using a standard 

calibrated diode detector from NIST and following the procedures by Emery et al (17). 

The spectral mismatch factor of the simulator was determined to be 0.2 over the 
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absorption range of the P3HT:PCBM. Perimeter current and wave guiding artifacts were 

not corrected for in this study. However, the magnitude of these artifacts was estimated 

by illuminating some of the devices through an aperture smaller than the pixel size and 

collecting current-voltage (IV) curves and comparing to the IV of full area illumination. 

It was determined that the overall effects of perimeter artifacts in devices with and 

without nanorods were minimal. It is important to note that this was done to insure that 

changes in performance between devices with and without nanorods did not arise from an 

increase in the current collected from the perimeter. Such artifacts are quite important as 

they can lead to misleading interpretations of data and may have played some role in 

similar measurements reported in the literature(11,12). 

 

Figure 3:  IV curve data for devices (0% loading-blue solid line, 5% loading- red dashed line, 10% loading - 
green dotted line, 15% loading- orange dash-dot line). 
 
 Figure 3 shows IV curve data for the devices tested.  It can be readily seen that the 

differences between device configurations are negligible.  The 5% loading has a 

marginally higher efficiency than the control (as seen in Table I), this is mostly due to an 
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improvement in fill factor.  The control devices exhibit higher short circuit currents than 

the devices containing nanorods, which is what we would expect from the absorption 

results. 

Table I: Summary of average device data for control device and each Au nanorod loading %. 

Device 
Voc 

(V) 

Jsc 

(mA/cm^2) 
FF EFF 

Control 0.68 5.48 0.46 1.69 
5% AuNR 0.70 5.28 0.49 1.73 
10% AuNR 0.69 5.17 0.44 1.52 
15% AuNR 0.69 4.97 0.43 1.44 

 

Discussion 

 Based on microscopic examination, as well as from the background scattering, the 

overall aggregation or distribution of nanorods in the PEDOT matrices was roughly the 

same in all of the devices. Contrary to expectation, the devices with nanorods in the 

PEDOT layer exhibit less absorption than the standard devices.  In order to understand 

this, we can look at how the nanoantennae scatter light.  The rods act as dipole antennae 

or scatterer.  This excitation of the plasmons in the rod leads to re-radiation by the 

nanorods.  The response of the nanorods can be approximated by the radiation of a dipole 

for sufficient distances, thus, the normalized radiation pattern is given by(18,19): 

                                                      ϕ
π

ϕϑ 2sin
8
3),(

=−

−

P

P                                                   (1)  

 This, however, is not a complete picture of the reaction of the nanorod to an 

incident electric field.  Simulations show that a rod, lying on its long axis, will reflect 

(emit radiation in the opposite direction of the incident wave) preferentially (6).  This 

does not take into account the local dielectric medium (PEDOT:PSS), however, the 
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dielectric response of the PEDOT:PSS is relatively weak compared to inorganic 

semiconductors.  Additionally, some of the scattered radiation will be lost in the 

PEDOT:PSS layer as that is where the rods are contained, limiting the power of the 

scattered electric field to 50% of the power of the incident field (20).  Thus, we see a 

decrease in efficiency when surrounding the rods with PEDOT:PSS.  Similar effects have 

been seen in other work (21).  This coupled with what has been seen with gold 

nanoparticles in other experiments (14) suggests that this approach is not feasible given 

current knowledge. 

Conclusion 

 In conclusion, we have shown that doping the hole injection layer of a bulk 

heterojunction organic photovoltaic cell with Au nanorods does not significantly improve 

device characteristics. Absorption spectra show small decreases in absorption at 

wavelengths that overlap with the absorption of P3HT:PCBM bulk heterojunction cells. 

We have also shown that there is no increase in short circuit current, and that it in fact 

decreases with increased nanoparticle loading which suggests that this antenna effect 

produces no significant increase in photocurrent generation. So, contrary to earlier 

reports, it appears that the ‘antenna’ effect is negligible when nanorods are incorporated 

into a device in this way and may even be detrimental to the performance of the device. 

Recent experiments support this assumption (14). 

Acknowledgement. The research was supported by a grant from the US Dept. of Energy 

under Grant No. DE-FG02-07ER46428 and by the USC NanoCenter. 
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CHAPTER 2: ULTRAFAST CHARGE TRANSFER FROM CDSE NANOPARTICLES 

TO METHYLVIOLOGEN AND SINGLE WALLED CARBON NANOTUBES AND 

ITS EFFECT ON HYBRID BULK HETEROJUNCTION PHOTOVOLTAIC DEVICES 

 This work contains transient absorption data and analysis by Dr. K. Burak Ucer 

along with the diagram of the transient absorption experiment.  The materials used in this 

work (minus the P3HT), were grown by Dr. Minglai Fu.  The TEM picture was taken at 

the University of South Carolina.  The author is responsible for all device fabrication and 

testing as well as the SEM image and analysis of device data. The format reflects the 

IEEE conference proceedings format. 
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ABSTRACT 

CdSe nanoparticles combined with electron accepting materials, specifically methyl 

viologen (MV2+) and single walled carbon nanotubes (SWCNT), have been 

investigated. By using transient absorption spectroscopic measurements, ultrafast electron 

transfer has been shown to occur between the nanoparticles and the accepting 

materials. These composites were then mixed with poly(3-hexylthopene) to create hybrid 

bulk-heterojunction photovoltaic devices. It has been found that for matched 

concentrations (by weight), the composite materials show increased photocurrent when 

compared with CdSe nanoparticles. 

INTRODUCTION 

Semiconductor nanoparticles have been a popular area of research in 

photovoltaics for some time now. They have properties, such as tunable (by manipulating 

size) bandgaps1 and possibly generation of multiple excitons by one, high-energy, 

photon2. CdSe nanoparticles have been one of the most studied of these materials, 

particularly as electron acceptors in bulk heterojunction materials3 with conjugated 

polymers. 

Efforts to incorporate CdSe into hybrid organic devices have focused on the 

electron accepting and visible/near-IR absorption properties of the material. Multiple 

exciton generation in CdSe is a recent, albeit controversial, discovery4. One of the 
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challenges inherent in utilizing multiple exciton generation is the transfer of excited 

electrons to a cathode. The nature of quantum confinement in the nanoparticles leads to a 

relatively high binding energy for excitons produced via this process.  

Prior efforts to create hybrid bulk heterojunction devices have focused on creating 

percolation pathways of CdSe (either in rod form or by connected nanoparticles). This 

allows electrons to flow through the material at the expense of access to the confined 

quantum states of the nanoparticle itself. These techniques effectively create a bulk 

material with the absorption and conduction properties thereof. 

Recently, efforts have been made to bind CdSe to strong electron acceptors, such 

as methyl viologen (MV), in order to separate excitons created via multiple 

exciton generation pathways5. These efforts have shown that exciton separation is 

possible with these composite materials. In this work, we utilize this electron separation 

and the charge carrier conduction of methyl viologen and single-walled carbon nanotubes 

to create bulk heterojunction solar cells with poly(3-hexylthiopene) 

(P3HT). 

EXPERIMENTAL 

Synthesis of CdSe nanoparticles 

CdSe nanoparticles were prepared according to Yu et al.6 with minor 

modifications. In a typical synthesis, 13 mg of CdO, 0.6 mL oleic acid and 10 mL 

octadecene (ODE) were loaded in a 25 mL three-neck flask. The mixture was heated to 

230 °C under vigorous stirring in N2 atmosphere to a clean solution. 6 mg of Se 

dissolved in 1mL ODE and 0.1 mL trioctylphosphine (TOP) was quickly added to the 

solution. After injecting Se, nanocrystals grew at 230 °C until reaching desired size, then 
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were cooled down quickly by use of an ice bath, to which methanol was added to 

separate the CdSe nanoparticles. Then acetone was used to precipitate the CdSe 

nanoparticles, which were isolated by centrifugation and decantation. 

The resultant CdSe nanoparticles were dissolved in hexane and precipitated by 

acetone again. This process was repeated 2 times. The CdSe nanoparticles were then 

dissolved in the desired amount of hexane for use. The molar concentration of CdSe 

quantum dots was calculated from their absorption spectrum and particle size using the 

model proposed by Yu et al.6 

Synthesis of CdSe nanoparticles and SWCNT complex 

.4 mg of SWCNTs were dispersed in a solution of 20 mg pyrenebutyric acid in 5 

mL acetone. The mixture was sonicated for 10 min, and then stirred overnight. The 

resultant black solid was separated by centrifugation and washed twice with acetone. The 

final solid was added to 3mL acetone and sonicated for 10 min to form a 

suspension, and then a solution of 3.6×10-4 mmol, 2.5 nm CdSe nanoparticles in 3 mL 

hexane was added. The mixture was sonicated for 10 minutes and then stirred at 

room temperature for 2 days. The final suspension was separated by centrifugation and 

washed with hexane to remove unbound CdSe nanoparticles. 

Transient Absorption 

Transient absorption measurements of the CdSe:SWCNT material were taken 

using the second harmonic of an amplified Ti:Sapphire laser as the excitation (410 nm, 

3.02 eV, 300 fs, 400 EJ/pulse) and a white-light continuum generated from a benzene cell 

as the probe. Transmission changes in the 1000 nm (1.24 eV) – 1600 nm (0.78 eV) range 

were detected using a monochromator and InGaAs photodiode. The 
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experimental layout is shown below (see Fig 1). 

 
Figure 1: Transient absorption experimental setup. 
 

The red .line is the laser output, blue line is the excitation beam, and the yellow 

line is the continuum probe. BBO is the harmonic generation crystal, B.S. is a 

beam splitter, D.M. is a dichroic mirror. The filter is a long wave pass filter to block the 

fundamental laser wavelength and pass the NIR portion of the continuum. 

 
Photovoltaic Devices 
 

CdSe:MV2+ material was dissolved in a 33:1 chloroform:methanol mixture and 

transient absorption spectroscopic measurements were performed. 

All devices were fabricated via spin coating on cleaned, ITO coated glass as 

discussed in literature6. A layer of Poly(3,4-thylenedioxythiophene) 

poly(styrenesulfonate) (PEDOT:PSS) was used as a buffer layer. Devices containing 

CdSe:MV2+ were created by sonicating that material in toluene until it was dissolved. 

This solution was then added to an appropriate weight of P3HT to obtain a 1:1 by weight 

ratio and stirred at room temperature overnight. Toluene was then added to adjust 

viscosity and the resultant solution was filtered through a 2.7 μm PTFE filter then spin 

coated onto the PEDOT treated ITO substrates. 
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The CdSe:SWCNT solution was suspended in a 1:1 chlorobenzene hexane 

mixture. This solution was added to an appropriate weight of P3HT and stirred at room 

temperature overnight. The solution was then spincoated onto the PEDOT treated ITO 

substrates. 

All samples had a cathode composed of 1.5nm of Lithium Fluoride and 100nm of 

Aluminum deposited by thermal deposition under vacuum. Power conversion efficiency 

was tested using an Oriel 150W solar simulator an illumination of 1 kW/m2. 

TRANSIENT ABSORPTION 

Changes in optical density induced by the excitation pulse at probe wavelengths of 1000 

nm and 1600 nm respectively were calculated (see Fig 2a and 2b). 

 
Figure 2: Change in optical density of the pure nanoparticle solution and the 
solution mixed with SWCNTs at a probe wavelength of a)1000 nm (1.24 eV) and 
b)1600nm (.78eV). 
 

Here the excitation pulse generates e-h pairs within the nanoparticles. For the pure 

nanoparticle sample, the ensuing change in optical density is a long lived one 

(at least within our time window) at shorter probe wavelengths. As we probe longer 

wavelengths, a fast (several picoseconds long) transient appears. On the 
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other hand, in the sample where the nanoparticles are attached to SWCNTs, the change in 

optical density is always a fast transient followed by the residual absorption 

regardless of the probe wavelength. 

The fast decay in the NP+SWCNT sample could be due to charge transfer 

between the CdSe nanoparticles and the SWCNTs. The transient clearly shows an 

excitiation due to the pump wavelength. It is interesting to note that the pure nanoparticle 

sample does not show excitation to the extent that the composite sample does. This points 

to a possible distortion of the nanoparticle bands by the SWCNTs. In the pure NP sample 

the shorter probe wavelength may not correspond to an available inter-sub band transition, 

therefore the fast decay is not observed. 

PHOTOVOLTAIC DEVICES 

CdSe:MV2+ Devices 

Devices using CdSe nanoparticles and P3HT have been created with efficiencies 

approaching 2%7. These devices utilized P3HT to CdSe ratios of 1:9 or 

higher in order to achieve percolation of the CdSe throughout the device. Similar devices, 

utilizing rods of CdSe, were fabricated with similar effects8. Here, we 

used CdSe bonded with MV2+ (an electron acceptor) to create a bulk heterojunction 

device capable of creating photocurrent with less material. Another advantage of this 

approach is the ability to bond different sized (and thus, different band gap) CdSe 

nanoparticles to the MV2+, theoretically allowing for broader absorption from the 

device. 

Initial devices were fabricated using P3HT and small amounts of acceptor (either 

CdSe nanoparticles or the CdSe:MV2+ material or MV2+ by itself). These materials 
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were all matched by weight with there being .32mg of MV2+ and .034mg of CdSe in 

each sample respectively. These quantities were mixed with 7.5mg of P3HT in 500μL of 

Chlorobenzene overnight then spin coated as described in the experimental section. 

The devices were illuminated and IV curves taken (see Fig 3). The small amount 

of CdSe does not allow for percolation through the thin film and exhibits no 

photocurrent when illuminated. In contrast, the CdSe:MV2+ sample (containing the same 

amount of CdSe) does exhibit a small photocurrent. All of the following 

figures represent the best devices of each type. 

 
Figure 3: IV curves for devices under illumination (100 mW/cm2) 
 

The CdSe:MV2+ was also compared to a device fabricated from P3HT:MV2+ (see 

Fig 4). Both devices exhibit small photocurrents. The MV2+ device shows a 
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small shunt resistance, however, which suggests that the film is of poor quality. This 

effect may be due to the decreased solubility of MV2+ in comparison to the 

composite material. The open circuit voltage of the device containing only MV is .144V 

as compared to an open circuit voltage of .474V for the CdSe:MV2+ complex. 

 
Figure 4: IV curves for devices under illumination (100 mW/cm2) 
 

The shape of the curve for the P3HT:MV device suggests that the device is losing 

current via shunts although the mechanism for this is not known. It is possible that the 

low solubility of MV2+ leads to poor film quality. The CdSe:MV2+ device curve shows a 

large internal resistance, possibly due to lack of material for charge separation and 

conduction. The concave nature of the curve in the lower quadrant also points toward 

some space charge build up or a significant problem with charge 

balance. 
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Figure 5: IV curves for devices under illumination (100 mW/cm2). Inset shows 
approximate energy levels for the bulk heterojunction materials. 
 

IV curves for devices fabricated with two different ratios of P3HT to CdSe:MV2+ 

were made (see Fig 5). The 1:1 device was fabricated by sonicating the 

CdSe:MV2+ material in Toluene and then mixing the appropriate amount with P3HT. 

Toluene was added to this solution to improve the film quality and lower the viscosity of 

the solution. Increasing the amount of CdSe:MV2+  in the device causes a significant 

increase in short circuit current as well as a modest increase in open 

circuit voltage. We also see that there is a limit to photocurrent reached while increasing 

the ratio of CdSe:MV to P3HT. This can be attributed to space charge build up. 

The inset of Figure 5 shows an approximation of the energy levels of P3HT, the 

CdSe nanoparticles, and MV2+ based on other works9. These approximate energy 
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levels give one possible explanation for space charge build up in these devices, regardless 

of the ratio of materials or the type of solvent used. It can be seen from 

the diagram that once electrons are transferred to the MV (from either the P3HT or the 

CdSe nanoparticles) that a hole will be exchanged. This could lead to a buildup of charge 

on either the MV or the CdSe nanoparticles and limit conduction throughout the device. 

An alternate explanation is that the small amount of MV does not provide sufficient 

pathways for electron conduction (see Fig 6 inset). 

 
Figure 6: SEM image of P3HT:CdSe-MV film on cleaned glass (clusters of 
nanoparticles show brightly in image). Inset shows cartoon of bulk  heterojunction 
device showing incomplete pathways that could lead to space 
charge build-up. 
 

There is sufficient evidence that hybrid solar cells can be constructed from 

CdSe:MV2+ and P3HT. The challenge is in determining the right proportions of material 
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and solvents that will lead to good thin films. We have found that sonication in 

chlorinated, aromatic solvents such as Chlorobenzene will dissolve the CdSe:MV2+ 

material very well. This technique does not, however, work with MV2+ by itself due to 

insolubility in these solvents. 

CdSe:SWCNT Devices 

 
Figure 7: TEM Image of CdSe nanoparticles (2.5 nm) decorated on single walled 
carbon nanotubes. 
 

Organic solar cells doped with single walled carbon nanotubes have been the 

subject of past research8. CdSe decorated SWCNTs have recently been the focus of study 

for use in photodectector devices9. Jeong, et. al., have demonstrated that CdSe decorated 

SWCNTs will produce photocurrent when illuminated. This photocurrent occurs over a 

broad range of wavelengths and is substantial when compared with 
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undecorated SWCNTs. These initial results show promise for the material as part of a 

hybrid organic photovoltaic device. 

Figure 7 shows a TEM image of CdSe decorated SWCNTs produced at the 

University of South Carolina. The clusters of CdSe are easy to spot and are coated by 

Oleic acid  (which was used as a cap for the particles). 

 

 
Figure 8: IV curve of hybrid P3HT:CdSe-SWCNT organic photovoltaic device 
under illumination (100 mW/cm2). Inset shows approximate energy levels for the 
bulk heterojunction materials. 
 

Figure 8 shows the IV curve for a device fabricated from a solution of 15mg 

P3HT and .64 mg of CdSe:SWCNT composite material, this corresponds to a 

P3HT:CdSe-SWCNT ratio of 1:.04. This device exhibits a small photocurrent when 

illuminated. There is also evidence of space charge build up seen by the concave 
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nature of the curve in the fourth quadrant. This could be due to the difference in charge 

carrier mobility in the P3HT and the SWCNT material or due to the small amount of 

material used (less conduction pathways for electrons). 

The inset of Figure 8 shows an approximate energy level diagram of this system10. 

The energy levels in this system are similar to the energy levels of the P3HT, CdSe:MV 

system. This system may also have a problem with space charge build up due to 

unfavorable energy levels for charge carrier diffusion, much like the previous system. 

One of the challenges of fabricating thin film devices from SWCNT material is 

percolation through the film. Devices manufactured from 1:.2 ratio P3HT:CdSe- 

SWCNT material showed percolation and were shorted. 

Comparison and Conclusions 

Table I: Photovoltaic characteristics for best devices of each type under 100mW/cm2 
illumination. 
Device Voc Jsc(mA/cm2) Fill Factor Efficiency 
MV .155 .0077 32.3 % .00037 % 
CdSe:MV(1:.02) .474 .00083 13.8 % .000053 % 
CdSe:MV(1:1) .610 .0038 21.0 % .00047 % 
CdSe:SWCNT 
(1:.04) 

.469 .012 23.9 % .0015 % 

 

Table I collects the photovoltaic characteristics of the best of each type of device. 

Using these metrics, we can see large differences in the quality of devices and 

materials. In particular, we can see the fill factor improvement with regards to a higher 

ratio of CdSe:MV material to P3HT. This, coupled with the much higher 

short circuit current points to better morphology and conduction pathways through the 

device to the cathode. Current is still limited, however, and this seems to be 

caused by space charge build up. 
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It is important to bear in mind that toluene was used as a solvent for the solution 

with the larger amount of CdSe:MV material. It is well known that toluene leads to less 

optimal morphology when compared to Chlorobenzene, in part because of a lower 

boiling point. Charge carrier mobility and space charge build up present 

serious challenges for constructing devices with good efficiencies from this material. 

The device containing the CdSe:SWCNT material also shows promise, exhibiting 

a much larger short circuit current than the other devices. It does, however, show signs of 

the same space charge build up problems that occur in the CdSe:MV devices. 

Additionally, percolation is another factor in the construction of any thin film device 

containing SWCNTs. The high conductivity of the nanotubes makes it difficult to 

construct a device free of shunts. 

In conclusion, we have shown that the addition of an electron accepting 

compounds/material to CdSe nanoparticles can facilitate electron transfer from those 

particles. We have also demonstrated that hybrid organic-inorganic photovoltaic devices 

can be constructed from these materials and a suitable organic acceptor (such as P3HT). 

There is much to explore with these materials, including how they interact with different 

acceptor materials and how solvent/thickness of film effects the quality of the device. 
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CHAPTER 3:  CHARGE BALANCE AND PHOTON COLLECTION IN POLYMER 

BASED TERNARY BULK HETEROJUNCTION DEVICES CONTAINING 

CADMIUM SELENIDE NANOPARTICLES 

 Gregory Smith assisted me with fabrication and testing of the devices used in this 

work.  Dr. Minglai Fu is responsible for the synthesis of the CdSe nanoparticle 

composites used here.  Dr. Robert Coffin provided editorial expertise.  The supplemental 

information for this paper appears directly following the published manuscript.  This 

material contains a more in depth explanation of the analysis presented in the paper. The 

format of this paper is the standard format for Applied Physics Letters. 
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99, 073304 (2011). Copyright 2011, American Institute of Physics. 
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Ternary bulk heterojunction poly (3-hexylthiophene) (P3HT) and 6,6-phenyl C61-butyric 

acid methyl ester (PCBM) doped with composites constructed from a combination of 

2.5nm CdSe nanoparticles (NP) and methyl viologen (MV) blended with poly (3-

hexylthiophene) (P3HT) and 6,6-phenyl C61-butyric acid methyl ester (PCBM) have been 

examined.  It was found that the devices containing the CdSe NP/MV composite exhibit 

significantly more photocurrent in a region surrounding the absorption peak of the 

particles (560 to 660nm) when compared to pristine P3HT:PCBM devices.   For a low 

ratio of CdSe to PCBM, the photocurrent collection was accompanied by space charge 

build up that limited the performance of the devices.  When the ratio of CdSe to PCBM 

was raised, the space charge dissipated and performance recovered.  JV curve shape 

analysis suggests that charge balance was achieved; however, electrode self-selection was 

reduced. 
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Organic photovoltaics (OPVs) are widely regarded as a promising low-cost 

alternatives to traditional inorganic semi-conductor solar cells. Of the organic systems 

reported, the bulk heterojunction (BHJ) design, which relies on a nanophase separated 

composite of a conjugated polymer donor material and a fullerene electron acceptor, is 

the most widely used and efficient polymer based system (1-5) to date.  One of the 

basic challenges of these systems is maximizing both the absorption of photons and the 

collection of the resulting charges. Poly (3-hexylthiophene) (P3HT), the most ubiquitous 

donor material in OPV has a band gap (Eg) of around 1.9 eV(6) (Eg, silicon = 1.1 eV), as 

such OPVs constructed from this polymer are limited in performance since they can only 

harvest photons from a small percentage of the solar spectrum.  To address this problem, 

a number of approaches have been tried. These include 1) utilizing metal nanoparticles 

(NP) to provide current enhancement either through increased photon absorption(3) or 

increased charge carrier generation via surface Plasmon effects (4,5), and 2) utilizing a 

lower band gap polymer (7), and modifying the acceptor LUMO level to increase the Voc 

(8) of the BHJ device. 

While fullerenes have been the best acceptors for P3HT based OPVs, much work 

has been done investigating inorganic acceptors.  Cadmium selenide (CdSe) NPs are a 

popular choice for P3HT devices as the NP’s band structure matches up favorably with 

the polymer’s band (9).  However, power conversion efficiencies (PCE) of devices 

containing CdSe NPs have been in the 2 to 3% range. (10, 11), with the best results 

occurring when NPs of branched shapes (tetrapod) are used as electron acceptors (12).  

This result is believed to be due to this geometry of the CdSe NP phase being more 

favorable to charge separation and transport. 
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Previously, we used a three phase BHJ system to investigate the effects of 

niobium doped zinc oxide (ZnO/Nb) NPs (13).  However, as we show in that work the 

absorption of the ZnO/Nb nanophase is not ideal.  In the present work we investigate 

2.5nm CdSe NPs functionalized with the electron acceptor methyl viologen (MV).  The 

CdSe NPs absorb strongly in the region around 516nm (14).  MV has been shown to 

facilitate exciton separation and charge transfer from both CdSe NPs (15, 16) and Cd8S 

(thiolate) clusters (17).  Nanoparticle synthesis and composite creation as well as device 

fabrication and details are contained in supplementary information. 

   

 
Figure 1: a) Jph for devices containing varying concentrations of CdSe particles (0% blue circles, 6.7% red circles, 10% green 
triangles, 13.4% purple triangles, 16.7% orange squares, 20% violet squares b) dJph/dV for the same sets of devices, the peak 
for the 0% case (open squares) occurs at VBI.  (1:.8 P3HT to PCBM ratio) 
 

Figure 1a shows the photocurrent (Jph) for the 1:0.8 PCBM ratio devices.  This 

was obtained by subtracting the dark JV curve from the illuminated JV curve to isolate 

the current generated due to light, as described Ooi, et al. (18).  The subtracted dark JV 

curve is representative of the current generated by the photovoltage caused by 

illumination.   By looking at the photocurrent as opposed to the illuminated curve, we can 

more clearly investigate the response of the photogenerated carriers to an external field.  
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Typically, photocurrent curves exhibit anti-symmetric character with the symmetry point 

occurring at the built-in voltage of the device (VBI). Additionally, the effect of contacts 

on overall device performance can be assessed by examining where that point occurs.  

We note that the temperature of the devices was not held constant between dark 

and light curve measurements and illumination does increase the temperature of the 

devices.  These differences in temperature, albeit small, can make comparison by points 

of symmetry difficult, since current generation in OPV devices increases with 

temperature (18). We thus, numerically differentiated the curves in order to capture the 

behavior in the area of interest (see Figure 1b).  The peaks of the curves correspond to 

inflections in the photocurrent curve.  These represent changes in current collection from 

the device, and can be a result of either a change in the dominant current (diffusion or 

drift) or trapping of charge carriers (such as space charge build-up within the device).   

The devices without CdSe (blue) exhibit a peak at VBI corresponding to the point of 

symmetry outlined by Ooi (18). This point of symmetry is a consequence of the electric 

field going to zero when the applied voltage (V) is equal to VBI, as shown by Equation 1. 

(19) 

                                                    
d
VVE BI )( −

=                                                       (1) 

 The negative current seen at VBI can be attributed to the selectivity of one or both 

contacts, which serves to offset the total current in the device.  The devices containing 

CdSe are not as easily described by this analysis, as they lack similar symmetry; the 

dJph/dV curves of these devices show a double peak of varying intensities. These features 

are commonly attributed to space charge build up within the device (19).   
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 Figure 1a shows a distinct decrease of both VBI and V0, the compensation voltage 

(the voltage at which point the photocurrent is zero), with increasing nanoparticle 

loading. We postulate that there is another term (or combination of terms) that represents 

the effect that NPs have on the internal electric field (EBI) of the device.  Kumar, et al., 

have attributed these space charge effects within devices to dipoles at the contact 

interfaces (19).  They present an experimental argument by building these dipole-

inducing layers into devices and proposing that dipoles formed at the interface provide a 

field that directly opposes the applied field, leading to anomalous device behavior. 

 The devices in our study differ in that the dipoles (NPs) are dispersed with the 

other components of the active layer of the devices, a technique which has been shown to 

distribute the NPs throughout the bulk (11), as opposed to a layer deposited separately 

from the active layer.  Also, where Kumar shows a model at forward bias based on a 

dipole configuration where the dipole orientation is the same regardless of which 

electrode is being utilized; our devices show a much different behavior.  They attribute 

these inflection points (peaks in the derivative curve) to points where Eext = Ed and Eext = 

Ed + EBI, where Eext is the applied external field and Ed is the dipole induced field.  This 

would be the case if Ed and EBI were aligned in the same direction.  However, figure 1a 

shows a decrease in EBI (VBI) with increased NP loading, suggesting that the Ed (Vd) is 

working in the opposite direction of EBI, effectively decreasing it.  This leads us to 

attribute the first peak in the derivative curve to an adjusted internal voltage ( VBI,NP = VBI 

- Vd), while the second peak corresponds to the point when injection current starts to 

dominate overall current.  
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Figure 2: a) Jph for devices containing varying concentrations of CdSe particles (0% blue circles, 6.7% red circles, 10% green 
triangles, 13.4% purple triangles, 16.7% orange squares, 20% violet squares) b) dJph/dV for the same sets of devices, the peak 
for the 0% case (open squares) occurs at VBI.  (1:.5 P3HT to PCBM ratio) 
 

Figures 2a and 2b show that device behavior can change significantly when the 

PCBM ratio is decreased.  Examining the derivatives in Figure 2b reveals two major 

differences as the PCBM ratio shifts from 0.8 to 0.5 relative to P3HT.  All devices now 

exhibit a single peak in their derivative, with the peak broadening as NP concentration 

increases.  This peak broadening corresponds to a decrease in fill factor (FF) for the 

devices.  VBI,NP is slightly lower than VBI, but the dependence on NP loading has 

disappeared, as all loadings exhibit peaks at a similar voltage.   

 Figure 2a has superficial similarities to Figure 1a, V0 still decreases as NP 

concentration increases, although without the accompanying ‘S-curve’ that is attributed 

to space charge build up.  The mechanism of this decrease is different, however.  Here, 

VBI,NP shows a less negative offset as NP concentration increases, indicating that one or 

both electrodes are becoming less selective. (18) 
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Figure 3: a) Current enhancement (from 560 to 660nm) for 1:0.8 (blue) and 1:0.5 (green) devices and VBI (red) for 1:0.8 
devices as a function of nanoparticle loading. b) EQE for 1:.05 (top) and 1:.08 (bottom) devices(0%, 6.7% red, 10% green, 
13.4% purple, 16.7% orange, 20% violet) 
 

Figure 3a shows that there is an observed photocurrent enhancement for these 

devices in the range of 560 to 660 nm, and that this enhancement is dependent upon NP 

loading.  The red curve shows VBI,NP for the 0.8 weight fraction PCBM ratio devices, 

while the blue and green curves correspond to the current collected by the 0.8 and 0.5 

weight fraction PCBM devices respectively  We can see that the NPs provide similar 

enhancement from the standard device in both cases.  However, this enhancement drops 

off more quickly with NP loading for the 0.8 weight fraction devices.  This can be 

attributed to space charge build up within the 1:0.8 devices that is not seen in the 1:0.5 

devices. 

 These results emphasize the complexity of BHJ systems, particularly when 

another material (phase) is introduced.  The change in CdSe NP-MV to PCBM ratio 

within these devices leads to large changes in the performance and operation of the 

devices.  This change is not readily observable from the device characteristics themselves 
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(PCE or JV); the EQE (Figure 3b) curves show similar characteristics and theV0 drop 

with NP loading is also similar in both cases.  Further analysis reveals that different 

mechanisms are at work.  Here, we attribute the space charge build up in the 1:0.8 

devices to a displacement field, due to the NPs, that serves to oppose VBI .  Though, an 

alternative interpretation could be that the dipoles (NPs) enhance the applied field.  This 

effect seems to disappear as the ratio of NPs to PCBM is increased, although this leads to 

an apparent change in selectivity at one or both of the electrodes.  This is curious and 

requires more thorough analysis to determine the cause.  We would expect these effects 

to change as the composition, size, and concentration of NPs within the device change, as 

well as with any changes in the conducting polymer or fullerene that was used.  

Understanding these effects could lead to another route for improving the performance of 

BHJ devices as well as adding to our understanding of the physical processes involved in 

device operation. 
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Chapter 3 Supplementary Material 

Experimental Section  

Chemicals 

Methyl viologen dichloride hydrate (98%, Aldrich), 1-octadecene (ODE, 90%, 

Aldrich), oleylamine (70%, Fluka), oleic acid (90%, Aldrich), trioctylphosphine (TOP, 

90%, Aldrich), cadmium oxide (99.99%, Aldrich), selenium powder (99.5%, 100 mesh, 

Aldrich), sulphur (99.5%, Fisher) and tetradecylphosphonic acid (TDPA, 98%, Alfa) are 

used as received. 

Precursor Preparation 

0.5 M Cd(oleate)2 in oleic acid was prepared by heating at 170 °C for 1 h a 

mixture of 1.45 g CdO and 20 mL oleic acid under nitrogen flux. When the mixture 

turned colourless, the solution was cooled down to 100 °C and degassed under vacuum 

for 30 min. 1 M TOPSe was prepared by dissolving selenium pellets in TOP under 

magnetic stirring. 

Synthesis of 2.5 nm CdSe NPs 

Nanoparticles CdSe NPs were synthesized via modification of the previously 

reported procedure [1]. 2 mL 0.5 M Cd(oleate)2 in oleic acid was mixed with 3 mL ODE 

and introduced into a 50 mL three-neck flask. The mixture was degassed at 70 °C under 

vacuum for 0.5 h. Under nitrogen flux, the temperature was increased to 240 °C before 

injecting a mixture of 1.5 mL 1 M TOPSe, 1.5 mL oleylamine and 1 g TDPA (heated 

until the solution became clear). The temperature was maintained at 200 °C for 7 min. 

After cooling to 80 °C, 30 mL ethanol was added to the solution to prevent solidification 

of the product. The sample was cooled at room temperature and 60 mL ethanol was 

41



added before centrifugation at 4,000 rpm for 4 min. The supernatant was discarded and 

the pellet containing CdSe Nps and TDPA was suspended in 10 mL hexane and sonicated 

for 5 min. This turbid solution was centrifuged for 5 min at room temperature. The clear 

supernatant containing the QDs was precipitated one more time with 90 mL ethanol and 

centrifuged. The pellet containing the QDs was suspended in 10 mL hexane. The CdSe 

NPs/MV composite was prepared by mixing the CdSe NPs with [MV]Cl2 in a molar ratio 

of 1/7. 

Device Fabrication 

Our device fabrication process began with making solutions of P3HT and PCBM 

combined in one of two different ratios (1:0.8, 1:0.5). This solution was stirred for at least 

8 hours and then filtered through a 0.45 µm filter (PVDF). CdSe-MV NPs (2) were 

dissolved in chlorobenzene (CB,15 mg/mL) via sonication and then added to the filtered 

P3HT:PCBM solutions  to yield blend ratios of 1:X:.067, 1:X:.1, 1:X:.134, 1:X:.167, and 

1:X:.2, where X is the fraction of PCBM. Devices were fabricated using a standard BHJ 

architecture of ITO/PEDOT:PSS/P3HT:PCBM:CdSe-MV/LiF:Al as described in 

literature (3). Device sizes were 0.38 cm2 and all devices were annealed at 150 °C for 4 

minutes (3). 

Testing 

Devices were tested using a 150 W Oriel Solar Simulator with curves taken by a 

Keithly 260 SMU. The lamp was calibrated against a NIST calibrated silicon detector and 

power was calibrated using an NREL Si diode. External quantum efficiency (EQE) was 

determined by passing light from a 300W Oriel Xenon lamp through a Cornerstone 260 
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monochromator. The light was chopped and the signal was read on a Merlin Lock-In 

Amplifier. 

Solar Cell Data 

IV Curves (Dark and Light) 
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Figure 1:  Aggregate IV data for devices containing a 1:.8 ratio of P3HT to PCBM. 
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Figure 2:  Aggregate IV curves for devices containing a 1:.5 ratio of P3HT to 
PCBM. 
 
Tables 
 
Table I: Solar Cell Characteristics for devices containing a 1:.8 ratio of P3HT to 
PCBM. 
CdSe-MV % Voc (V) Jsc (mA/cm2) Fill Factor Efficiency 

0 0.61 8.01 0.54 2.53 
6.7 0.54 8.43 0.35 1.64 
10 0.54 8.31 0.32 1.46 

13.4 0.52 7.82 0.31 1.33 
16.7 0.45 7.23 0.25 0.79 

20 0.46 7.52 0.27 1.08 
 
Table II: Solar Cell Characteristics for devices containing a 1:.5 ratio of P3HT to 
PCBM. 
CdSe-MV % Voc (V) Jsc (mA/cm2) Fill Factor Efficiency 

0 0.61 9.59 0.52 2.96 
6.7 0.57 9.85 0.45 2.44 
10 0.55 9.77 0.43 2.28 

13.4 0.58 9.17 0.43 2.26 
16.7 0.48 8.27 0.36 1.51 

20 0.45 7.50 0.34 1.24 
 
 
Notes on Using Photocurrent (Jph) Derivatives for Analysis 

A solar cell under illumination has two main ‘mechanisms’ of current collection.  

One, charge carriers generated by absorption of photons (in the case of organics, this is 

exciton formation and dissociation) and current generated by the field within the device 

(this can be from internal fields and external applied fields).  Photovoltage is caused by 

bias created at the electrode interfaces due to photon induced charge formation at those 

interfaces.  The current created (which is usually small with respect to photogenerated 

carriers) is identical to the current generated by the solar cell in the dark (acting as a 

diode) under bias.  Therefore, we can isolate the photogenerated current by subtracting 
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the dark current from the current obtained under illumination (the light current), as in 

equation 1. 

                                                      DLPH JJJ −=                                                        (1) 

 Ooi, et al. (4) utilize the symmetry (or anti-symmetry in this case) of the 

photocurrent to investigate the performance of a bulk heterojunction P3HT:PCBM solar 

cell and explain some of the effects of annealing; what follows is a summary of that work 

with modifications for using the derivative of JPH.  The first effect we will look at is 

electrode selectivity.  Here, we look at the drift and diffusion currents within the device 

under operation: 
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 The left side of equation 2 represents the diffusion current within the device, with 

D (h or e) being the diffusivity of holes and electrons respectively, n (h or e) being the 

distribution of holes and electrons within the device and μ (h or e) being the mobility of 

holes or electrons.  In the steady state, JPH is constant throughout the device so we can use 

the spatial averages of the charge carrier concentration and electric field (which is 

constant under normal illumination levels(5)): 
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 Here, since we are taking a spatial average (over x in this case), we can use the 

algebraic form of the derivative
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where, assuming barrier-less electrode interfaces, charge carrier concentration should be 

equal at both electrodes (essentially zero as extraction is efficient).  This would cause the 

diffusive term to go to zero for non-selective electrodes.  If we look at a specific point in 

the photocurrent curve (where the applied voltage is equal to the built-in voltage), 

remembering that: 

                                               ,
d
VVE BI−

=                                                  (5) 

we see that the field, E, within the device should be zero at that point, which it is.  In the 

case of non-selective contacts, this would mean that JPH is also equal to zero at that point.  

We know that in the case of an efficient solar cell, this is clearly not the case.  Therefore, 

we can attribute this ‘sinking’ of the current at VBI to a degree of charge carrier selectivity 

at one or both electrodes. 

 The second characteristic we will investigate is the built-in voltage of the device, 

and, specifically, where it occurs and how to characterize sub-optimal solar cells 

encompassing a wide variety of conditions that lead to anomalous behavior not readily 

explained by the above equations. 
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Figure 3: Plot of relationship between Jph(red) and its numerical derivative(blue). 
 

 Figure 3 shows a typical photocurrent curve (in this case for a P3HT:PCBM solar 

cell).  The raw data for the curve are differentiated using a five point stencil: 

               ( ) ( ) ( ) ( ) ( )
h

hxfhxfhxfhxfxf
12

2882 −+−−+++−
=′                                (6) 

with h being the resolution (in volts) of the measurement.  The error in the approximation 

is extremely low (~10-9 for typical resolutions).  The most useful quality of the derivative 

in this application is the identification and quantification of critical points in the JPH 

curve.  For the case of a ‘well behaved’ device, there will only be a critical point at the 

symmetry point which occurs at VBI.  Here, we look at the analytical derivative of 

equation 4: 
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reference 4 goes on to assume, for a ‘well behaved’ device, that charge accumulation at 

the electrodes is negligibly dependent on the field (and thus potential) within the device 

(otherwise the symmetry seen in the JPH curve would not exist.  This assumption 

eliminates the right hand term of equation 7, leaving: 
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 Using equation 5 and noting that E goes to zero at VBI, we arrive at reference 4’s 

approximation of the derivative of a ‘well behaved’ curve about the symmetry point: 
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 This leads to the natural conclusion that increasing charge carrier concentration, 

mobilities or both will increase the slope at the symmetry point (VBI) and thus device 

efficiency as stated in reference 4.  Equation 9, however, does not hold for a device with 

significant charge trapping and thus, significant space charge build up.  This usually 

results in a loss of symmetry in the JPH curve.  By using the numerical derivative of the 

experimentally measured curve and stepping back, we can draw qualitative conclusions 

about the nature of non-ideal devices and some qualitative results for the change in built-

in voltage and trap depths.   

 We expect space charge to build up within these devices through the trapping of 

charge carriers (electrons and holes).  Traps can occur at interfaces, due to defects in the 

polymer or fullerene phase, and, in the case of ternary systems, on the surface of 

nanoparticles.  In a standard polymer/fullerene bulk heterojunction there are five 

interfaces to account for. 1: the polymer/anode interface, 2: the polymer/cathode 

interface, 3: the fullerene/cathode interface, 4: the fullerene/anode interface, and 5: the 

polymer/fullerene interface.  Because there is ample evidence for efficient charge 

separation in these systems (6), we do not expect significant trapping at the 

polymer/fullerene interface (at least for P3HT).  There is the potential for trapping at the 

other four interfaces, however. 
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Figure 4: JPH (red) and dJPH/dV (blue) for a device with significant space charge. 
 
 One complication of ternary systems is the addition of a third component to the 

bulk.  Not only do we now have to account for the optical and electronic properties of the 

nanoparticle, but we introduce four new interfaces that have the potential to form traps in 

addition to surface traps on the nanoparticle itself.  This also makes qualitative 

representation of individual trap states impossible from the data at hand.  We can, 

however, extract some information about the nature of trapping by going back to equation 

8.   

In the non-ideal device, one that exhibits significant space charge build-up due to 

charge carrier trapping, we see a characteristic double peak (Fig. 4).  We can equate the 

first peak to the condition described in equation 9, only this time due to an adjusted built 

in voltage (VBI) that is decreased by the space charge build-up within the device.  This 

space charge build up also serves to decrease one or both charge carrier mobilities (7).  

The dip between peaks corresponds to a filling of those traps and subsequent return to 

‘typical’ device behavior as the forward bias is increased with the second peak being the 
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point where diffusion current begins to dominate.  In this way we can quantify the 

voltage drop due to charge trapping within the device as well as estimate trap depth by 

looking at the second peak of the derivative. 
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CHAPTER 4: INCREASED PHOTON ABSORPTION AND CONVERSION IN 

TERNARY BULK HETEROJUNCTION SYSTEMS OF CDSE/CDS CORE-SHELL 

NANOPARTICLES/METHYL VIOLOGEN COMPOSITES, CONJUGATED 

POLYMERS, AND FULLERENES 

 PCPDTBT for this work was synthesized by Dr. Robert Coffin, other materials 

were provided by Dr. Minglai Fu.  Absorption spectroscopy of the nanocomposites was 

performed by Dr. Fu at the University of South Carolina.  The author was responsible for 

all device fabrication and measurements as well as analysis of the data. The format of this 

work is the standard format of IEEE conference proceedings. 
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ABSTRACT 

Increasing the conversion of photon flux into electrical energy is the driving problem 

in organic photovoltaic research.  We address this problem by incorporating 

CdSe/CdS ‘core-shell’ nanoparticles effectively functionalized by methyl viologen (a 

strong electron acceptor) into a bulk heterojunction system of two conjugated 

polymers, poly(3-hexylthiophene) (P3HT), 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), 

and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM).  We show that the addition 

of these nanoparticle composites can increase the photocurrent generated by these 

devices through both direct absorption and indirect mechanisms depending on the 

system. 

INTRODUCTION 

Organic photovoltaic devices have advanced to the point where new systems 

and new materials must be found to continue their development and reach a cost 

effective state.  New, low band-gap polymers have been a promising method of 

addressing this need with materials meeting or exceeding power conversion 

efficiencies of 6%1,2 and even 7%3.   
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In all but one case, these systems utilize a fullerene derivative based on C70 as 

opposed to the standard C60 molecule derivatives.  This results in an electron acceptor 

that also serves to ‘fill-in’ the absorption gaps of the low band-gap polymer.  In this 

work, we show that inorganic nanoparticles can be used in much the same way as 

long as we maintain charge balance in the system by manipulating the concentration 

of PCBM. 

Prior research involving CdSe nanoparticles bound to methyl viologen (MV) 

in a P3HT:PCBM bulk heterojunction system4.  The data showed no enhancement of 

standard solar cell parameters (open circuit voltage, fill factor, efficiency) except for a 

small increase in short circuit current at certain loadings (6.7 to 13.4%).  External 

quantum efficiency (EQE) measurements showed some interesting effects, namely an 

increase in photocurrent around the absorption peak of the nanoparticles. 

Core-shell nanoparticles have recently been the subject of much research, 

mostly for their photo luminescent properties5-7.  These particles, particularly the 

CdSe/CdS particles, also possess a more favorable band-gap for investigating the 

earlier phenomena seen with the CdSe nanoparticles.  In order to investigate the effect 

of these particles, we chose two different conjugated polymers with very different 

band gaps.   

EXPERIMENTAL 

Chemicals 

Methyl viologen dichloride hydrate (98%, Aldrich), 1-octadecene (ODE, 90%, 

Aldrich), oleylamine (70%, Fluka), oleic acid (90%, Aldrich), trioctylphosphine (TOP, 

90%, Aldrich), cadmium oxide (99.99%, Aldrich), selenium powder (99.5%, 100 
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mesh, Aldrich), sulphur (99.5%, Fisher) and tetradecylphosphonic acid (TDPA, 98%, 

Alfa) are used as received. 

Precursor Preparation 

0.5 M Cd(oleate)2 in oleic acid was prepared by heating at 170 °C for 1 h a 

mixture of 1.45 g CdO and 20 mL oleic acid under argon flux. When the mixture 

turned colourless, the solution was cooled down to 100 °C and degassed under 

vacuum for 30 min. 1 M TOPSe was prepared by dissolving selenium pellets in TOP 

under magnetic stirring. 

Synthesis of CdSe/CdS Core-shell Nanoparticles 

CdSe nanoparticles(NPs) were synthesized via modification of the previously 

reported procedure9.  2mL 0.5 M Cd(oleate)2 in oleic acid was mixed with 3 mL 

ODE and introduced into a 50 mL three-neck flask. The mixture was degassed at 

70 °C under vacuum for 0.5 h. Under nitrogen flux, the temperature was increased to 

240 °C before injecting a mixture of 1.5 mL 1 M TOPSe, 1.5 mL oleylamine and 1 g 

TDPA (heated until the solution became clear). The temperature was maintained at 

200 °C for 7 min. After cooling to 80 °C, 30 mL ethanol was added to the solution to 

prevent solidification of the product. The sample was cooled at room temperature and 

60 mL ethanol was added before centrifugation at 4,000 rpm for 4 min. The 

supernatant was discarded and the pellet containing CdSe Nps and TDPA was 

suspended in 10 mL hexane and sonicated for 5 min. This turbid solution was 

centrifuged for 5 min at room temperature. The clear supernatant containing the QDs 

was precipitated one more time with 90 mL ethanol and centrifuged. The pellet 

containing the QDs was suspended in 10 mL hexane. 
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CdS Shell Synthesis 

CdSe nanoparticles(NPs) were synthesized via modification of the previously 

reported procedure10. 

Cadmium stock solution was prepared by mixing 0.5 M Cd(oleate)2 in oleic 

acid with ODE to obtain a 0.1 M cadmium solution. Sulphur stock solution was 

prepared by dissolving sulphur in ODE at 180 °C under argon to obtain a 0.1 M 

sulphur solution. 2 mL oleylamine, 4 mL ODE and 1.5 mL CdSe core solution (2.5 

nm diameter, 90 μM) in hexane were introduced into a 50 ml three-neck flask. After 

removing the hexane under reduced pressure and degassing at 70 °C for 30 min, the 

flask was backfilled with argon and 0.28 ml of the cadmium stock solution were 

injected before increasing the temperature to 230 °C. After 10 min at this temperature, 

the same amount of sulphur stock solution was added dropwise and the temperature 

was raised to 240 °C. Cadmium and sulphur stock solutions were then successively 

injected dropwise at 10 minute intervals. The volumes injected follow a square 

progression (respectively 0.46, 0.65, 0.87, 1.13 and 1.42 mL). The last injection was 

carried out with the cadmium stock solution and was reacted for 20 min before the 

temperature was lowered to 80 °C. The QDs were precipitated by centrifugation with 

80 mL ethanol and suspended in hexane. 

CdSe/CdS and MV2+ complex 

The MV2+ dissolved in methanol was added to the QDs solution in 

chloroform at a molar ratio of 7:1. Finally, the QD/MV2+ couple were dissolved in 

an o-dichlorobenzene for spin coating. 

Synthesis of PCPDTBT 
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PCPDTBT was synthesized as described in literature by Zhu9. 

Device Fabrication 

Devices were fabricated on ITO coated glass purchased from Delta 

Technologies (8-12 Ω/square).  The ITO coated glass was cleaned by sonication in 

Acetone for 20 minutes followed by sonication in isopropanol for another 20 minutes.  

They were dried under vacuum and then subjected to ozone cleaning for at least 30 

minutes.  A 40nm layer of PEDOT:PSS (Clevios from H.C. Starck) was deposited by 

spin coating on each sample. 

For P3HT based devices, a P3HT:PCBM solution with 15 mg/mL of P3HT 

and 7.5 mg/mL of PCBM in chlorobenzene was stirred overnight.  It was then filtered 

and separated, a solution of 15 mg/mL of CdSe/CdS-MV in chlorobenzene was added 

in measured amounts. These solutions were spin coated at 1500 rpm for a final 

thickness of ~180 nm.  Electrodes consisting of 1.5nm of LiF and 100nm of 

Aluminum were deposited via thermal evaporation, devices were defined by a 

shadow mask to be .38 +/- .04 cm^2.  The electrodes were configured in an island 

formation. 

For PCPDTBT devices, a PCPDTBT:PCBM solution with 10 mg/mL of 

PCPDTBT and 30 mg/mL PCBM in o-dichlorobenzene was stirred overnight and 

separated.  A solution of 10 mg/mL of CdSe/CdS-MV in o-dichlorobenzene was then 

added in measured amounts.  These solutions were spin coated at 1200 rpm.  

Aluminum electrodes were thermally deposited for a thickness of 100nm and defined 

by the same shadow mask as the P3HT:PCBM devices.   

Testing 
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Absorption measurements have been performed on Agilent 8453 UV-Visible 

spectrophotometer. 

Devices were tested for power conversion efficiency in 1 sun illumination by 

an Oriel 150W Xenon lamp shown through AM 1.5G filters.  The lamp was 

calibrated by an Oriel reference solar cell.  Measurements were taken via a Keithly 

2400 source-current meter. 

External quantum efficiency measurements were taken by illumination from 

an Oriel 300W Xenon lamp through an Oriel Cornerstone 260 monochromator.  The 

light was chopped and measurements were taken through an SRS preamplifier and 

Merlin Lock-In amplifier.  These were compared to an Oriel calibrated silicon 

photodiode with a Newport preamplifier. 

 
RESULTS AND DISCUSSION 
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Figure 1: UV-vis spectra of 2.5nm CdSe nanoparticles, 13nm CdSe/CdS 
nanoparticles, and CdSe/CdS nanoparticles doped with MV2+ in chloroform. 
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Figure 1 shows the absorption spectra of the core-shell nanoparticles in 

comparison to bare CdSe nanoparticles.  It can be seen from the plot that the addition 

of methyl viologen does little to alter the absorption of the particles.  The absorption 

of these particles is also more favorable to the systems studied in this experiment. 

 

P3HT Devices 

P3HT is the most studied conjugated polymer utilized in organic photovoltaics 

and can reach (under optimal conditions) efficiencies of ~5%.  Here, we look at a 

suboptimal protocol (shorter annealing times) in order to limit any heating effect on 

the CdSe/CdS-MV composite.  Figure 2 shows JV curves for devices containing 

different weight ratios of nanoparticles. 

 

 
Figure 2: Average JV curves of devices with varying weight percentages of 
CdSe/CS nanoparticles.  P3HT:PCBM ratio of 1:.5 by weight. 
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From the JV curves we can see that current improves with nanoparticle 

loading up to 13.4% and comes back down with higher loadings.  Fill factors also 

suffer at higher loadings.  These effects could be due to charge imbalance and/or 

unfavorable scattering effects starting to dominate device operation.  The short circuit 

current increases from 9.5 mA/cm^2 for the control devices to 10.7 mA/cm^2 for the 

13.4% devices (an increase of slightly over 10%). 

Figure 3 shows how the EQE spectra of the devices change with increased 

nanoparticle loading. 

 
Figure 3: Average EQE for P3HT:PCBM devices with varying weight 
percentage of CdSe/CS nanoparticles. 
 

Here we see where in the solar spectrum the current enhancement is coming 

from.  These curves are similar to curves shown by us for CdSe-MV composites in 

P3HT4.  There is significant broadening near the absorption peak of the nanoparticles 

whereas there was only modest broadening before.  We also see that there is some 

lost photon collection from 400 to 500 nm, although it is, with the exception of the 

0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

80.00

350.00 400.00 450.00 500.00 550.00 600.00 650.00 700.00 750.00

Wavelength (nm)

EQ
E 

%

0%
6.70%
10%
13.40%
16.70%
20%

59



20% loading, not very significant.  This result suggests that there is a direct 

absorption mechanism contributing to extra current collection in these devices.  

PCPDTBT Devices 

PCPDTBT is a conjugated polymer that has drawn some attention due to its 

low bandgap5,6.  Here, we show some preliminary work with this polymer and 

PC61BM.  No additive processing was used on these devices, making them less 

effective in collecting current than the devices already described in the references 

above.  Figure 4 shows the average JV curves for 3 different loadings of CdSe/CdS 

nanoparticles.  Again, under these conditions, we see a large increase in short circuit 

current and an increase in other photovoltaic parameters. 

 

 
Figure 4:  Average JV curves for PCPDTBT devices with 1:3 PCBM loading and 
different loadings of CdSe/CdS nanoparticles. 
 

Here, we see that the devices show marked improvement over the controls, at 

least for the 10% loading.  This suggests that there is a charge balance issue with the 
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variable optimal conditions for any conjugated polymer). The higher loading of 

nanoparticles (20%) shows definite space charge buildup and degraded device 

performance. Figure 5 shows the corresponding average EQE. 

 

 
Figure 5: Average EQE curves for PCPDTBT devices and different CdSe/CdS 
nanoparticle loadings. 
 

Here we see something different than what was seen with the P3HT.  While 

there does appear to be a blue shift in the EQE (toward the absorption of the 

nanoparticles, there is also an overall large increase in EQE over all wavelengths.  

There are many possible explanations for this, and confirming any of them is outside 

of the scope of this paper.  It is possible that the charge balance is altered to better 

match the polymer and acceptor, thus leading to more efficient charge collection.  

The addition of nanoparticles could also affect the morphology of the film.  The blue 

shift suggests that there is still some direct absorption contribution, but it seems to be 

a much smaller part of the overall enhancement we see here.  Also, although the 20% 
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loading is much lower in overall efficiency, we do see a similar shift in the spectrum 

from the control, particularly at the feature between 500 and 600 nm. 

Conclusions 

In this work we show photon collection enhancement in two different 

conjugated polymer systems by the inclusion of CdSe/CdS nanoparticle composites 

into a bulk heterojunction system.  EQE spectra suggest that the nanoparticles provide 

some direct absorption and photocurrent around their absorption peak (564 nm), 

although it is likely that this absorption is modified by the surrounding medium, 

which could account for current enhancements for longer wavelengths.  There is 

strong evidence for this in the P3HT system and weaker evidence in the PCPDTBT 

system. 

Results from the PCPDTBT system suggest that there are other mechanisms 

of enhancement, at least for this particular set of device parameters.  Other likely 

candidates include better charge transport and film morphology due to the 

nanoparticle composites.  The slight blue shift in the EQE spectra suggests that there 

is also direct absorption and photocurrent enhancement. 

These results are very promising and are an evolution on earlier work 

involving CdSe nanoparticle composites.  The addition of a CdS shell has a number 

of effects on the electronic states of the particle.  How that particle interacts with the 

other materials in the bulk heterojunction is an interesting puzzle, which if even 

partially solved, could lead to another route for enhancement of polymer based 

photovoltaic devices. 
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CONCLUSION 

 Increasing the performance of organic photovoltaics by incorporating new 

materials into device design is still in its infancy.  As this work proceeded, it became 

apparent that simply trying to replace PCBM as an acceptor leads to decreased 

performance from the baseline device.  The ternary strategy proved to be better, although 

ternary systems containing CdSe nanoparticles showed a large amount of space charge 

build up as particle concentration is increased.  The use of core shell nanoparticles was 

promising and seemed to mitigate the problem. 

 Looking at the effects these materials have on the operation and performance of a 

variety of solar cells illustrates the complexity of these systems.  Charge trapping can 

occur as loading increases and the actual current enhancement is modest at best.  It is 

possible that these enhancements are morphological in nature; that the nanocomposites 

facilitate a more favorable structure for the other components of the device, thus 

increasing current.  Using core-shell nanoparticles to limit charge trapping is one route to 

further the investigation of these materials. 

 A more thorough understanding of the mechanisms of charge carrier separation 

and transport are necessary if ternary systems are to become a promising alternative to 

traditional organic materials.  Adding another material adds many layers of complexity.  

The properties of the nanoparticle (exciton generation and separation as well as charge 

carrier conduction) influence the other constituents and are influenced by them.  A 

systematic study of these devices, begin with a variety of nanoparticles and well studied 

polymers such as P3HT or PCPDTBT would be the logical next step in advancing the 

technology. 
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