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Abstract 

This thesis reports the functionalization of metal nanoparticles to allow for solubility in 

organic solvents used in solar cell fabrication. Functionalization of the nanoparticles using 

poly(ethylene glycol) methyl ether thiol (PEG-SH) allows for the phase transfer of the 

nanoparticles from aqueous solution to organic solvents. Once functionalized it was found that 

nanoprisms will undergo a shape change. This change in morphology was investigated using 

UV-Vis measurements, transmission electron microscopy (TEM), and X-ray Absorption Near 

Edge Structure (XANES) measurements and a mechanism for the shape degradation is 

presented. The PEG functionalization procedure can be applied to other types of metal 

nanoparticles and once soluble, these particles were incorporated into the active layer of the BHJ 

cells. It has been found that the PEG functionalized particles do not improve the cell efficiency, 

but they do affect the cell performance. The addition of the particles does not influence the open 

circuit voltage, but it does affect the current density of the devices. This suggests that the 

particles may be acting as electron traps, not allowing current to flow efficiently through the 

device. This shows that while the PEG-ylation of the particles is effective at solubilising them 

into useful organic solvents, the thickness of the PEG layer on the nanoparticles may not provide 

protection from electrons and allow for effective charge transfer throughout the solar cell. 
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Chapter 1 - Introduction 

Organic Photovoltaic Solar Cells 

Introduction   

With the world’s energy consumption slowly increasing, and the amounts of available 

fossil fuels slowly decreasing, society is looking for new types of renewable energy sources. In 

2011, the energy consumption in the United States was 97.5 quadrillion Btu. Only 9.0 quadrillion 

Btu (9.3%) of that came from renewable energy sources, including biomass, geothermal, wind, 

hydro, and solar.1 These alternative energy sources are attractive because they are renewable; 

they use naturally occurring energy sources that will automatically replenish after they are used 

to create useable energy.  

Solar power may be the most underutilized of the types of renewable resources in the 

world. The United States reported that in 2011 only 0.2% of the power that the country 

consumed was solar power.1 Each year approximately 5.46x106 EJ of energy from the sun 

reaches the earth. Over the years 2005-2010, the annual world energy consumption was 

approximately 500 EJ. This is approximately 0.01% of the light energy available2. Solar energy 

has the potential to become a major source of renewable energy across the globe. Currently the 

cost of solar power is high and the amount of energy that can be delivered is low in comparison, 

but this is something researchers are looking to improve.  

There are many different types of solar cells, all with the same general function. Solar 

energy is captured by the device and converted into electrical energy. Exactly how this is done 

depends on the type of cell. The three major categories of cells that are being developed are 
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crystalline silicon, thin film, and emerging photovoltaics. Each type of cell has its own 

challenges and efficiency records are shown in figure 1-1.  

 
 

Figure 1-1 - Record solar cell efficiencies for different cell types3 

 

This chart shows how the different technologies have improved and evolved over the last 

4 decades. The current records for cell efficiencies within each type are shown on the right hand 

side of the chart. The current overall highest record for efficiency is for a multijunction type cell, 

with an efficiency value of 44.0%. A multijunction solar cell has a number of layers within the 

cell that are each tuned to absorb different wavelengths of light. The current generation of 

multijunction cells have three layers; the current record holding cell consists of GaInP, GaAs, 

and Ge layers.4 This cell also uses a concentrating system to focus the incoming solar energy and 

concentrate it onto the cell, increasing the amount of light that reaches the cell. These 
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multijunction cells are extremely complex which causes them to be difficult and expensive to 

fabricate. 

Another type of commercially available cell is a crystalline silicon cell. This type of cell 

is made up of either a single continuous crystal of silicon, or of smaller silicon crystals. The 

monocrystalline variety is more efficient than polycrystalline cells, but it is significantly more 

expensive due to processing conditions required.  These cells are often brittle which makes their 

installation difficult, even though they are very commonly used commercially. 

Thin film technologies are on the cutting edge of production research. The goal in this 

type of cell is to create a cell that is as thin as possible. This will allow the cells to be mounted on 

more flexible substrates, producing creative ways of incorporating these cells into daily life. 

There are three main types of these thin film cells: amorphous silicon (a-Si), cadmium telluride 

(CdTe), and copper indium gallium selenide (CIGS).5 Rather than crystalline like the 

commercially available silicon cell, the a-Si cells are made of amorphous silicon. These cells are 

less efficient due to their thickness, have poor carrier mobilities, and are subject to degradation. 

The CIGS type cell is similar in structure to a silicon cell, but the manufacturing techniques are 

less costly. The latest technology prepares these cells in a way that is similar to printing 

newspapers, and is called roll-to-roll processing. The substrate is an aluminum foil electrode that 

the CIGS ink is printed onto, then wrapped with a foil lamination, and finally the transparent top 

electrode is printed on to the top of the cell.6 The CdTe cells are also similar in structure, but 

unfortunately the cadmium within the cell is toxic, due to its ability to accumulate within the 

food chain, similar to mercury.  

An emerging type of solar cell is a dye sensitized solar cell (DSSC). This is a thin cell 

that is made up of a sensitizer or dye that is attached to a wide band semiconductor.7 Often a 
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liquid electrolyte is required to carry the electrons throughout the cell, but this can cause 

limitations in cell use. In the newest generation of DSSCs the electrolyte is not necessary, 

allowing for the cells to be used in all types of environments.8 These types of cells currently have 

some of the best efficiencies of all the new and emerging types of cell technologies. Since 1991 

these cells have improved in efficiency from ~5% to the current record of 15% held by the 

Grätzel group.9  The rise of DSSC efficiencies began with the “Grätzel Cell” in 1991. This type 

of DSCC cell is based on the dye being adsorbed on to the surface of TiO2 nanoparticles.7 The 

basic structure of the DSSC is shown in figure 1-2. 

 
 

Figure 1-2 - DSSC structure 

 

The sensitizing dye within the DSSC absorbs a photon, causing an electron to be excited 

into the lowest unoccupied molecular orbital (LUMO) of the dye. This electron is injected in to 

the conduction band of the TiO2 and then travels to the electrode. The now oxidized dye is 

reduced by the electrolyte, which is then regenerated at the counter electrode to complete the 

circuit10. 
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The absorption spectra of the dyes used in these types of cells are often broad, causing 

them to absorb and convert photons over a wide range of wavelengths, resulting in higher 

currents within the cell.  Examples of some of the dyes used are shown in figure 1-3. 
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Figure 1-3 – Structures of (A) black dye N749 and (B) dye N719 

 

Figure 1-3 shows examples of 2 dyes that are used in DSSCs. There are hundreds of 

possible dyes, with new ones constantly being synthesized to try and extend or improve the 

absorption into different parts of the electromagnetic spectrum. 

 

Bulk Heterojunction Cells  

This thesis focuses on a type of emerging solar cell, a bulk heterojunction (BHJ) cell. The 

general structure and different layers of a BHJ is shown in figure 1-4. Each layer within this type 

of cell has a specific function that will contribute to the efficiency of the cell, and each layer can 

be a variety of materials leading to a number of different versions of this type of cell. Each layer 

will be introduced and the function and materials will be discussed. 
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Figure 1-4 - General BHJ structure 

 

In all types of BHJ cells the most important layer is the active layer. This layer is made 

up of a blend of two types of materials, a donor material and an acceptor material. This is where 

the solar energy is converted into electrical energy. Figure 1-5 shows how the light is absorbed 

into the cell and then converted into electrical energy. 

 
 

Figure 1-5 - Energy level diagram of a BHJ active layer 
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A photon enters the cell through the transparent anode and excites an electron from the 

highest occupied molecular orbital (HOMO) of the donor material into the LUMO leaving a 

positively charged vacancy or hole in the LUMO. This electron-hole pair is bound together while 

moving within the electron donor material, and is called an exciton. Once it reaches a junction 

between the donor material and the acceptor material, it is more favourable for the electron to 

move into the LUMO of the acceptor. This causes the exciton to split and the electron and the 

hole are free to move towards the anode and the cathode. In order for this split to occur the 

LUMO of the acceptor must be lower in energy than the LUMO of the donor, making it more 

energetically favourable for the electron to move into the new material. Once split, the hole will 

migrate towards the anode and the electron towards the cathode, completing the electrical circuit.  

The migration of the electron and the hole towards the cathode and anode is due to band 

bending. The energy level diagram shown in figure 1-6(a) is of the energy levels of the materials 

before they are combined into a cell. Once combined, at short circuit the Fermi levels of the 

electrodes will attempt to equilibrate, resulting in a bent band structure as illustrated in figure 1-

6(b).  

 
 

Figure 1-6 - Energy band structures of the (A) individual and (B) combined active layer materials 
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This creates a sloped band structure that allows for the electrons to move more 

favourably towards the cathode and the holes to move more favourably towards the anode. As 

excitons build up at the interface of the donor and acceptor materials, electrons will drift 

downward towards the cathode. A concentration gradient will also help to drive the electrons or 

holes towards the electrodes. 

 The acceptor is usually a fullerene, the most popular being either phenyl-C60-butyric acid 

methyl ester or phenyl-C70-butyric acid methyl ester (PC60BM or PC70BM). The structure of 

PC60BM is shown in figure 1-7. Fullerenes are most often used due to their favourable LUMO 

energy and excellent electron transport characteristics.11 

The donor material is often a polymer, with a large range of materials available and being 

used. Because PC60BM and PC70BM are well established as being effective acceptor materials, 

the donor materials are designed to match the band structures of these materials. One of the more 

popular donor materials is poly-3-hexylthiophene (P3HT), shown in figure 1-7, but other 

materials also work well.  
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Figure 1-7 - Chemical structures of donor and acceptor materials 

 

An important part of polymer selection are the energy levels of the polymer and how well 

they will overlap with the energy levels of the acceptor. The LUMO of the polymer must be 

higher in energy than the LUMO of the acceptor material, in order for efficient charge transfer to 

occur. The separation must be at least 0.3 eV in order to overcome the exciton binding energy 

and have charge separation occur.12 It must be more favourable for the electron to move from the 

higher energy level of the polymer to the lower energy level of the acceptor. But there is a 

balance that needs to be maintained, and this is where the band gap becomes significant. The 

HOMO of the acceptor material must also be lower in energy than the HOMO of the polymer so 

that the hole will not transfer into the acceptor. Holes move up along the energy scale, as seen in 
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figure 1-5. The HOMO and LUMO levels and band gaps of some common donor-acceptor 

blends are shown in figure 1-8.13,14 

 
Figure 1-8 - Energy levels of multiple donor materials and PCBM acceptor material 

.   

Figure 1-8 shows the energy levels for the HOMOs and LUMOs with respect to vacuum 

for donors; P3HT, poly [[4,8-bis[[2-ethylhexyl] oxy] benzo[1,2-b 4,5b’] dithiophene-2,6-diyl][3-

fluro-2-[[2-ethylhexyl]carbonyl]thieno[3,4,6] thiophene diyl]] (PTB7), Poly[N-9′-heptadecanyl-

2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)], Poly[[9-(1-octylnonyl)-9H-

carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-thiophenediyl] 

(PCDTBT) and a poly[4,8-bis-substituted-benzo [1,2-b:4,5-b0]dithiophene-2,6-diyl-alt-4-

substituted-thieno[3, 4-b]thiophene-2,6-diyl] derived polymer (PBDTTT-C), and acceptor 

PCBM. Table 1-1 shows efficiency values for common donor-acceptor combinations. 

Table 1-1 – Efficiency values for various donor-acceptor combinations 

Donor Material Acceptor 

Material 

Power Conversion 

Efficiency (%) 

P3HT PC60BM 2.9015 

P3HT PC70BM 3.4916 

PTB7 PC70BM 7.2517 

PBDTTT-C-T PC70BM 7.5918 

PCDTBT PC70BM 6.3019 
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Proper energy level alignment is not the only factor when fabricating a successful donor-

acceptor blend. Film morphology is a very important factor in the active layer. The donor layer 

needs to be uniformly distributed throughout the cell in order to capture all of the light that enters 

the device. But in order for the acceptor layer to work efficiently it also needs to be distributed 

evenly throughout the device. This is where the idea of blending the two materials together stems 

from. Figure 1-9 illustrates how the blending of the donor and acceptor materials allows for even 

distribution of both materials. 

 
 

Figure 1-9 - Film morphology of blended donor (orange) and acceptor (blue) materials 

 

Solution processing of the active layer allows for the junctions between the donor and 

acceptor materials to be distributed randomly thought the cell.20  The active layer in a cell is not 

the only component that helps with cell function. Hole and electron transport layers are 

necessary to encourage the flow of electrons in the correct direction. These buffer layers are 

essential for the achievement of high power conversion efficiency in organic photovoltaic (OPV) 

cells.21 Between the active layer and the anode is the hole transport layer. This layer facilitates 

the movement of holes towards the anode. The energy levels of this layer are as important as the 
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energy levels in the donor acceptor blend. The work function of the popular anode indium tin 

oxide (ITO) is not well aligned with most donor materials21, therefore an intermediate is required 

for effective hole transport from donor to anode. The HOMO level of the hole transport layer 

needs to lie above the HOMO of the donor material to encourage the movement of the positively 

charged holes into the buffer layer, and slightly below the work function of the anode to 

encourage movement into the anode. The LUMO also must be higher in energy in order to 

discourage the movement of the electrons into the hole transport layer and then on to the anode.  

Along with efficiently transporting positive holes and blocking electrons, the buffer 

material needs to be stable and not increase the series resistance of the cell. It also must be 

transparent in order for light to reach the active layer.21 Popular hole transport layers include 

poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS), V2O5, or MoO3. 

While PEDOT:PSS is the most widely used in OPVs due to its ease of use, thermally evaporated 

metal oxides such as V2O5 and MoO3 have been found to be comparable to PEDOT:PSS.22 

PEDOT:PSS, as shown in figure 1-10, is available as a suspension in water allowing for it to be 

spin coated on top of the anode. But there are disadvantages to the material. The suspension is 

extremely acidic (pH ~1-2), which may cause the ITO to lose indium. PEDOT:PSS is highly 

hydroscopic, and any uptake of water will damage the cell function. Also the film morphology is 

sometimes hard to reproduce. Solution processed materials are not the only option when looking 

for an effective hole transport layer.  
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Figure 1-10 – Structure of PEDOT:PSS hole transport layer material 

 

Other buffer layers within the cell are used to transport electrons to and block holes from 

the cathode. The main requirements of such a materials are to transport the negative carriers, 

block positive carriers, be stable, and not to increase the series resistance of the cell.21 Lithium 

fluoride (LiF) is the most commonly used electron transport layer. It has been demonstrated that 

including a layer of LiF below the cathode leads to a significant improvement of both the fill 

factor and the open circuit voltage of a cell, as well as a decrease in the series resistance. This 

will lead to an increase in the overall efficiency.23  

The final important components of an OPV are the anode and cathode materials. The 

work function of the anode is what allows for the positively charged hole to migrate towards the 

anode and complete the circuit within the cell. The work function of the material needs to match 

up with the energy level of the hole transport layer, or be very slightly higher to encourage the 

migration of the hole. As mentioned before, the most popular anode material is ITO on a glass 

substrate. The ever increasing price of indium prevents the large scale use of ITO as anode 

material. Other factors may limit this type of material as well. ITO has been known to release 

oxygen and indium into the organic layer, compromising device performance. It also has limited 

transparency in the blue region which may not allow for the full spectrum of light to reach the 

active layer.24 On the other hand, there are few alternatives that work as well as ITO does in 
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OPV cells with the advantage being their use with flexible substrates. Emerging anode materials 

include polymer based materials, such as PEDOT based materials25, or indium doped zinc oxide 

(IZO) thin films.26 

The cathode material of a BHJ cell is much more variable than the anode. Often 

aluminum is used, but other metals, such as silver, gold or palladium27 are also effective. As with 

the anode, the work function of the material is important. The material needs to allow for the 

electrons to migrate easily from the electron transport buffer layer to the cathode material.  

Limitations 

Limitations in BHJ devices most often originate in the active layer. There are five distinct 

reasons as to why there are limits in the efficiency of BHJ cells and why even the efficiency limit 

outlined by Shockley-Queisser28 has yet to be reached; energy level misalignment at the donor 

acceptor interface, insufficient light trapping, low exciton diffusion lengths , non-radiative 

recombination, and low charge carrier mobilities are the cause of limited efficiencies.29  

Insufficient light trapping is often due to the thickness of the active layer. The active 

layer is the part of the cell that absorbs the light. According to Beers Law, the absorbance of a 

material is directly related to the path length, or thickness of the material. If the active layer is 

too thin, the amount of light that can be absorbed is compromised. Therefore, the longer the path 

length, the more light can be absorbed, which should lead to an increase in efficiency of the cell.  

However, increasing the thickness of the cell can create issues. Recombination can occur 

when the junctions between the donor and acceptor materials are far apart. The exciton must be 

able to diffuse to these junctions to achieve separation of the hole and the electron. If the exciton 

does not reach a junction within approximately 10 nm from where it was formed30, it will 

recombine. This is known as geminate recombination. If the exciton does diffuse to a donor 
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acceptor junction before recombining, it will charge separate and the resulting hole and electron 

will begin to diffuse toward the anode and cathode respectively. This diffusion is also subject to 

recombination. If the active layer is too thick, the electron or hole may encounter another hole or 

electron near a donor acceptor junction and recombine within the active layer before it reaches 

the anode or cathode; this is known as non-geminate or bimolecular recombination. Both types 

of recombination are illustrated in figure 1-11 

 
 

Figure 1-11 - Mechanisms of (A) geminate recombination and (B) bimolecular recombination 

 

Charge carrier mobility is the movement of the separated positive and negative charges 

through the cell towards the anode and cathode. If a material has poor carrier mobility, the 

chances for recombination are increased. The higher the carrier mobility of a material, the more 

efficiently it moves the separated charges throughout the active layer. The carrier transit time 

within a material must be much smaller in comparison to the carrier lifetime.31 
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Most of these limitations can be controlled by careful selection of donor and acceptor 

materials and processing procedures. Selection of appropriate materials will help control any 

limitations that may arise from energy level alignment, or carrier mobilities. Careful layer 

fabrication will allow for reduction of limitations surrounding light trapping, exciton diffusion 

lengths and recombination.  

If proper energy level alignment of the donor acceptor interface, adequate light trapping 

and low exciton diffusion lengths, recombination reduction, and high charge carrier mobility 

within a cell can be controlled, a well-functioning cell can be expected.  

Characterization 

The characterization of all types of solar cells is done in the same way, to ensure 

reproducibility, consistency and comparability. The efficiency and the power output of a cell are 

measured under specific standard conditions. The light intensity is 1000 W/m2, the ambient 

temperature of the cell is 25°C, and the light spectrum used is AM1.5G. This is defined as light 

that has been passed through the atmosphere when the sun is at 42° elevation from the horizon2. 

Extraterrestrial light is energy that comes directly from the sun with no impedance. The light 

used to characterize solar cells needs to be the same as the light that would pass through the 

Earth’s atmosphere, which contains molecules that absorb light at certain wavelengths. Figure 1-

12 shows the difference between the light that reaches the edge of the earth’s atmosphere (AM 

0G) and the light that reaches the surface of the earth after passing through the atmosphere (AM 

1.5G).  
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Figure 1-12 - Power density of solar radiation  

   

 Light is irradiated onto the cell, a voltage is applied and the current produced is 

measured. This current and voltage data is then plotted to produce a current-voltage (J-V) plot. 

There is a large amount of data about the cell that can be determined from this type of plot. 

Figure 1-13 shows an example of a J-V plot and the kinds of data that can be extracted.  

 
 

Figure 1-13 – JV curve characteristics 
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As shown in Figure 1-13, the efficiency of the cell can be calculated from the J-V curve 

of the cell. The maximum power point of the cell occurs when the power of the cell reaches its 

peak. The voltage at this point is the voltage at the maximum power point (Vm) and the current at 

the point is the current at the maximum power point (Im). The short circuit current density (JSC) 

of a cell is defined as the current of a solar cell when the voltage is zero divided by the area of 

the cell. JSC values have been found to a result of active layer diffusion properties and film 

morphology. The more uniform the morphology, the more likely the cell to have an improved JSC 

value20. The open circuit voltage (VOC) is defined as the voltage within the solar cell when the 

current is zero. The VOC of a cell has been found to be directly related to the difference in energy 

between the HOMO level of the donor material and the LUMO of the acceptor material in the 

active layer32. The Vm, Jm, JSC and VOC values are used to determine the fill factor of the cell.  

The fill factor (FF) is a measure of the squareness of the J-V curve and it is a representation of 

how difficult or easy it is to extract photogenerated carriers out of the cell.33 Ideally the FF of a 

cell is 100%, where the J-V plot is a perfect rectangle. The FF, JSC, and VOC, are combined with 

incident power (PI), the amount of light reaching the cell, to calculate the efficiency (η) of the 

cell. Efficiency is the parameter that is most often compared between cells, because it is a real 

measure of a cell’s performance.  

Another type of cell characterization is the incident photon to current efficiency (IPCE). 

This is a measure of how effectively light of a particular wavelength is converted into current. A 

series of current measurements is taken over a range of wavelengths and compared to a 

reference. The resulting data is the external quantum efficiency (EQE) and is in the form of a 

percentage. Equation 1-1 describes how the EQE at a certain wavelength is calculated.  

𝐸𝑄𝐸 =  
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑

𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
 × 100%    (1-1) 
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Another version of this measurement is the internal quantum efficiency (IQE) this 

measurement is described in Equation 1-2.  

𝐼𝑄𝐸 =
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑

𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
 × 100%     (1-2) 

IQE measurements take into consideration any losses that may occur from reflection in 

the EQE measurements. An example of an EQE measurement is shown in Figure 1-14.  
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Figure 1-14 – EQE spectrum of a control P3HT:PCBM solar cell 

 

EQE and IQE measurements are useful for determining exactly which wavelengths of 

light the cell is capable of converting into energy. This allows researchers to see exactly where in 

the electromagnetic spectrum any changes to the cell design affects the cell efficiency. It allows 

for a more careful cell design, to try and extend or improve the efficiency of the cell at specific 

wavelengths. 

Plasmonics 

Nanometer scale metallic structures have been used for centuries as a means to modify 

optical properties materials. One of the first examples of the use of nanosized particles is the 



 

20 

 

Lycurgus Cup shown in figure 1-15. The cup dates back to the ancient Roman times and is the 

source of an interesting phenomenon. As shown in figure 1-15, when the cup is in ambient light 

it appears green, but when light is passed through the glass it appears red. This is due to the 

presence of gold and silver nanoparticles embedded within the glass. Nanoparticles were also 

found as colorants in stained glass windows, illustrating how the use, but not necessarily a 

complete understanding, of nanoparticles goes back for centuries. Inspired by these materials, a 

breakthrough in the understanding the mathematical foundation surrounding nanoparticles 

occurred around 1900, with the formation of Mie theory in 1908.34 

 
 

Figure 1-15 - Lycurgus Cup in ambient (left) and direct (right) light35 

 

Plasmonic materials are objects that exhibit surface plasmon resonance when excited by 

light. When a plane wave is incident upon a nanoparticle it will be partially transmitted without 

deviation, partially scattered, and partially absorbed.36 The resonance in plasmonic materials 

occurs when incoming light interacts with particles that are smaller than the incident light 
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wavelength. This phenomenon is known as localized surface plasmon resonance (LSPR), and is 

illustrated in figure 1-16.  

 
 

Figure 1-16 - Localized Surface Plasmon Resonance 

 

A dipole moment is when the incident light causes a charge separation within the particle. 

One side of the particle will be positively charged, while the opposite side will be negatively 

charged, and these charges will reverse sign37 as shown in figure 1-16. When the frequency of 

the incoming light matches with the frequency of the oscillation a peak in absorbance occurs. 

This appears as a peak in the UV-Vis spectrum and can help to characterize the size of the 

particle.  

Shape Dependence 

Peaks in the spectrum also help to characterize the shape. A uniformly sized sphere only 

has one spectrum peak. This is due to the shape being isotropic; there is only one axis upon 

which oscillation will occur. A rod shape will have two peaks, one for the oscillation along the 

length of the rod and one along the width.  Figure 1-17 illustrates axes present in both a sphere 

and a rod shape.  
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Figure 1-17 - Electron oscillation axes in a sphere and a rod 

 

The peak wavelengths are dependent upon the distance of oscillation. As seen in figure 1-

17, the sphere will have one absorption peak. The rod has an oscillation axis that is similar to the 

oscillation axis of the sphere, which will result in the main plasmon band having a similar peak 

position. However, the rod has a second oscillation axis and therefore a second plasmon peak in 

a different position. This much shorter axis of rod will be blue shifted compared to the main axis 

peak, if the axis was longer, a red shift in the peak position would occur.36  

The position of the plasmon band of a particle is also sensitive to changes in the local 

dielectric environment. Typically changes in the environment, such as solvent changes or 

functionalization of the particles, are observed as wavelength shifts of the UV-Vis peaks in the 

spectrum in either the red or blue direction depending on the new environment.38 

An increase in absorbance of near-by molecules is caused by an increase in the electric 

field surrounding the particle, known as near field enhancement. Figure 1-18 shows how 

different shapes will increase the electromagnetic field around the particle. The peaks in the UV-

Vis spectra of the particles gives an indication about which part of the electromagnetic spectrum 

the LSPR will cause an increase in absorbance.  
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Figure 1-18 - Electric field lines of different shaped nanoparticles 

 

Charges will accumulate in the sharp corners of particles better than at the surface of a 

spherical particle. This concentration of charge will concentrate the electromagnetic field to the 

corners. The absorbance of the material surrounding the particle will be enhanced in the areas 

where the electromagnetic field is enhanced. While nanoparticles with sharp tips or corners are 

more favourable for increasing the absorbency of their surrounding material, they are more 

complicated to fabricate and are more likely to decay. This thesis studies mostly silver 

nanoparticles. 

The synthesis process for most all shapes begins with the reduction of a silver salt. It is 

commonly thought that there may be preferential adsorption of organic molecules such as a 

surfactant or a polymer to a less stable crystal face.39 The faces that remain exposed are where 

the growth of the particle occurs. However this is not always the case. For example, the growth 

of the silver nanoprisms into its triangular shape occurs from lateral growth along the edge of the 

particle. Due to lamellar defects in the nanoprisms structure, the edges are what are exposed to 

the growth solution. The nanoprism particle begins with a hexagonal shape and a defect rich 
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hexagonal close packed (hcp) layer sandwiched between two uneven face centered cubic (fcc) 

layers. It is proposed that the more stable {111} faces will grow more slowly than the less stable 

{100} faces allowing for the triangular growth. 39 

The tips and corners are the vertices of high energy planes within the structure making 

them vulnerable to degradation. As illustrated in figure 1-19, studies have shown that the halide 

ions attack at the sharp points of the particle causing a rounding of the particle tips. The chloride 

ions can coordinate to the silver atoms and dissociate them from the structure. As more atoms are 

removed, more corners are created allowing for more and more atoms to dissociate until the 

particle is completely rounded.40  

 

 
 

Figure 1-19 - Corner degradation mechanism from halides 

 

Plasmon Enhanced Solar Cells   

Introduction  

Nanoparticles are an attractive addition to BHJ solar cells because of their plasmonic 

properties. By properly engineering the nanoparticles, light can be concentrated into the active 

layer, thereby increasing the absorption.41 Figure 1-20(a) shows how light can be trapped in the 
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cell by reflection from nanoparticles. This reflection increases the path length of the light 

entering the cell, allowing for more light to be absorbed. Figure 1-20(b) shows that light can be 

trapped in the cell in the form of energy in plasmon modes. These plasmonic enhancements will 

increase the absorption capability of the active layer surrounding the particles.41 When light 

excites the metal nanoparticle, charge separation occurs, causing an electric field to form around 

the particle. The absorption of the surrounding material is proportional to the square of the 

electric field intensity, so as electric field increases so does the absorption of the surrounding 

material.  

 

 
 

Figure 1-20 - Active layer enhancement using plasmonic particles for (a) light reflection and (b) 

plasmonic enhancement41 

 

Plasmonic enhancements can be expected to occur at the same wavelength as the 

plasmon band peak in the UV-Vis absorption spectrum. This enhancement is a result of the 

enhancement of the electric field surrounding the particle. As the electric field of the 
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Shape, Size and Nanoparticle Materials 

A number of research groups have incorporated nanoparticles of different shapes, sizes 

and materials into solar cells. The two most commonly used materials are silver and gold, but 

alloys containing these materials are also being studied15,42. The most common active layer is a 

P3HT:PCBM blend, but as mentioned before, other acceptor polymers such as PT7B and 

PCDTBT are also being examined. 17,19,43  

Similar to this thesis, there are a few different ways nanoparticles have been incorporated 

into solar cells. Some groups incorporate them into the active layer, some in the PEDOT:PSS 

hole transport layer, others below the hole transport layer. 

The groups that incorporated nanoparticles into the active layer did so using different 

types and sizes of particles. Wang et al. used 40 nm Ag nanoclusters19 and in another study used 

70 nm octahedral Au nanoparticles16, Li et al. used of 20 nm Ag nanospheres, 60 nm Ag 

nanoprisms, and a combination of the two44, Choi et al. used silica coated 50 nm Ag 

nanoprisms17, and Chen et al. used a 20 nm spherical AuAg alloy in their cells.42  Each group 

was successful in obtaining an efficiency enhancement upon nanoparticle incorporation. In their 

PCDTBT:PCBM cell, Wang et al. report an efficiency enhancement in their polymer solar cells 

from 6.30% to 7.10%.19 This study looked at adding into the active layer by adding small silver 

nanoparticles to the aqueous active layer and then spin coating the mixture onto the cell. The 

spin coating is what causes the larger Ag clusters to form.19  

Li et al. fabricated P3HT:PCBM cells and upon addition of Ag nanoparticles saw an 

efficiency enhancement from 3.60% to as high as 4.30%.44 In their Ag study the group 

incorporated two different shaped and sized particles into their cells. Upon the addition of 20 nm 

Ag nanospheres to the active layer, the cell performed with an efficiency of 3.99%. When 60 nm 
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Ag nanoprisms were incorporated into the P3HT:PCBM layer, the cells showed an efficiency of 

4.07%. When both shapes were combined evenly into the active layer, the cells showed their 

maximum efficiency of 4.30%.44 They also incorporated 70 nm octahedral Au into P3HT:PCBM 

cells. The addition of the particles increased the cell efficiency from 3.49% to 4.36%.16 In both 

studies the active layer was sonicated before spin-coating on to the cell to try and avoid the 

agglomeration of the Au particles.  

A SiO2 shell was chosen by Choi et al. to coat and protect their Ag nanoprisms.17 The 

shell is designed to protect the LSPR effect of the Ag nanoparticles by preventing the oxidation 

of the Ag core and also to eliminate any concern about exciton quenching by preventing direct 

contact of the Ag with the active layer. The 50 nm Ag particles coated with a 10 nm SiO2 shell 

were incorporated into either the PTB7:PCBM active layer, or the PEDOT:PSS hole transport 

layer of the cell and then compared to a reference. The study found that the cells with the 

particles in the hole transport layer of the cell saw an increase in efficiency from 7.26% to 

7.98%, and the cells with the particles in the active layer of the cell saw the efficiency increase to 

8.49%.17 

A combination of both Ag and Au in the form of an alloy was used by Chen et al. in their 

cells. The study found that there is an optimal ratio of Ag to Au in the particles in order to reach 

maximum cell efficiency. The group synthesized ~20 nm Au11Ag89 particles and incorporated 

them in to the P3HT:PCBM active layer of the cell. The cells with the alloy particles increased in 

efficiency from 3.61% to 4.73%. 42  

Research groups have also incorporated nanoparticles into the hole transport layer of their 

cells. In all cases the hole transport layer used was PEDOT:PSS. Lu et al. used a combination of 

40 – 50 nm Au and Ag particles43, Wu et al. incorporated 45 nm octahedral Au nanoparticles45, 
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and Fung et al. used 20 nm spherical Au nanoparticles that had been coated in with poly(ethylene 

glycol) (PEG).46 All of these cells also exhibited an increase in efficiency.  

The active layer used by Lu et al. in their cells was PTB7:PCBM. The spherical 40-50 nm 

Ag and Au particles were studied separately and in equal combination in the PEDOT:PSS layer 

of the cells. The cells that only had the Ag nanoparticles in the hole transport layer showed an 

efficiency improvement from 7.25% to 8.01%, the cells with only Au nanoparticles showed a 

maximum efficiency of 8.16%, and when the two materials were combined the maximum 

efficiency obtained was even higher, 8.67%.43 

Wu et al fabricated cells using P3HT: PCBM as the active layer. After integrating 45nm 

octahedral Au nanoparticles into the hole transport layer, the cell efficiency increased from 

3.57% to 4.24%. Even though the particles are not in the active layer, the particle size suggests 

that most of the efficiency enhancement comes from LSPR effects. A particle larger than 100 nm 

will contribute more to light scattering effects. The 45 nm particles in this study were 

presumably unable to induce effective light scattering into the cell, concluding that the LSPR 

effects is what is contributing to the cell efficiency enhancement.45  

Fung et al. incorporated 20 nm spherical Au nanoparticles in to the PEDOT:PSS hole 

transport layer of their P3HT:PCBM BHJ cell. Instead of using bare Au particles, the 

nanoparticles were first functionalized with PEG in order to prevent aggregation of the 

nanoparticles within the hole transport layer. When the bare Au nanoparticles were incorporated 

into the PEDOT:PSS layer, there was no observed efficiency enhancement, but when the PEG 

coated Au nanoparticles were integrated the cell efficiency increased from 3.10% to 3.51% .46 

Heo et al. incorporated a AuCu alloy into P3HT:PCBM based BHJ cell. These 25 nm 

hexagonal particles were positioned between the ITO anode and the PEDOT:PSS buffer layer. 
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The AuCu alloy material as well as pure Au and pure Cu nanoparticles were compared to a 

reference cell. All of the particles were formed on the ITO using a copolymer template. The cells 

with the 25 nm Au particles demonstrated an efficiency enhancement from 2.90% to 2.98%. The 

cells with only the Cu particles showed an average efficiency of 3.22%, and the cells with the 

AuCu alloy showed an average efficiency of 3.35%. The attractiveness of a bimetallic device is 

that the absorption wavelengths of the material have a much broader range than a monometallic 

material. This should enhance the absorption of the BHJ cell across a broader part of the solar 

spectrum.15  

Table 1-2 shows a summary of the types of devices discussed above. 
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Table 1-2 - Efficiency improvements of BHJ cells containing nanoparticles 

Particle 

Active Layer 

Material 

Efficiency 

Reference 
Material 

Shape / 

Size 
Placement 

Before 

Integration 

After 

Integration 

Ag 
Clusters / 

40nm 

In Active 

Layer 
PCDTBT:PCBM 6.30 % 7.10 % 19 

Ag 

Spheres / 

20nm & 

Prisms / 

60nm 

In Active 

Layer 
P3HT:PCBM 3.60 % 4.30 % 44 

Ag@SiO2 
Prisms / 

50nm 

In Active 

Layer 
PTB7:PCBM 7.26 % 8.49 % 17 

AgAu 

alloy 

Spherical / 

20nm 

In Active 

Layer 
P3HT:PCBM 3.61 % 4.73% 42 

Ag + Au 
Spherical / 

40-50nm 

In 

PEDOT:PSS 
PTB7:PCBM 7.25 % 8.67 % 43 

Au 
Octahedral 

/ 45nm 

In 

PEDOT:PSS 
P3HT:PCBM 3.57 % 4.24 % 45 

Au 
Octahedral 

/ 70nm 

In Active 

Layer 
P3HT:PCBM 3.49 % 4.36 % 16 

PEG 

coated Au 

Spherical / 

20nm 

In 

PEDOT:PSS 

layer 

P3HT:PCBM 3.10 % 3.51 % 46 

AuCu 

alloy 

Hexagonal 

/ 25nm 

Between 

anode and 

hole 

transport 

layer 

P3HT:PCBM 2.90% 3.35% 15 

 

There are a number of types of materials in a many shapes and sizes that are being 

studied. This thesis will look at incorporating protected Ag nanoprisms and spheres into the 

active layer, and under the hole transport layer of a P3HT:PCBM based device. 
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Chapter 2 – Surface Functionalization for Phase Transfer of Silver 

Nanoprisms  

Introduction 

The particle shapes used in this study are triangular plates or prisms. By using different 

shaped particles, the way the LSPR affects the surrounding media can be tuned. Figure 1-18 

illustrates the electric field that forms around different shaped particles in response to charge 

separation within the particle. The magnitude of the enhanced electric field intensity is increased 

where there are more electric field lines.  

The rod shaped particle, with distinct ends, has a much larger electric field at its tips than 

the edges of the rounded particle. This enhanced electric field allows the active layer to have an 

increased absorption cross-section; by absorbing more light, more current will be able to flow 

through the cell.1 This shows how a particle with corners such as cubes or prisms is a more 

favourable choice for incorporation into devices. 

Cubes are an extremely difficult shape to produce, so even though they could contribute 

to a large electric field enhancement, they are not a sensible choice. Cube syntheses are time 

consuming, extremely particular about solvent and chemicals used, and inconsistent in producing 

the cube shape.2 A much easier particle shape to synthesize that still has sharp corners is a 

triangular prism. Prisms syntheses3,4 are fast and reliable, they are easily reproducible and can be 

scaled up to produce large quantities. However, the syntheses are done in aqueous solution and 

then do not allow for the particles to be phase transferred into the organic solvent needed for 

BHJ cell fabrication. In some cases nanoparticles can be easily phase transferred into organic 

solvents such as hexanes5, but often in order to be soluble in other solvents such as chloroform, 

they will need to be functionalized. There are a number of ways to modify the surface of the 
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nanoparticles. They can be passivated with a silica shell6, functionalized with 16-

mercaptohexadecanoic acid (MHA)7,8, or with thiol-terminated PEG-SH9 in order to be 

solubilized in a number of different organic solvents.  

Given the stability and versatility of alkane thiols in functionalizing silver surfaces10, 

PEG-SH was chosen as a ligand to modify the surface chemistry of the silver nanoprisms. The 

long alkyl chain of the PEG-SH was also chosen to allow for the solubility of the particles in the 

organic solvents necessary for incorporation into the BHJ cells as the bare particles themselves 

are insoluble in organic solvents. Incorporation of the particles into the solvent and BHJ cells can 

be done without particle functionalization11-14, but if the particles are truly and completely 

soluble by functionalizing the surface, aggregation and particle settling within the cell can be 

avoided. 

Despite the sharp nanoprism tips being beneficial, the morphology of the particle is not 

long lasting. Over time the particles degrade and change in shape from triangular plates with 

sharp, well defined corners to circular disk-like plates. Recent work has demonstrated that silver 

nanoprisms can be quickly etched into disk shaped nanoplates by halide ions, such as Cl−, Br−, or 

I− .7,15,16 It has been reported that functionalization with thiols may terminate or slow this shape 

transformation by passivating surface sites.7 However our work demonstrates a shape change is 

similar to the halide etching when Ag nanoprisms are functionalized with PEG-SH. Better 

control over particle shape is critical for the plasmonic applications of the particles, where the 

rounding of the particle corners is expected to have a detrimental effect on the electric field 

enhancement as illustrated in figure 1-18. 

In order to study and fully understand this degradation mechanism of the nanoprism 

rounding, UV-Vis measurements and X-ray Absorption Near Edge Structure (XANES) were 
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done. XANES uses a high energy X-ray photon beam to excite electrons from core orbitals (1s, 

2s, 2p etc.) into empty conduction band orbitals.17  In this study, electrons from the 2p orbitals, 

specifically the 2p3/2 electrons of Ag atoms are excited. The measured Ag L3-edge XANES are 

the transitions from the 2p orbital and are highly sensitive to the oxidation state of Ag.18,19 The 

selection rule Δl = ± 1 states that the 2p electrons can only be excited into either the d orbital (Δl 

= +1) or the s orbital (Δl = -1). The p  d transition is much stronger than the p  s transition, 

but due to the d-s orbital hybridization both transitions are observable.19 Since all of the d states 

are full in the ground state of Ag, the XANES of Ag metal will be featureless. Upon the loss of 

an electron (oxidation), there is an increase in the number of unoccupied d states, resulting in a 

small peak and the absorption threshold (white-line) and is seen in compounds such as Ag2S and 

AgNO3. The K-edge of S is also monitored, and follows the transition of a S 1s electron to the 

unoccupied 3p states. This can be used to study the oxidation state of various S-containing 

organic compounds as well as inorganic minerals.20-22  

UV-Vis measurements compared different molecular weights and concentrations of PEG-

SH, as well as the effects of the different concentrations on the size and shape transformation. To 

fully understand the mechanism of the PEG-ylation reaction, XANES at the Ag L3-edge and the 

S K-edge are measured before, during, and after the PEG-ylation reaction. The chemical 

speciation of Ag and S before and after PEG-ylation is explained and a reaction mechanism is 

proposed for the shape transformation process. 

Experimental 

 Silver Prism Synthesis  

Silver nanoprisms were synthesized according to literature procedures4. Trisodium citrate 

(1 mL, 75 mM), silver nitrate (100 μL, 50 mM), poly(vinyl pyrrolidone) (200 μL, 17.5 mM), and 
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hydrogen peroxide (120 μL, 30%wt) are rapidly stirred in 48.08 mL H2O. Sodium borohydride 

(500 μL, 100 mM) is quickly injected and the solution is allowed to stir for 2 hours. Once the 

reaction was completed, indicated by the solution turning dark blue, the solution was centrifuged 

at 13000 rpm for 2 hours. The supernatant was removed and the final volume was brought to 25 

mL using 5 mM trisodium citrate.  

  PEG-ylation of Nanoprisms 

1 mL of PEG-thiol solution (0.3 mM) in trisodium citrate was added to 2 mL solution of 

silver nanoparticles in 5 mM trisodium citrate. The solution was stirred vigorously for 

approximately 15 minutes.  

XANES 

XANES measurements were conducted at the Soft X-ray Microcharacterization Beamline 

(SXRMB) at the Canadian Light Source. The beamline is equipped with a double-crystal 

monochromator using either InSb (111) or Si (111) crystals23. XANES spectra were obtained in 

the mode of X-ray fluorescence yield. The X-ray fluorescence was measured using a 4-element 

Si(Li) drift detector. For measurements on solid powders, the samples were spread on double-

sided carbon tape pieces and attached to the sample holder, which was placed at 45° toward the 

incident beam. Measurements were then completed under vacuum. Solution samples were filled 

into polypropylene cells, and sealed with X-ray transparent film (Ultralene® film, 4 µm thick). 

The sample cell is placed on the sample holder that faces the incident beam at 45° in an 

aluminum box. During the measurements, the box is purged with helium to provide an air-free 

environment.  
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Results and Discussion 

  Nanoprism Synthesis 

The UV-Vis data and TEM images and size distribution data for the particles are shown 

in figures 2-1, 2-2 and 2-3. From the TEM images as shown in figure 2-2 it is apparent that the 

reaction did successfully create prism shaped particles, with a narrow size distribution. The 

average prism size shown in figure 2-3, calculated from the TEM images, is 25 ± 9 nm. 

 

 
 

Figure 2-1 - TEM image of Ag nanoprisms 
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Figure 2-2 - Size distribution of Ag nanoprisms 

 

The main peak in the UV-Vis spectrum shown in figure 2-4 is at 655 nm. This is the peak 

that corresponds to the main in-plane dipole of the prisms and the small peak that occurs at 

approximately 335 nm is likely due to the out-plane quadrupole LSPR mode within the 

particle.24 The shoulder that occurs at 460 nm could be due to an in plane quadrupole mode.25 
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Figure 2-3 - UV-Vis spectrum of Ag nanoprisms 
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The dipole and quadrupole mode arise from the charge separation in the nanoparticle. 

Figure 2-4 illustrates these two types of charge separation. 

 
 

Figure 2-4 – (a) Dipole and (b) quadrupole charge separation 

 

  PEG-ylation of Nanoprisms 

In order to properly integrate these PEG-SH functionalized particles into BHJ cells, the 

degradation mechanism also needs to be understood. Silver nanoprisms are known to degrade by 

a rounding of the tips into disk-like plate structures. This is not beneficial for incorporation into 

BHJ cells, because the enhancement from the sharp tips is lost. Here, a kinetic and mechanistic 

study on the PEG-ylation of Ag nanoprisms using in situ UV-Visible spectroscopy and in situ 

solution phase XANES is reported. 

A number of PEG-SH of varying molecular weights were reacted in various 

concentrations with triangular Ag nanoprisms. Because the LSPR bands of the Ag nanoprisms 

are sensitive to the particle shape, monitoring the evolution of the UV-Vis absorption features as 

a function of time, will lead to being able to follow the transformation of the particle shape in 

real time. However, while the UV and visible region of the spectrum can provide information 

about nanoparticle shape and size, no information about other components of the reaction 
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mixture, such as Ag+, very small Ag0 clusters, or the PEG-SH can be retrieved. In contrast, the 

use of XANES makes it possible to gain necessary information on the Ag and PEG-SH local 

environments during the PEG-ylation reaction.  

First the effect of PEG-SH concentration on the underlying Ag nanoprism morphology is 

investigated. PEG-ylation of the Ag nanoprisms was carried out using 1 kDa molecular weight 

PEG-SH of 0.1 mM and 1 mM total concentration (based on the mass of the repeat unit). The 

evolution of the Ag nanoprism UV-Vis spectra are shown as contour plots in Figure 2-5. The 

color-coding of the optical density is the same for all graphs.  It can be seen that the LSPR bands 

exhibit pronounced shifts as a function of reaction time, indicating that there are substantial 

changes in the Ag nanoprism’s size and shape over the course of the reaction. 

 
 

Figure 2-5 - UV-Vis contour plots of Ag nanoprisms reacting with 0.1 mM 1 kDa PEG-SH from (a) 

0 – 1200 minutes and (b) 0 – 150 minutes, and Ag nanoprisms reacting with 1 mM 1 kDa PEG-SH 

from (c) 0 – 1200 minutes and (d) 0 – 150 minutes. The scale bar on the right represents the 

intensity of the UV-Vis spectra.  
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Figure 2-5(a) shows the Ag nanoprisms reacting with 0.1 mM PEG-SH from 0 – 1200 

minutes, and (b) shows the first 0 to 150 minutes of 0.1 mM PEG-SH reacting with the Ag 

nanoprisms. As seen in this expanded view of the reaction, the in-plane dipole band of the Ag 

nanoprisms initially undergoes a 27 nm red shift. The band then gradually undergoes a blue shift, 

along with a simultaneous decrease in peak intensity. After 120 minutes the peak intensity 

decreases more slowly but the peak shift remains steady throughout the reaction. 

Figure 2-5(c) shows the Ag nanoprisms reacting with 1 mM PEG-SH from 0 – 1200 

minutes, and (d) shows the first 0 to 150 minutes of 1 mM PEG-SH reacting with the particles. 

The expanded view still shows the initial red-shift, but this is followed by a much more 

pronounced blue-shift. The maximum peak intensity also drastically decreases during the first 40 

min of the reaction. After 3 hours, the blue-shift stops and the center of the LSPR band remains 

at 545 nm as seen in figure 2-5(c). However, the peak intensity keeps decreasing throughout the 

course of the entire reaction. 

The UV-Vis spectra of both concentrations of PEG-SH reacting with Ag nanoprisms 

exhibit the same trend of an initial red-shift followed by a blue-shift. However, the magnitude 

and rate of the blue-shift appears to be dependent on the PEG-SH concentration. The red-shift 

can be easily explained due to the increase in the local dielectric environment upon thiol 

coordination to the Ag surface. Blue-shifts of the plasmon band are generally due to a decrease 

in the nanoparticle aspect ratio, which could be due to either a decrease in particle edge length or 

a truncation of the nanoprism tips. The morphology of the Ag nanoprisms during the course of 

the PEG-ylation reaction is examined by TEM and presented in Figure 2-6. Since the most 

noticeable changes in the UV-Vis spectra occur within the first two hours, TEM images were 

also taken of the particles after two hours of reaction time, as well as of the final product. 
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Figure 2-1 - TEM images of Ag nanoprisms reacting with 0.1 mM 1 kDa PEG-SH for (a) 2 hours 

and (b) 20 hours, and 1 mM 1 kDa PEG-SH for (c) 2 hours and (d) 20 hours.  

 

Figure 2-6 shows the morphology of the Ag nanoprisms reacting with 0.1mM 1 kDa 

PEG-SH after (a) 2 hours and (b) 20 hours.  It is shown that the 0.1 mM PEG-SH causes the Ag 

nanoprisms to undergo a morphology change from triangular to disk-like plates. The tips of the 

particles after 2 hours are no longer as sharp as the as synthesized particles and the average size 

of the nanoparticles decreases over time to approximately 15-27 nm, but the size distribution is 

now very broad.  After 20 hours, most of the particles are transformed to the disk-like shapes and 

the size range has decreased to 15-20 nm. Figure 2-7 demonstrates that if a triangular prism with 

an edge length of 35 nm is etched into a disk-like plate, the resulting particle should have a 
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diameter of approximately 20 nm, which is in agreement of the observed particle size. The 

relative diameters of the triangle and disk are drawn to scale. 

 

 
 

Figure 2-2 - Illustration of the evolution in Ag nanoprism morphology 

 

There is also an increased number of small particles ~5 nm in diameter in the solution, 

and the number of large particles decreases considerably. This is reflected in how the peak width 

of the Ag nanoprism plasmon band at 20 hours is narrower than at 2 hours indicating a 

narrowing of particle size distribution. As shown in figure 2-5(c) after reaction with of 1mM 

PEG-SH for 2 hours, the Ag nanoprisms still display a broad size distribution. The particles with 

diameters over 25 nm are still roughly triangular in shape with only slightly rounded tips. The 

particles that are smaller are more disk-like. After reaction for 20 hours, shown in figure 2-5(d), 

only disk like particles remain, along with very small particles with diameters less than 2 nm. 

The overall decrease in LSPR intensity over the course of the reaction is proportional to particle 

size. 

To further examine the role of PEG-SH in changing the Ag nanoprism morphology, UV-

Vis spectroscopy was performed using PEG-SH of different molecular weights and 

concentrations. Figure 2-8 shows the in situ UV-Vis results of Ag nanoprism PEG-ylation using 

1, 2, 5, and 10 kDa PEG-SH arranged as a function of both PEG-SH concentration and molecular 

weight.  
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Figure 2-3 - UV-Vis spectra of Ag nanoprisms during PEG-ylation with PEG-SHs of different 

concentrations and molecular weights 

 

Since solutions of constant polymer concentration but variable molecular weight will 

have varying concentrations of –SH end groups, a series of reactions were carried out at both 



 

47 

 

constant polymer concentration and constant –SH concentration. For example, the 0.1 mM, 1 

kDa PEG-SH is 4.4 µM in –SH, while the 0.1 mM, 2 kDa PEG-SH contains 2.2 µM of –SH. 

Plots along the same diagonal line were carried out at the same polymer concentration, while 

plots along the same horizontal line indicate a constant –SH concentration. The x and y axes are 

shown in the bottom right corner of the figure.  

At fixed molecular weight (vertical columns), increasing PEG-SH concentration 

generally results in a faster tip-rounding process, as shown by a more rapid blue-shift of the 

LSPR band. For a fixed polymer concentration (diagonal direction), PEG-SH of higher 

molecular weight have weaker morphology changing effects on the particles, and appear to do 

better at preserving the original particle shape. The LSPR band remains mostly constant when 

the Ag nanoprisms are reacted with 0.1 mM (0.44 µM by –SH) PEG-SH of 10 kDa. For constant 

–SH concentrations (horizontal direction), the higher molecular weight polymers, better protect 

the Ag nanoprism shape. This is however not always the case. For example, PEG-ylation using 2 

kDa instead of 1 kDa PEG-SH leads to an almost complete quench of the nanoprism LSPR band. 

As a result, both the PEG unit and –SH unit functions need to be considered in the PEG-ylation 

process of the nanoprisms. The UV-Vis spectra and TEM images clearly reveal not only a 

gradual change in particle shape from triangular to disk-like, but also an overall decrease in the 

particle size and LSPR band intensity. 

To better understand the reason for these spectral and morphological changes identified 

by the UV-Vis and TEM data, reaction by-products must also be identified. In order to determine 

the chemical speciation of both Ag and S over the course of the PEG-ylation reaction, solution-

phase XANES experiments were carried out. The reaction between the Ag nanoprisms and PEG-
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SH of 1 kDa and 10 kDa, respectively, both at a concentration ratio of [Ag]:[polymer] = 1:10, 

were chosen as representative systems.  

In order to obtain spectra with a good signal-to-noise ratio, the Ag nanoprism solutions 

were concentrated by centrifugation to achieve a molar concentration on the order of 5 mM Ag. 

The concentrated Ag nanoprism solution and a PEG-SH solution of 50 mM were mixed in a 1:1 

volume ratio. For ex situ measurements, spectra were taken 20 hours after the beginning of the 

reaction. For in situ measurements, Ag nanoprisms and 1 kDa PEG-SH were mixed and sealed in 

the sample cell, and the reaction was conducted under magnetic stirring throughout the 

measurement. 
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Figure 2-4 - Ag L3-edge XANES of Ag nanoprisms before and after PEG-ylation compared to Ag 

references 
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The Ag L3-edge XANES of the Ag nanoprisms before and after PEG-ylation are shown 

in figure 2-9. These spectra are compared to select Ag reference samples. The citrate-protected 

Ag nanoprisms exhibit features that are similar to bulk Ag foil. The broad post-edge features and 

higher white-line intensity in the Ag foil are likely due to fluorescence signal saturation, but may 

also be caused by a surface oxide layer. Regardless of the difference in the spectra, the well-

defined profile and the absence of a sharp edge peak in Ag nanoprisms spectrum suggests that 

the nanoprisms are in the Ag0 oxidation state. After PEG-ylation with 10kDa PEG-SH, the 

overall profile of the spectrum remains very similar, with only a very slight increase in white-line 

intensity. This suggests that the PEG-ylated nanoprisms remain metallic with only a slight 

oxidation on the surface. The intensity of the white-line is more prominent when the reaction is 

done with the 1 kDa PEG-SH, as well as a loss of fine structure in the post edge features. This 

larger increase suggests that more of the Ag is oxidized, but the sharp peak in the spectrum that 

is seen for AgNO3 or Ag2S is not present, suggesting that the degree of this oxidation is still low. 

This oxidation could be from the formation of silver thiolates26, which may form as a result of an 

oxidative addition of thiol to the silver surface.  

The broadening to the post edge peak may be from a decrease in the crystallinity of the 

Ag nanoprisms. These post edge oscillations originate from multiple scattering form 

neighbouring atoms and when the Ag becomes more disordered, such fine spectral features get 

broadened.27 This could be due to the formation of small Ag clusters that have Ag atoms lacking 

long-range order. This hypothesis is consistent with the observation of very small nanoparticles 

in the TEM images. It is clear from this data that the material that is being lost from the tips of 

the nanoprisms, but continues to be Ag0 in the form of small clusters in the solution. Because the 

clusters are so small, they will not have a visible plasmon band in UV-Vis measurements.28  
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Figure 2-5 - Ag L3-edge XANES of in situ reaction of 1 kDa PEG-SH with Ag nanoprisms 

 

Figure 2-10 shows the Ag L3-edge XANES of the Ag nanoprisms reacting with the 1 kDa 

PEG-SH over 20 hours. It shows that the oxidation of the Ag nanoprisms is foremost within the 

first 2 hours, as indicated by the slow increase in the intensity of the white line. After the first 2 

hours the intensity of the white line stays constant, but the broadening and the loss of intensity in 

the post edge peaks indicated a loss of crystallinity of Ag, or the presence of dissolve Ag in the 

reaction solution.  

The PEG-ylation process was also explored from the S point of view. Figure 2-11 shows 

the S K-edge XANES of the PEG-SH solution before and after reaction with the Ag nanoprisms, 

and is compared to selected S-containing compounds for reference.  
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Figure 2-6 - S K-edge XANES of PEG-SH before and after reaction with Ag Nanoprisms 

 

The PEG-SH spectra show an intense peak that is centered at 2472.7 eV, and a weak 

shoulder-like feature on the higher energy side. These peaks originate from S 1s→σ* (S−H) and 

S 1s→σ* (S−C) electronic transitions, respectively.22,29,30  In the 1 kDa PEG-SH sample, it is 

seen that after reaction with the Ag nanoprisms, there is clear evidence of disulfide formation as 

indicated by the doublet at 2472.4 eV and 2473.4 eV. Comparable features are present in the 

dithiane reference compound. These two peaks in the S K-edge spectrum are from the S 1s→σ* 

(S−S) and S 1s→σ* (S−C) transitions, respectively.29,31 Conversely, there is no significant 

change in the 10 kDa PEG-SH after reaction with the Ag nanoprisms. A minor peak shift is an 

indication of the disappearance of the S–H bond, which usually appear at the lower energy side, 

leaving only the peak due to the S–C bond.22,32 The very small pre-edge feature at 2470 eV is 

indication of the Ag–S bond.33 In the 1 kDa PEG-SH functionalized Ag nanoprisms this feature 
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is absent. Based on results from TEM, UV-Vis, and Ag L3-edge XANES, the form of Ag after 

functionalization with 1 kDa PEG-SH is PEG-ylated Ag nanoparticles of significantly reduced 

size. This agrees with the absence of the pre-edge feature, as it has been reported that the 

intensity of this pre-edge feature decreases as the metal nanoparticle size decreases.34 

In both the 1 kDa and 10 kDa PEG-SH and PEG-ylated Ag nanoprism samples, it is 

important to note that there is a broad peak at 2481 eV, which corresponds to S of higher 

oxidation state. Upon comparison with reference compounds it is concluded that this peak is due 

to the presence of sulfonates. Because the intensity of this peak shows no significant variation 

before and after the reaction with the Ag nanoprisms, it suggests that the product of PEG-SH 

oxidation is almost exclusively the disulfide, and any pre-existing sulfonate impurities have little 

to no effect on the PEG-ylation process. 

It can be seen from the XANES data that the shape transformation that occurs when the 

Ag nanoprisms are reacted with 1 kDa PEG-SH is correlated with the oxidation of the thiol to the 

disulfide. In order to investigate the effect of O2, a UV-Vis kinetic study was carried out in an 

anaerobic environment. Ag nanoprisms and PEG-SH solutions (1 kDa, 1 mM) were degassed 

and then combined under a N2 atmosphere using standard Schlenk techniques, the reaction 

mixture was then sealed in a cuvette that had been fitted with a vacuum valve.  
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Figure 2-7 – UV-Vis over time of PEG-ylation reaction in both (a) O2 and (b) N2 

 

Figure 2-12 shows a comparison the UV-Vis spectra of the Ag nanoprisms during the 

PEG-ylation reaction. Figure 2-12(a) shows the reaction in an ambient O2 environment and 

figure 2-12(b) shows the reaction under an N2 atmosphere. In the nitrogen atmosphere, the LSPR 

band still displays a blue-shift over time. However, the rate of the blue-shift is reduced by almost 

an order of magnitude. In case of the reaction conducted in ambient air, the LSPR band blue-

shifts by approximately 140 nm within the first 45 min. In the N2 environment, it takes nearly 

460 min to achieve the same magnitude of shift. This demonstrates that O2 must play an 
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important role in the rounding of the Ag nanoprism tips in the presence of PEG-SH. Conversely, 

the blue-shift that occurs even in the absence of O2 also indicates that there must be another 

reaction pathway, although a much slower one, that still can transform the shape of the Ag 

nanoprisms. 

From these UV-Vis kinetic studies, it is found that the thiol concentration is one of the 

key factors in determining the degree of Ag nanoprism tip-rounding; the molecular weight of the 

PEG-SH affects the final shape of the Ag nanoprisms; and the shape transformation process of 

the Ag nanoprisms can be accelerated by O2. Based on all these results, the reaction mechanism 

shown in figure 2-11 is proposed for the PEG-ylation of Ag nanoprisms. 

 
 

Figure 2-8 - Proposed reaction mechanism for Ag nanoprism PEG-ylation 
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The prepared Ag nanoprisms are electrostatically stabilized by citrate ions that are 

adsorbed to the surface of the particle. Reports in the literature suggest that the surface of the Ag 

nanoprisms likely consist of a monolayer of Ag+.35,36 The pH of the aqueous citrate reaction 

solution is ~ 9 – 10 ensuring that a considerable portion of the PEG-SH exists as the thiolate 

anion. Step (a) in figure 2-13, the reaction between the Ag+ atoms on the surface of the particle 

and the thiolate, is expected to be very rapid. This produces the PEG-ylated, triangular Ag 

nanoprisms, evidence for which can be found in the initial red-shift of the LSPR band. 

The tips of the nanoprisms are where the planes of the prism meet at a vertex. The growth 

of the particles produces a {111} basal plane and {110} plane along the short axis.37,38 The tips 

therefore have a very high surface energy and the low stability due to a lack of neighboring 

atoms. These tips are consequently susceptible to attack by thiolates, forming a silver thiolate 

complex which can dissociate from the surface as illustrated in step (b) of figure 2-13, exposing 

the nanoparticle underneath to the solution. If O2 is present, the bare metal surface is easily 

oxidized, as shown in step (c1), and can then react further with excess PEG-SH. This will 

continue until all of the surface energy is evenly distributed and the particle is a disk-like shape. 

The etching process then slows and becomes more isotropic in nature. If no O2 is present, the 

oxidation of the particle surface is much slower and may be accompanied by the generation of H2 

as shown in step (c2).39 The generation of H2 is kinetically unfavourable, so this accounts for the 

decrease of the reaction rate in the absence of oxygen, and also provides a plausible mechanism 

for the shape transformation that is observed under anaerobic conditions. 

Due to the lack of any Ag(I) observed in the XANES measurements, the silver thiolate 

complex must not persist in solution. Reduction of Ag+ to Ag0 with the associated oxidation of 

the thiolate to a sulfur radical40 would explain why no edge peak is seen in the Ag L3-edge 
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spectra. The recombination of the sulfur radicals would lead to disulfide which is seen clearly in 

the S K-edge spectra, as shown in step (d) of figure 2-13.  

When no O2 is present, the oxidation of the silver particle surface appears to be the rate 

limiting step. However, under ambient conditions, this process is expected to be fast. Factors 

such as polymer molecular weight and concentration therefore control the rate and degree of the 

reaction.  

When the concentration of the PEG-SH is low, the rate of formation of free silver thiolate 

shown in step (b) is repressed. This may be an explanation for the relative stability of the Ag 

nanoprisms at lower polymer concentrations (0.1 mM). However, because the thiol concentration 

is so low, the thiol becomes the limiting reagent. Therefore, once all of the thiol is converted to 

disulfide the reaction stops. This provides an explanation for the reduced rate and limited shape 

transformation for low PEG-SH concentrations regardless of molecular weight. 

When the –SH concentrations are fixed, the 2 and 5 kDa  polymers seem to do the worst 

at passivating the surface of the Ag nanoprisms (Figure 2-8). At 1 kDa molecular weight, the 

PEG chains can self-organize and form a densely packed layer on the surface of the particle 

which can prevent further attack by the thiolates and the liberation of the silver thiolate complex 

as illustrated in figure 2-14.  
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Figure 2-9 - Monolayer formation on Ag nanoprisms using thiols of different molecular weights 

 

This also explains how small molecule thiols such as MHA are successful at passivating 

the Ag nanoprisms surface. An increase in the chain length of the polymer leads to a more 

sporadic coverage of the Ag nanoprisms due to steric constraints, which leads to a more porous 

passivating layer and a faster etching. This is why the 2 and 5 kDa lead to faster rounding of the 

particles compared to the 1 kDa polymer. On the other hand, increasing the molecular weight of 

the polymer will increase the steric bulk and prevent the PEG-SH from closely approaching the 

surface of the Ag nanoprism and prevent the release of the frees silver thiolate into solution. As a 

result, the 10 kDa molecular weight PEG-SH is the most effective at preserving the particles 

original triangular shape.  

Conclusions 

Developing methods to increase the stability of the Ag nanoprisms and to preserve their 

sharp tips will be essential to maximize near-field effects in various plasmonic applications. The 

proposed mechanism for the shape transformation of Ag nanoprisms takes into consideration 

factors such as PEG-SH molecular weight and concentration, as well as the O2 in the ambient 

environment. Any excess PEG-SH in the reaction solution will react with silver ions at the high 
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surface energy tips of the nanoprism, resulting in the formation of silver thiolate complexes and 

the rounding of the nanoprism tips. An important part of the tip rounding process includes O2 

accelerating the tip-rounding process by continuously oxidizing the silver surface. The Ag 

thiolate complex then undergoes a spontaneous redox reaction, resulting in the formation of 

small Ag clusters and the PEG disulfide. These results demonstrate that it is low concentrations 

of high molecular weight PEG-SH that are critical for the stability of the nanoprisms.  
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Chapter 3 – Incorporation of Nanoparticles into Bulk Heterojunction Solar 

Cells 

Solar Cell Fabrication 

There are many different types of solar cells, all with the same general function. Solar 

energy is captured by the device and converted into electrical energy. One of the branches of 

solar cell types is organic solar cells, or OPV. There are a number of types of organic solar cells, 

the main type being BHJ cells. The general structure of a BHJ is shown in figure 1-4.  

In order to try and enhance the efficiency of these cells, this study looks at incorporating 

nanoparticles into the body of the cell. The main architecture of the cell in this study is what is 

illustrated in figure 1-4. The active layer is the heavily studied blend P3HT:PCBM. This active 

layer was chosen because of its extensive use in the literature. Hole transport layers were chosen 

based on how the Ag nanoparticles were incorporated.  

The nanoparticles of different shapes, sizes and materials were integrated in to two places 

within the cell structure. The particles studied in this thesis include both 10 and 60 nm spherical 

silver and gold nanoparticles, as well as 25 nm triangular silver nanoparticles. Figure 3-1 shows 

the nanoparticles incorporated (a) on top of the anode, under the hole transport layer of the cell, 

and (b) into the active layer of the cell.  
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Figure 3-1 - Nanoparticles incorporated (a) under the hole transport layer and (b) into the active 

layer 

The two different placements of nanoparticles within the cell were chosen to compare the 

effects of light reflection and plasmon enhancement. The nanoparticle under the hole transport 

layer will only contribute to light reflection within the cell. The nanoparticles that are 

incorporated into the active layer of the cell could cause enhancement from both the light 

reflection and plasmon enhancement. 

All five types of nanoparticles were incorporated into the active layer of the solar cell to 

determine if they will contribute to efficiency enhancement. The silver triangular prisms were 

also incorporated under the hole transport layer to attempt to increase the efficiency of the cell. 

The different nanoparticle shapes were chosen to see if the sharp corners of the triangles were 

more beneficial. The different sizes of the particles were compared to see if there is any 

dependence of efficiency on particle size. The different materials were chosen to see if one 

material will perform better than the other. 

Experimental 

Silver Prism Synthesis 1 

In this synthesis1, silver prisms were synthesized by rapidly stirring 1 mL trisodium 

citrate (75 mM), 100 μL silver nitrate (50 mM), 200 μL poly(vinyl pyrrolidone) (17.5 mM), and 
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120 μL hydrogen peroxide (30% wt) in 48.08 mL H2O. 500 μL sodium borohydride (100 mM) is 

quickly injected and the solution is allowed to stir for 2 hours. Once the reaction was completed, 

indicated by the solution turning dark blue, the solution was centrifuged at 13000 rpm for 2 

hours. The supernatant was removed and the final volume was brought to 25 mL using 5 mM 

trisodium citrate. 

Silver Prism Synthesis 2  

Silver nanoprisms were synthesized according to literature procedures.2 Trisodium citrate 

(5 mL, 2.5 mM), poly (sodium styrenesulphonate) (0.25 mL, 500 mg/L), and NaBH4 (0.3 mL, 

0.5 mM) are combined. While stirring, AgNO3 (5 mL, 0.5 mM) was added drop wise at a rate of 

120 mL/hour to create a seed solution. In separate vials, Millipore water (5 mL), L-ascorbic acid 

(75 μL, 10 mM), and varying amounts of seed solution are combined. To each vial, AgNO3 (3 

mL, 0.5 mM) was added drop wise at a rate of 60 mL/hour, followed by trisodium citrate (0.5 

mL, 25 mM). The resulting particle solutions were centrifuged at 13000 rpm for 2 hours. The 

supernatant was removed and the remaining nanoparticle solution was brought back to original 

volume with 5 mM trisodium citrate. 

Nanoparticle PEG-ylation 

The particles to be PEG-ylated are synthesized 25 nm Ag prisms from synthesis 1, 

purchased 10 nm Ag particles (Sigma Aldrich), purchased 60 nm Ag particles (Sigma Aldrich), 

purchased 10 nm Au particles (Sigma Aldrich), and purchased 60 nm Au particles (Sigma 

Aldrich). The particles from Sigma Aldrich were stabilized in sodium citrate and used as 

received. One part PEG-thiol solution (0.3 mM) in trisodium citrate was added to 2 parts 

nanoparticle solution. The solution was stirred vigorously for 15 minutes and then centrifuged at 

13000 rpm for 2 hours. The supernatant is removed and the remaining PEG particle solution is 
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dispersed in a small amount of 5 mM citrate. The PEG particle solution is added to equal parts 

CHCl3 and stirred vigorously to encourage phase transfer. The 5 mM trisodium citrate layer was 

removed leaving the PEG particles dispersed in CHCl3. If the particles are to be used in the glove 

box, the solvent is removed via rotary evaporation. The dried particles are transferred into the 

glove box and redispersed in dry solvent, where they can be incorporated into the active layer 

mixture for cell fabrication. Particles are diluted in CHCl3 to make solutions with optical 

densities of 2.00, 1.00, 0.50, 0.20, 0.10, and 0.50. These solutions are combined in a 1:1 ratio 

with P3HT:PCBM solution that is 2x the desired concentration. The final solutions are 2 %wt 

P3HT:PCBM in CHCl3 containing particles with optical densities of 1.00, 0.50, 0.25, 0.10, 0.05, 

and 0.025.  

Characterization 

UV-Vis measurements were performed using a Cary 6000 UV-Vis spectrometer. Film 

thickness measurements were performed using a KLA Tencor profilometer.  

Substrate Preparation 

The ITO substrate is commercially available as a polished float glass, 25x25x0.7 mm, 

that is a SiO2 passivated/ITO coated on one surface with series resistance of 4-8 Ω. Glass and 

ITO substrates are sonicated in 5% detergent solution for 15 minutes. The slides are then 

sonicated in milli-Q H2O for 15 minutes, in isopropanol for 15 minutes, and ethanol for 15 

minutes. The slides are allowed to air dry, then cleaned in a UV-Ozone cleaner for 15 minutes 

immediately before use.  
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 3-Aminopropyltriethoxysilane Functionalization 

Deposition of 3-aminopropyltriethoxysilane (APTES) on to cleaned glass substrates was 

done in a small plastic dessicator with a small open vial of APTES under static vacuum. The 

dessicator was allowed to come up to room pressure over 3 days. After removal from the 

dessicator, the substrates are dip rinsed in toluene to remove any excess or non-bonded APTES 

from the surface. To determine if an annealing step is necessary, some of the substrates are 

annealed on a hot plate at 70 °C for 15 minutes.   

Nanoparticle Deposition 

Nanoparticles that are incorporated on to the APTES layer are synthesized nanoprisms 

from both syntheses. The APTES functionalized substrates are allowed to soak in the as 

synthesized nanoparticle solution for 24 hours. The excess particle solution is removed; the 

substrates are rinsed in milli-Q water, and dried with N2 flow. To avoid particle oxidation the 

substrates are stored for transfer in petri dishes backfilled with N2 and then promptly transferred 

to the glove box.  

Active Layer Preparation 

The active layer is a 2% wt P3HT:PCBM blend in chloroform, ortho-dichlorobenzene 

(oDCB), or 1:1 CHCl3:oDCB. P3HT was purchased from Rieke Metals Inc. and used as 

received. PCBM was purchased from Nano C and used as received. For this study a 1:0.8 ratio of 

P3HT:PCBM was chosen. It is extremely important to ensure that the ratio of P3HT:PCBM is 

always consistent.3 For calibration studies the spin coating is done in air, but for cell fabrication 

the spin coating is done in a N2 atmosphere to avoid any degradation that may occur from 

exposure to O2 or moisture. Once coated the substrates are set aside for solvent evaporation 

before further use.  
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Hole Transport Layers 

PEDOT:PSS blend was purchased from Baytron and used as received. PEDOT:PSS was 

deposited on to clean substrates for spin coating through a 45 μm syringe filter. After spin 

coating the substrates are annealed at 150 °C for 1 – 2 minutes. When spin coating for device 

fabrication the substrate was spun for 10 seconds at 200 rpm to allow for even coating of the 

substrate, then 5000 rpm for 40 seconds to form a 30 nm thick film. Once annealed, the films are 

transferred in to the N2 environment within 5 minutes to avoid degradation from moisture and 

O2. 

MoO3 was purchased as powder then pressed in to small pellets for use in the thermal 

evaporator. The MoO3 was thermally evaporated at high vacuum and low pressure, 

approximately 1x10-6 mbar, to obtain a 3 nm thick film.  

Electron Transport and Cathode Layers 

The electron transport layer and cathode was deposited by thermal evaporation of LiF 

and Al. The LiF is used as purchased and a 0.8nm thick layer is thermally evaporated. The 

100nm thick Al cathode is also thermally evaporated within the same evaporation cycle. The 

now completed solar cell is annealed at 150°C for 20 minutes and allowed to cool before testing.  

Cell Testing 

JV curve and cell parameter testing is done as soon as possible after fabrication. Testing 

is down in the N2 environment using a Oriel Sol3A class AAA solar simulator with 100 mWcm-2 

AM1.5 output along with Newport calibrated 2x2 cm silicon reference cell.  EQE testing is done 

in air using an EQ/IPCE measurement kit from Newport Oriel.  
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Results and Discussion 

Layer Optimization of P3HT:PCBM 

Before any nanoparticles can be incorporated into the solar cell, the deposition conditions 

for spin coating the active layer must be optimized. The goal thickness for the active layer is 100 

nm. This thickness is thick enough to capture photons, but thin enough to encourage charge 

transfer4-7. Three different solvent systems were investigated. Chloroform, o-dichlorobenzene 

and a 1:1 combination of CHCl3 and oDCB were chosen. The calibration curve for the 

P3HT:PCBM in CHCl3 is shown in figure 3-2. 
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Figure 3-2 - P3HT:PCBM in CHCl3 spin coating calibration curve 

 

The data presented in figure 3-2 are average values and the error bars represent variation 

in the film thickness. Figure 3-2 shows that in order to get a film that is 100 nm thick, the 

optimal spin speed for spin coating P3HT:PCBM on to glass substrates from CHCl3 is 

approximately 2000 rpm. The calibration curve for P3HT:PCBM in oDCB is shown in figure 3-

3.  
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Figure 3-3 - P3HT:PCBM in oDCB spin coating calibration curve 

 

The data presented in figure 3-3 are average values and the error bars represent variation 

in the film thickness. Figure 3-3 shows that in order to obtain a 100 nm thick film, the optimal 

speed for spin coating P3HT:PCBM on to a glass substrate from oDCB is approximately 725 

rpm. The calibration curve for P3HT:PCBM in 1:1 CHCl3:oDCB is shown in figure 3-4. 
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Figure 3-4 – P3HT:PCBM in CHCl3:oDCB spin coating calibration curve 
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The data presented in figure 3-4 are average values and the error bars represent variation 

in the film thickness. Figure 3-4 shows that the spin coating of P3HT:PCBM on to glass from 1:1 

CHCl3:oDCB was unsuccessful. There was not a linear relationship between the spin coating 

speeds and the film thickness, so an average speed to create a 100 nm thick film was not found. 

As well the films were often non-uniform in thickness or did not completely coat the substrate.  

Nanoparticle Synthesis 1 

Triangular silver nanoparticles were synthesized according to literature procedures.1 

From the TEM images as shown in figure 2-1 it is apparent that the reaction did successfully 

create triangular shaped particles, with a narrow size distribution. The average prism size shown 

in figure 2-2, calculated from the TEM images, is 25 ± 9 nm. The UV-Vis spectrum for these 

particles is shown in figure 2-3, and the peak assignments were discussed previously on page 39.  

 Nanoparticle Synthesis 2 

The particles were synthesized according to literature procedures.2 The UV-Vis spectra 

for the second synthesis are shown in figure 3-5. This synthesis is much more size tunable than 

the other synthesis.  
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Figure 3-5 - UV-Vis spectra of varying sizes of Ag nanoprisms from synthesis 2 

 

By varying the amount of seed solution but not changing the amount of additional 

AgNO3 added, the resulting sizes of particles will vary. If less seed solution is introduced the 

particles will be larger, because there is more AgNO3 available to each seed particle to create 

larger prism particles. This is seen as a red shift in the plasmon band of the nanoparticles. If there 

are more seeds, the prism particles will be smaller, because there is less AgNO3 available per 

seed to create the prisms. The shape characteristics of the spectra in figure 3-5 are the same as 

the spectra from synthesis 1 (figure 2-3), indicating that the shape of the nanoparticles is also 

triangular.  

PEG-ylation of Nanoparticles 

Synthesized nanoprisms and purchased nanoparticles are functionalized with PEG-SH in 

order to become soluble in organic solvents. While the particles phase transfer successfully into 

CHCl3 and 1:1 CHCl3:oDCB, they did not transfer into oDCB alone. The particles studied 

include; synthesized 25 nm Ag prisms, purchased 10 nm Ag particles, purchased 60 nm Ag 
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particles, purchased 10 nm Au particles and 60 nm Au particles. Figure 3-6 shows the PEG-

ylation reaction of the various particles. 

 
 

Figure 3-6 - PEG-ylation reaction with nanoparticles 

 

The solvent used in the remainder of the experiments and BHJ cell fabrication is CHCl3. 

The oDCB was unsuccessful for solubilizing nanoparticles and the blend of CHCl3:oDCB was 

unsuccessful as a P3HT:PCBM solvent because it produced inhomogeneous films on the 

substrate surface. 

APTES Functionalization of ITO 

In order to incorporate the nanoparticles underneath the active layer of the cell, the ITO 

substrate must be functionalized. This will allow for the particles to adhere to the surface of the 

anode. APTES was chosen because it is commonly used to functionalize glass substrates by 

forming an amine functionalized film that is tightly attached to the substrate surface8. The 

reaction of the triethoxy silane group of APTES with the silca on the substrate allows the APTES 
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to become immobilized on the substrate with the NH2 groups free to bond with the silver 

particles as shown in figure 3-7.   

 
 

Figure 3-7- Reaction of APTES with substrate and nanoparticles 

 

Figure 3-7(a) shows the cleaned glass substrate containing hydroxyl groups available to 

react with the APTES. Figure 3-7(b) shows how a layer of APTES reacts with the substrate 

surface. The free NH2 groups on the ends of the APTES are left available for reaction with the 

Ag particles as shown in figure 3-7(c).  

The bare glass substrate is much more hydrophilic than the hydrophobic APTES layer. 

This allows for confirmation of the functionalization using contact angle measurements. If the 

glass substrates (both non-functionalized and functionalized) are assumed to be perfectly flat, the 

Young equation (equation 3-1) can be used; 

     0 =  𝛾𝑆𝐺 −  𝛾𝑆𝐿 − 𝛾𝐿𝐺 cos 𝜃   (3-1) 

Where γSG is the surface tension between the substrate and the air, γSL is the surface 

tension between the substrate and the liquid droplet, γLG is the surface tension between the liquid 
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droplet and the air, and θ is the contact angle between the droplet and the surface as shown in 

figure 3-8. 

 
 

Figure 3-8 - Contact angle measurement of a water droplet 

 

To confirm the presence of the APTES on the substrate surface, contact angle 

measurements were done. Figure 3-9(a) shows the bare glass, figure 3-9(b) shows bare ITO, 

figure 3-9 (c) shows the APTES functionalized glass, and figure 3-9(d) APTES functionalized 

ITO substrates, all with a 7 μL droplet of water on the surface.  
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Figure 3-9 - Water Droplets on (A) clean glass, (B) clean ITO, (C) APTES on glass, and (D) APTES 

on ITO 

 

The larger contact angle of the water with the functionalized surface shows that the 

APTES has created a layer on the surface of the glass and ITO. A more hydrophobic substrate 

will repel the water from its surface. The repulsion of the water will lift the droplet away from 

the surface, creating a taller droplet and a larger contact angle. The results for the contact angle 

measurements are shown in Table 3-1.  

Table 3-1 - Contact angle measurements 

Substrate Contact 

Angle 

 Substrate Contact 

Angle 

Clean Bare Glass 

 

22 ± 6°  Clean Bare ITO 47 ± 4° 

APTES Glass 

 

73 ± 7°  APTES ITO 73 ± 4° 

Annealed APTES 

Glass 

73 ± 3°  Annealed ITO 

Glass 

79 ± 2° 

     

Difference between 

Anneal & No 

Anneal 

0 ± 8°  Difference between 

Anneal & No 

Anneal 

6 ± 4° 

 

A B 

C D 
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The data illustrates that there is a significant increase in the contact angle of the water 

once the APTES layer has been applied to the substrate surface. This is an indication that the 

functionalization of the APTES was successful. The data also shows that there is only a small 

difference in contact angle between the ATPES substrates that were annealed and the ones that 

were not. This indicates that the annealing step is unnecessary for increasing the contact angle 

and the hydrophobicity of the substrates. 

To ensure that the layer of APTES will not disrupt cell function sheet resistance 

measurements were made. In order to find the resistivity of a sample, the geometrical dimensions 

of the sample must also be known. Sheet resistance is calculated by equation 3-2;  

    𝑅𝑠 = 𝐶𝐹 ∙  
𝑉

𝐼
     (3-2) 

Where I is the current passed through the sample, V is the measured voltage, and CF is a 

correction factor (approximately 0.9864). The results that were collected are shown in table 3-2.  

Table 3-2 - Resistivity Measurements 

Substrate RS (Ω) 

Clean Bare ITO 10.2 ± 0.9 

 APTES ITO Average 10.2 ± 1.7 

Annealed APTES ITO Average 10.5 ± 0.3 

  

Difference Between ITO & APTES ITO 0.0 ± 1.9 

Difference Between ITO & Annealed APTES ITO 0.03 ± 0.95 

Difference Between APTES ITO & Annealed APTES ITO 0.03 ± 2.12 

 

The results indicate that the addition of the APTES layer does not affect the resistivity of 

the substrate, and therefore the addition of this layer will hopefully not affect cell performance. 

Often an annealing step is required to form cross-links between the silane in the APTES and the 

substrate. The data shows that the difference between the resistivity of the substrates that were 

annealed and not annealed is negligible. So based on both contact angle and resistivity 
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measurements, the annealing of the APTES layer at 70°C for 1.5 hours was found to not be 

necessary. 

The incorporation of the nanoparticles onto the APTES functionalized surface after 

immersion in nanoparticle solution was successful as illustrated in figure 3-10. 

 
 

Figure 3-10 - (a) Ag Nanoprisms on APTES functionalized substrate and (b) bare glass substrate 

 

However, the hydrophoicity of the APTES layer presents a problem for cell fabrication. 

The aqueous based PEDOT:PSS will not be able to effectively spin coat on to the APTES 

functionalized surface, so a different hole transport layer is required.  

PEDOT:PSS Layer Optimization 

In order to determine the best spin coating conditions a number of samples were spin 

coated at different speeds for different amounts of time. The chosen thickness for this layer is 30 

nm, as used in a number of literature examples5-7,9. The calibration curve for the optimization is 

shown in figure 3-11.  
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Figure 3-11 - PEDOT:PSS Spin coating Calibration Curve 

 

Figure 3-11 shows that the optimal spin coating speed for a 30 nm film is 4000 rpm. It 

was found that for device fabrication it is necessary to first deposit the PEDOT:PSS onto the 

substrate surface and then spin at 200 rpm for 10 seconds for allow the PEDOT:PSS to spread 

across the entire substrate, then increase the speed to 4000 rpm for 40 seconds to create the 30 

nm film. 

Layer Optimization of MoO3 

Layers of MoO3 are not deposited by spin coating. MoO3 can be thermally evaporated on 

to the APTES layer after the nanoparticles have been attached. Cells are fabricated by thermally 

evaporating different thicknesses of MoO3 onto the substrate, and then device performance is 

compared to that of a cell containing PEDOT:PSS. MoO3 has been found in the literature to be 

an effective substitute for PEDOT:PSS as a buffer layer in BHJ OPVs.10 Figure 3-12 compares 

the JV curves of a cell with a 2 nm layer of MoO3 to a cell with a 30 nm layer of PEDOT:PSS as 

the hole transport layer. This demonstrates that the MoO3 is as effective as PEDOT:PSS as a hole 

transport layer. 
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Figure 3-12 – JV curves for MoO3 and PEDOT:PSS BHJ cells 

 

 
 

Figure 3-13 – Cell efficiency data for MoO3 layer thickness calibration 

 

Figure 3-13 shows the efficiency of cells with varying layer thickness of MoO3. The cell 

with the best performance had and MoO3 layer that was 3 nm thick. Therefore, the remainder of 

the experiments will use 3 nm thick films of MoO3 in order to maximize the efficiency of the 

cells.  
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Control Cell Fabrication 

The BHJ cell fabrication is a multistep process. The layer fabrication steps have been 

optimized throughout the individual layer calibration processes.  The layouts of the control cells 

are shown in figure 3-14.  

 
 

Figure 3-15 - Control cell structures 

 

Figure 3-14(a) shows the device structure of the cell containing PEDOT:PSS as the hole 

transport layer. This type of cell is the control for the devices that will contain nanoparticles 

incorporated into the active layer. Figure 3-14(b) shows the device structure of the cell 

containing the APTES functionalized ITO substrate and MoO3 as the hole transport layer. This 

type of cell will be the control for devices that will have nanoparticles incorporated below the 

hole transport layer.  

These cells are built beginning with a cleaned ITO substrate. If fabricating the cell shown 

in figure 3-14(a), a 30 nm layer of PEDOT:PSS is spin coated on to the surface of the anode. The 

substrate is quickly transferred into the glove box and a 100 nm layer of P3HT:PCBM is spin 

coated on top. After drying, the 0.8 nm layer LiF electron transport layer, and 100 nm layer of Al 

cathode are thermally evaporated. Annealing of the active layer is done after this step to ensure a 
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better film morphology. If fabricating the cell type shown in figure 3-14(b), APTES is 

functionalized to the anode surface. The substrate is transferred into the glove box and 3 nm of 

MoO3 is thermally evaporated on top of the APTES. A 100 nm layer of P3HT:PCBM is spin 

coated on top and allowed to dry. After drying, the 0.8 nm LiF electron transport layer, and the 

100 nm Al cathode, are thermally evaporated over the active layer. Annealing of the active layer 

is completed after capping with LiF and Al, to encourage even active layer film morphology. 

The JV representative curves for the control cells are shown in figure 3-15. 

  
 

 Figure 3-15 – (a) JV curves and (b) normalized EQE spectra of BHJ control cells 

 

The JV curve data shown in figure 3-15(a) is from a cell that is representative of the 

average of the cells. To better compare the shapes of the spectra, the normalized EQE results are 

shown in figure 3-15(b), and are also representative of the average results. 

The EQE spectra show that the APTES MoO3 control cells have a narrower absorption 

band than the PEDOT:PSS control cells, but the overall shape of the spectra are similar. These 

slight changes may be due to the different absorption of the different hole transport layers.  
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The device performance parameters are summarized in table 3-3. The data in the brackets 

are the values from the cell with the highest efficiency.  

Table 3-3  - Cell performance parameters for BHJ control cells 

Control Cell 

Type 

VOC (V) JSC 

(mA/cm2) 

Fill Factor Efficiency 

(%) 

PEDOT:PSS 
0.59 ± 0.01  

(0.59) 

7. 8 ± 1.1  

(9.0) 

56 ± 6  

(63) 

2.6 ± 0.4  

(3.4) 

APTES MoO3 
0.63 ± 0.03 

(0.59) 

5.4 ± 2.4 

(7.5) 

51 ± 2 

(52) 

1.7 ± 0.6 

(2.3) 

 

The number of control cells fabricated is large in order to narrow the error of the cell 

parameters. There were 44 PEDOT:PSS control cells produced, tested, and averaged, and 10 

APTES MoO3 control cells. The number of APTES MoO3 control cells is much lower due to a 

high device failure rate. The control cells are now compared to cells containing metal 

nanoparticles to determine whether the incorporation of the nanoparticles will enhance the 

performance of the BHJ cells.  

25 nm Ag Nanoprisms 

Once the device fabrication is optimized, the PEG-ylated nanoparticles can be 

incorporated into the active layer. The particles are incorporated into the cell in different 

concentrations. The concentrations of particles are varied in terms of optical density, or how 

much the particles absorb in a UV-Vis measurement. The concentrations of Ag nanoprisms that 

are incorporated into the BHJ cells are equivalent to optical densities of 0.1, 0.05 and 0.25. This 

means that the final concentration of nanoparticles in the active layer solution would show 

absorbances of 0.1, 0.05 and 0.025. The 25 nm Ag nanoprisms are subject to shape degradation 

as discussed in Chapter 2. The sharp tips that are expected to enhance the absorption properties 

of the active layer may have rounded once incorporated into the cell. It is expected that within 
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the short time frame of fabrication and testing the particles retain their triangular shape, but there 

is no way to confirm that the cell fabrication does not accelerate this morphology change. The JV 

curve and EQE results for cells containing the PEG-ylated 25 nm Ag nanoprisms in the active 

layer are shown in figure 3-16.  

 
 

Figure 3-16 – (a) JV curves and (b) EQE spectra of BHJ cells with 25 nm Ag nanoprisms 

 

The data presented in figure 3-16 are from cells that are representative of the average 

values. All of the cells tested that contained the 25 nm Ag nanoprisms had JV curves that show 

lower current densities than the control cell as shown in figure 3-16(a). This result is echoed in 

the EQE spectra shown in figure 3-16(b). There is a significant decrease in EQE for all of the 

cells containing the Ag nanoprisms, as well as not much of a change in the shape of the spectra.   

0.0 0.1 0.2 0.3 0.4 0.5 0.6

0

1

2

3

4

5

6

7

8

J
S

C
 (

m
A

/c
m

2
)

Voltage (V)

 Control

 Ag NPr OD = 0.1

 Ag NPr OD = 0.05

 Ag NPr OD = 0.025

A

300 400 500 600 700

0

10

20

30

40

50

60

70  Control

 Ag NPrs O.D. = 0.1

 Ag NPrs O.D. = 0.05

 Ag NPrs O.D. = 0.025

E
Q

E
 (

%
)

Wavelength (nm)

B



 

84 

 

300 400 500 600 700 800

0.0

0.2

0.4

0.6

0.8

1.0

1.2

A
b

s
o

rb
a

n
c
e

Wavelength (nm)

 Control

 Ag NPrs OD = 0.1

 Ag NPrs OD = 0.05

 Ag NPrs OD = 0.025

 Ag NPrs in CHCl3

 
Figure 3-17 - UV-Vis spectra of active layers of BHJ cells with 25 nm Ag nanoprisms 

 

Figure 3-17 shows the UV-Vis spectra of the active layers of the cells containing Ag 

nanoprisms. It compares the cells to a control cell as well as to the UV-Vis spectrum of the PEG-

ylated Ag nanoprisms in CHCl3. As in the characterization before, there is not much of a change 

in the UV-Vis spectra of the active layers containing the Ag nanoprisms compared to the control 

spectrum. The increase in absorbance in the active layer containing an Ag optical density of 0.1, 

is most likely due to film thickness, because no increase in performance or light conversion is 

seen in any other type of characterization.  

The cell performance data for BHJ cells containing 25 nm Ag nanoprisms are tabulated in 

table 3-4. The values are given as averages of a number of measurements; the numbers in 

brackets are the values from the best performing cell. 
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Table 3-4 – Cell performance parameters for BHJ cells with 25 nm Ag nanoprisms 

Ag Optical 

Density 

VOC (V) JSC 

(mA/cm2) 

Fill Factor Efficiency 

(%) 

Control 
0.59 ± 0.01  

(0.59) 

7.78 ± 1.1  

(9.0) 

56 ± 6  

(63) 

2.6 ± 0.4  

(3.4) 

0.1 
0.60 ± 0.01  

(0.59) 

7.1 ± 0.3 

 (7.1) 

52 ± 5  

(56) 

2.2 ± 0.2  

(2.4) 

0.05 
0.59 ± 0.00  

(0.61) 

6.7 ± 0.0  

(7.9) 

58 ± 1  

(62) 

2.3 ± 0.0  

(2.9) 

0.025 
0.59 ± 0.01  

(0.59) 

6.6 ± 0.5  

(7.1) 

59 ± 4  

(61) 

2.3 ± 0.3  

(2.6) 

 

It is seen in table 3-4 that the efficiencies of the cells do not seem to change much at all. 

This suggests that the addition of the nanoprisms does not change the efficiency of the BHJ cells, 

either or better or for worse. The results are the same for the JSC values of the measured cells. 

The results show that the JSC values decrease upon the addition of the nanoprisms, suggesting 

that the particles may be negatively affecting the cell function. However these values are all 

within the error of the JSC of the control cell, illustrating that the nanoprisms do not affect the JSC 

of the cells.  

 To confirm these results a t-test was done comparing the JSC values of the cells 

comparing the Ag nanoprisms to the control cell. These results are shown in table 3-5. 
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Table 3-5 - Ag nanoprisms t-test results for JSC values 

Ag Optical 

Density 

t Statistic t Critical Average Value 

Compared to 

Control 

Conclusion 

0.10 3.60 2.45 

 

Decreased 

t stat > t crit 

Reject Null 

Hypothesis 

Difference 

 

0.05 4.22 2.02 

 

Decreased 

t stat > t crit 

Reject Null 

Hypothesis 

Difference 

 

0.025 1.55 4.30 

 

Decreased 

t stat > t crit 

Accept Null 

Hypothesis 

No Difference 

 

When Ag nanoprisms were incorporated into the cell, there was a statistically significant 

decrease in the JSC values at all concentrations of nanoparticles and a statistically significant 

decrease in the cells that contain the 0.1 and 0.05 optical densities of particles. The efficiency of 

the cell containing an Ag optical density of 0.025 showed no statistically significant difference 

from the control cell. These conclusions are echoed in the JV curves and EQE spectra of the 

devices, and UV-Vis spectra of the active layers. 

10 nm Ag Nanoparticles 

The JV curves and EQE spectra for the fabricated cells containing 10 nm Ag 

nanoparticles in the active layer are shown in figure 3-18.  
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Figure 3-18 – (a) JV curves and (b) EQE spectra of BHJ cells with 10 nm Ag nanoparticles 

 

The data presented in figure 3-18 are of cells that are representative of the average data. 

Figure 3-18(a) shows how almost all of the cells that have 10 nm Ag nanoparticles incorporated 

are not as efficient as the control cell. The only one that is comparable is the cell containing Ag 

nanoparticles with an optical density of 0.05. None of the cells with 10 nm Ag nanoparticles 

perform better than the control cell. The EQE data in figure 3-18(b) shows over which 

wavelengths the cell absorbs light and converts it to electrical energy. The cells that have 10 nm 

Ag nanoparticles with optical densities of 0.1 and 0.05 show a slight increase compared to the 

control in the 330-450 nm range. The cells with the highest concentration of 10 nm Ag 

nanoparticles, as well as the cell with only a very small about of 10 nm Ag nanoparticles show a 

large decrease compared to the control cell.  

0.0 0.1 0.2 0.3 0.4 0.5 0.6

0

1

2

3

4

5

6

7

8
J

S
C
 (

m
A

/c
m

2
)

Voltage (V)

 Control

 10nm Ag OD = 1.0

 10nm Ag OD = 0.5

 10nm Ag OD = 0.25

 10nm Ag OD = 0.1

 10nm Ag OD = 0.05

 10nm Ag OD = 0.025

A

300 400 500 600 700

0

10

20

30

40

50

60

70

B

E
Q

E
 (

%
)

Wavelength (nm)

 Control

 10nm Ag OD = 1.0

 10nm Ag OD = 0.5

 10nm Ag OD = 0.25

 10nm Ag OD = 0.1

 10nm Ag OD = 0.05

 10nm Ag OD = 0.025



 

88 

 

300 400 500 600 700 800

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

A
b

s
o

rb
a

n
c
e

Wavelenght (nm)

 Control

 10nm Ag OD = 1.0

 10nm Ag OD = 0.5

 10nm Ag OD = 0.25

 10nm Ag OD = 0.1

 10nm Ag OD = 0.05

 10nm Ag OD = 0.025

 10nm Ag in CHCl3

 
 

Figure 3-19 - UV-Vis of active layers of BHJ cells with 10 nm Ag nanoparticles 

 

Figure 3-19 shows the UV-Vis spectra of the active layers of the cells containing 10 nm 

Ag nanoparticles. It compares the cells to a control cell as well as to the UV-Vis spectrum of the 

PEG-ylated 10 nm Ag nanoparticles in CHCl3. If the 10 nm Ag nanoparticles contributed to an 

increase in the absorbance of the active layer, an increase in absorbance of the active layers in 

the same region that the particles alone absorb is expected. Some of the spectra do show an 

increase in absorbance compared to the control, but this increase occurs over the entire 

absorption spectrum, meaning it is likely due to variance in film thickness, not the particles.  

Table 3-6 shows the cell performance data for BHJ cells containing 10 nm Ag 

nanoparticles. The values are given as averages with standard deviation, and the numbers in 

brackets are the values from the best performing cell. 
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Table 3-6 - Cell performance parameters for BHJ cells with 10 nm Ag nanoparticles 

Ag Optical 

Density 

VOC (V) JSC 

(mA/cm2) 

Fill Factor Efficiency 

(%) 

Control 
0.59 ± 0.01  

(0.59) 

7.8 ± 1.1  

(9.0) 

56 ± 6  

(63) 

2.6 ± 0.4  

(3.4) 

1.00 
0.58 ± 0.00  

(0.58) 

6.2 ± 1.3  

(6.7) 

48 ± 8  

(60) 

1.8 ± 0.6  

(2.4) 

0.50 
0.59 ± 0.01  

(0.60) 

6.7 ± 0.6  

(7.6) 

59 ± 2  

(60) 

2.3 ± 0.3  

(2.7) 

0.25 
0.59 ± 0.01  

(0.58) 

6.2 ± 0.3  

(6.2) 

49 ± 5  

(57) 

1.8 ± 0.2  

(2.2) 

0.10 
0.60 ± 0.01  

(0.60) 

7.9 ± 0.7   

(8.7) 

47 ± 13  

(63) 

2.3 ± 0.7  

(3.3) 

0.05 
0.60 ± 0.00  

(0.60) 

7.8 ± 1.4  

(9.2) 

53 ± 9  

(57) 

2.4 ± 0.4  

(3.1) 

0.025 
0.60 ± 0.00  

(0.60) 

6.5 ± 0.5 

 (7.4) 

56 ± 3  

(57) 

2.2 ± 0.2  

(2.5) 

  

The VOC values for these cells, like the cells that contain 10 nm Ag nanoparticles are 

unremarkable. This is an indication that addition of the nanoparticles does not affect the active 

layer and the electrode-organics interface remains unchanged.11 The data illustrates that there is 

no increase in overall cell efficiency after the addition of these particles. The cells with the 

particles all show a decrease in overall efficiency. The results are the same for the JSC values of 

the measured cells. It is seen that there may be a slight increase in the JSC values for the cells 

with the Ag optical density of 0.05, but upon further mathematical analysis it is found to not be 

statistically significant.  A t-test was completed comparing the efficiency values of the cells 

containing the 10 nm Ag nanoparticles with the control cell, with the results shown in table 3-7. 

It was found that only half of these efficiencies (Ag optical densities of 1.00, 0.25, and 0.025) 

had a statistically significant decrease. 
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Table 3-7 – 10 nm Ag nanoparticles t-test results for efficiency values 

Ag Optical 

Density 

t Statistic t Critical Average Value 

Compared to Control 

Conclusions 

1.00 2.96 2.78 

 

Decreased 

t stat > t crit 

Reject Null 

Hypothesis 

Difference 

 

0.50 1.98 2.26 

 

Decreased 

t stat < t crit 

Accept Null 

Hypothesis 

No Difference 

 

0.25 7.90 2.12 

 

Decreased 

t stat > t crit 

Reject Null 

Hypothesis 

Difference 

 

0.10 1.31 2.31 

 

Decreased 

t stat < t crit 

Accept Null 

Hypothesis 

No Difference 

 

0.05 0.81 2.26 

 

Decreased 

t stat < t crit 

Accept Null 

Hypothesis 

No Difference 

 

0.025 3.48 2.20 

 

Decreased 

t stat > t crit 

Reject Null 

Hypothesis 

Difference 

 

All of the JSC values showed a statistically significant decrease compared to the control 

except for the cells containing an optical density of 0.5 and 0.25. The results of the t-tests 

comparing the JSC values of control cell to the cells containing the 10 nm Ag nanoparticles are 

shown in table 3-8.   
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Table 3-8 – 10 nm Ag nanoparticles t-test results for JSC values 

Ag Optical 

Density 

t Statistic t Critical Average Value 

Compared to 

Control 

Conclusions 

1.00 2.62 2.57 

 

Decreased 

t stat > t crit 

Reject Null 

Hypothesis 

Difference 

 

0.50 3.62 2.23 

 

Decreased 

t stat > t crit 

Reject Null 

Hypothesis 

Difference 

 

0.25 7.99 2.02 

 

Decreased 

t stat > t crit 

Reject Null 

Hypothesis 

Difference 

 

0.10 0.54 2.12 

 

Increased 

t stat < t crit 

Accept Null 

Hypothesis 

No Difference 

 

0.05 0.17 2.26 

 

Increased 

t stat < t crit 

Accept Null 

Hypothesis 

No Difference 

 

0.025 4.78 2.12 

 

Decreased 

t stat > t crit 

Reject Null 

Hypothesis 

Difference 

 

These devices showed an increase in JSC, but the increase is not statistically significant 

compared to the control. This is confirmed by the lack of increase in the JV curves, EQE spectra, 

and UV-Vis spectra compared to the control cell.  
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60 nm Ag Nanoparticles 

The JV curves and EQE results for the fabricated cells containing 60 nm Ag 

nanoparticles are shown in figure 3-20.  

 
Figure 3-20 – (a) JV curves and (b) EQE spectra for BHJ cells with 60 nm Ag nanoparticles  

 

The data presented in figure 3-20 are of cells that are representative of the average data. 

All of the JV curves for the cells with 60 nm Ag nanoparticles shown in figure 3-20(a) show 

lower current densities than the control curve. This is an indication that the 60 nm Ag 

nanoparticles do not cause an increase in cell efficiency. The EQE results shown in figure 3-

20(b) are similar to that of the 10 nm Ag nanoparticles. The overall EQE of all the cells is lower 

than the EQE of the control except the cells that contain an optical density of 0.1 and 0.05. To 

better compare the differences in the EQE, the results are normalized as shown in figure 3-21. 

The cells with optical density between 0.5 and 0.05 show an increase in EQE between 330-440 

nm in the normalized spectra. This indicates that these concentrations of particles may positively 

affect the absorbance of the active layers.  
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Figure 3-21 - Normalized EQE spectra for BHJ cells with 60 nm Ag nanoparticles 
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Figure 3-22 - UV-Vis of active layers of BHJ cells containing 60 nm Ag nanoparticles 

 

Figure 3-22 shows the UV-Vis spectra of the active layers containing 60 nm Ag 

nanoparticles compared to the control and the PEG-ylated 60 nm Ag nanoparticles in CHCl3. It 

can be seen that there is no increase in the absorbance of the active layer upon addition of the 60 

nm Ag nanoparticles. All of the active layers that contain particles have lower absorbance than 
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the control. There is also no change in the shape of the spectra of the active layers that contain 

the particles. This is another indication that the particles are not contributing to changing the 

absorbance of the active layers.  

The cell performance data for BHJ cells containing 60 nm Ag nanoparticles is tabulated 

in table 3-9. The values are given as averages of a number of measurements; the numbers in 

brackets are the values from the best performing cell.  

Table 3-9 - Cell performance parameters for BHJ cells with 60 nm Ag nanoparticles 

Au Optical 

Density 

VOC (V) JSC 

(mA/cm2) 

Fill Factor Efficiency 

(%) 

Control 
0.59 ± 0.01  

(0.59) 

7.8 ± 1.1  

(9.0) 

56 ± 6 

 (63) 

2.6 ± 0.4 

 (3.4) 

1.00 
0.58 ± 0.00 

(0.58) 

6.6 ± 0.4  

(6.7) 

60 ± 1  

(62) 

2.3 ± 0.1 

 (2.4) 

0.50 
0.58 ± 0.01  

(0.57) 

7.3 ± 0.5  

(7.4) 

49 ± 11  

(63) 

2.1 ± 0.4  

(2.7) 

0.25 
0.57 ± 0.01 

 (0.58) 

6.4 ± 0.9  

(7.8) 

60 ± 4  

(64) 

2.2 ± 0.5 

 (2.9) 

0.10 
0.59 ± 0.01 

 (0.60) 

7.6 ± 1.0  

(8.9) 

50 ± 12  

(65) 

2.3 ± 0.7 

 (3.5) 

0.05 
0.58 ± 0.01  

(0.59) 

7.1 ± 1.0  

(7.8) 

51 ± 11 

(57) 

2.1 ± 0.4 

 (2.6) 

0.025 
0.58 ± 0.01  

(0.59) 

6.9 ± 0.2  

(6.7) 

36 ± 18  

(57) 

1.4 ± 0.7  

(2.3) 

 

The VOC values for these cells, like the cells that contain Ag nanoparticles are 

unremarkable and within error of each other. The data illustrates that there is no increase in 

overall cell efficiency after the addition of these particles. The data also shows that the JSC values 

for the cells containing 60 nm Ag nanoparticles are all lower than the JSC of the control cell.  

The incorporation of 60 nm Ag nanoparticles showed a decrease in efficiency, and like 

the 10 nm Ag nanoparticles only half (Ag optical densities of 1.0, 0.5, and 0.05) of these 

decreases are statistically significant compared to the control device. The t-test results comparing 



 

95 

 

the efficiency of the control cell to the cells containing the 60 nm Ag nanoparticles are shown in 

table 3-10. 

Table 3-10 – 60 nm Ag nanoparticles t-test for efficiency values 

Ag Optical 

Density 

t Statistic t Critical Average Value 

Compared to Control 

Conclusions 

1.00 4.01 2.02 

 

Decreased 

t stat > t crit 

Reject Null 

Hypothesis 

Difference 

 

0.50 3.10 2.26 

 

Decreased 

t stat > t crit 

Reject Null 

Hypothesis 

Difference 

 

0.25 1.94 2.36 

 

Decreased 

t stat < t crit 

Accept Null 

Hypothesis 

No Difference 

 

0.10 1.17 2.31 

 

Decreased 

t stat < t crit 

Accept Null 

Hypothesis 

No Difference 

 

0.05 3.68 2.23 

 

Decreased 

t stat > t crit 

Reject Null 

Hypothesis 

Difference 

 

0.025 2.77 4.30 

 

Decreased 

t stat < t crit 

Accept Null 

Hypothesis 

No Difference 
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 Table 3-11 - 60 nm Ag nanoparticles t-test for JSC values 

Ag Optical 

Density 
t Statistic t  Critical 

Average Value 

Compared to Control 
Conclusions 

1.00 6.37 2.02 

 

Decreased 

t stat > t crit 

Reject Null Hypothesis 

Difference 

 

0.50 1.86 2.07 

 

Decreased 

t stat < t crit 

Accept Null 

Hypothesis 

No Difference 

 

0.25 3.45 2.26 

 

Decreased 

t stat > t crit 

Reject Null Hypothesis 

Difference 

 

0.10 0.59 2.20 

 

Decreased 

t stat < t crit 

Accept Null 

Hypothesis 

No Difference 

 

0.05 1.70 2.23 

 

Decreased 

t stat < t crit 

Accept Null 

Hypothesis 

 No Difference 

 

0.025 4.28 2.14 

 

Decreased 

t stat > t crit 

Reject Null Hypothesis 

Difference 

 

The t-test results comparing the JSC values of the control cell to the cells containing 60 

nm Ag nanoparticles are shown in table 3-11. 

The same conclusion as for the efficiency values is true for the JSC values, all are 

decreased compared to the control, and only half (Ag optical densities of 1.0, 0.25, and 0.025) 

are statistically different from the control device. The same conclusions are shown in the JV 

curves, EQE spectra, and UV-Vis spectra. 
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10 nm Au Nanoparticles 

 The JV curves and EQE results for the fabricated cells containing 10 nm Au 

nanoparticles are shown in figure 3-23.  

 
 

Figure 3-23 – (a) JV curves and (b) EQE spectra for BHJ cells with 10 nm Au nanoparticles 

 

The data presented in figure 3-23 are of cells that are representative of the average data. 

All of the JV curves for the cells with 10 nm Au nanoparticles shown in figure 3-23(a) show 

lower current densities than the control curve, except for the cell containing the lowest 

concentration of 10 nm Au nanoparticles. The JV curves for the cells containing 10 nm Au with 

optical densities of 1.0 and 0.5 are poorly shaped. While an S shaped JV curve can be an 

indication of a poor PEDOT:PSS layer3, these curves are not true S shaped, they just have low 

fill factor. This is an indication that the 10 nm Au nanoparticles may be negatively affecting the 

active layer. The EQE results shown in figure 3-23(b) show that all of the cells that contain the 

10 nm Au nanoparticles exhibit an EQE lower than that of the control cell. The cells with the 

optical densities of 1.0, 0.5, and 0.25, have a slight change in spectra shape compared to the 

control in the 360-440 nm region. This may be due to the 10 nm Au nanoparticles in the active 
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layer. Figure 3-24 shows the UV-Vis spectra of the active layers containing 10 nm Au 

nanoparticles compared to the control and the PEG-ylated 10 nm Au nanoparticles in CHCl3. 
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Figure 3-24 - UV-Vis spectra of active layers of BHJ cells with 10 nm Au nanoparticles 

 

The UV-Vis spectra of the active layers show no increase or change in the absorption 

spectrum shape of the active layers that contain 10 nm Au particles compared to the control. If 

the particles positively affected the active layer absorbance an increase in absorbance of the 

active layer would be expected in the same region that the PEG-ylated Au nanoparticles absorb.  

The cell performance data for BHJ cells containing 10 nm Au nanoparticles is tabulated 

in table 3-12. The values are given as averages of a number of measurements; the numbers in 

brackets are the values from the best performing cell.  
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Table 3-12- Cell performance parameters for BHJ cells with 10 nm Au nanoparticles 

Au Optical 

Density 

VOC (V) JSC 

(mA/cm2) 

Fill Factor Efficiency 

(%) 

Control 
0.59 ± 0.01  

(0.59) 

7.8 ± 1.1  

(9.0) 

56 ± 56  

(63) 

2.6 ± 0.4  

(3.4) 

1.00 
0.56 ± 0.01  

(0.57) 

6.7 ± 0.5  

(6.2) 

39 ± 9  

(52) 

1.5 ± 0.3  

(1.9) 

0.50 
0.56 ± 0.01  

(0.57) 

6.5 ± 0.5  

(7.0) 

40 ± 10  

(58) 

1.5 ± 0.3  

(1.9) 

0.25 
0.56 ± 0.01  

(0.57) 

6.4 ± 0.5  

(6.4) 

53 ± 6  

(60) 

1.9 ± 0.2  

(2.2) 

0.10 
0.59 ± 0.02  

(0.60) 

6.5 ± 0.9  

(6.8) 

43 ± 21  

(61) 

1.7 ± 1.0  

(2.5) 

0.05 
0.59 ± 0.00  

(0.59) 

6.5 ± 0.7  

(7.6) 

57 ± 3  

(57) 

2.2 ± 0.3  

(2.6) 

0.025 
0.59 ± 0.00  

(0.59) 

8.1 ± 0.9  

(8.3) 

56 ± 4  

(58) 

2.7 ± 0.2  

(2.9) 

 

The VOC values for these cells, like the cells that contain Ag nanoparticles are 

unremarkable. They are very similar and do not show much variation. There appears to be a 

slight increase in cell efficiency for the cell containing 10 nm Au nanoparticles with an optical 

density of 0.025, but when the error with the averages are taken into consideration, the increase 

is not significant. The same sort of apparent trend occurs in the JSC values of the cells, there 

appears to be an increase in JSC for the cell with the Au optical density of 0.025, but this increase 

is trivial when compared to the error associated with the averages.  

The incorporation of the 10 nm Au particles looks to be a somewhat positive result, for 

the cell containing an Au optical density of 0.025. It is the only cell that shows an increase in 

efficiency. Unfortunately the t-test shows that it is not a significant increase compared to the 

control cell. This cell is also the only cell containing 10 nm Au nanoparticles that shows an 

increase in JSC, but like the efficiency, the increase is not significant. These t-test results are 

shown in table 3-13. 
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Table 3-13 - T-test values for BHJ cells with 10 nm Au of optical density of 0.025 

 t Stat t Crit Conclusions 

Compare 

Efficiency 
0.85 2.26 

t stat < t crit 

Accept Null 

Hypothesis 

No Difference 

 

Compare JSC 0.72 2.36 

t stat < t crit 

Accept Null 

Hypothesis 

No Difference 

 

60 nm Au Nanoparticles 

The JV curves and EQE spectra for the fabricated cells containing 60 nm Ag 

nanoparticles are shown in figure 3-25. 

 
 

Figure 3-25 – (a) JV curves and (b) EQE spectra of BHJ cells with 60 nm Au nanoparticles 

 

The data presented in figure 3-25 are of cells that are representative of the average data. 

All of the JV curves for the cells with 60 nm Au nanoparticles shown in figure 3-25(a) are 

considerably lower than the control curve. This is an indication that the incorporation of the 60 

nm Au particles disrupts cell function instead of enhancing it. The EQE data is shown in figure 
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3-25(b), it should be noted that the EQE data for the cell containing 60 nm Au nanoparticles with 

an optical density of 0.5 was not measurable, and therefore omitted. This may have been due to 

instrument failure and/or cell degradation. The EQE data echoes the JV curve data. The 

incorporation of the 60 nm Au nanoparticles interrupts cell function and for the cells containing 

Au particles with an optical density of 0.25, there is a significant EQE drop in the 340-480 nm 

region.  

Figure 3-26 shows the UV-Vis spectra of the active layers containing 60 nm Au 

nanoparticles compared to the control and the PEG-ylated 60 nm Ag nanoparticles in CHCl3. 
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Figure 3-26 - UV-Vis spectra of active layers of BHJ cells with 60 nm Au nanoparticles 

 

The UV-Vis spectra of the active layers containing 60 nm Au nanoparticles are lower 

than the absorption of the control cell. This is consistent with both the JV curve and EQE data, 

suggesting that the Au nanoparticles do not enhance the active layer’s light absorption. The 

absorption of the PEG-ylated particles is compared to the spectra of the active layers and 

illustrates how there is no increase of absorption in the same region.  
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Table 3-14 shows the cell performance data for BHJ cells containing 10 nm Au 

nanoparticles. The values are given as averages with standard deviation, and the numbers in 

brackets are the values from the best performing cell. 

Table 3-14 - Cell performance parameters for BHJ cells with 60 nm Au nanoparticles 

Au Optical 

Density 

VOC (V) JSC 

(mA/cm2) 

Fill Factor Efficiency 

(%) 

Control 
0.59 ± 0.01  

(0.59) 

7.8 ± 1.1  

(9.0) 

56 ± 6  

(63) 

2.6 ± 0.4  

(3.4) 

1.00 
0.57 ± 0.01  

(0.57) 

6.0 ± 1.2  

(7.6) 

54 ± 4  

(58) 

1.8 ± 0.5  

(2.5) 

0.50 
0.55 ± 0.01  

(0.54) 

3.7 ± 0.5  

(4.5) 

45 ± 1  

(43) 

0.9 ± 0.1  

(1.1) 

0.25 
0.55 ± 0.02  

(0.57) 

6.4 ± 0.4 

 (6.1) 

47 ± 5  

(53) 

1.6 ± 0.12  

(1.9) 

 

The VOC values for these cells, like the other cells examined are unremarkable. They are 

similar within all of the variations and do not need to be compared cell to cell.  

Both the overall cell efficiency and the JSC values confirm the previous data concerning 

the BHJ cell containing 60 nm Au nanoparticles. Upon the addition of the particles, there is a 

drop in cell efficiency, which is also evident in the JSC data. This result is similar to the addition 

of the Ag nanoprisms. The decrease in efficiency is large enough to be significantly different 

from the control cell for all of the optical densities. The same is true for the JSC values. These 

results are echoed in the large decreases seen in the JV curve, EQE spectra, and UV-Vis spectra 

compared to the control. 

APTES Functionalized Nanoparticles 

The next type of cell studied has a slightly different architecture. These cells have the 

nanoparticles incorporated beneath the hole transport layer of the cell. In these cells a layer of 

APTES adheres the Ag nanoprisms to the surface of the substrate and the hole transport layer is 
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MoO3. The particles used in this study come from both the first and second nanoprisms 

syntheses. Figure 3-27 shows the different positions of the plasmon bands of the different types 

of particles from the two syntheses that are incorporated under the hole transport layer of the 

APTES MoO3 BHJ cells. The particles used from the first synthesis have a plasmon band peak at 

655 nm. The particles from the second synthesis were made with different amount of seed 

solution and have plasmon band peaks at 590 and 490 nm. 
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Figure 3-27 - UV-Vis spectra of nanoprisms before incorporation under the active layer 
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Figure 3-28 - JV curves for BHJ cells with nanoparticles under the active layer 

 

Figure 3-28 shows data from cells representative of the average performing cell. The JV 

curves for cells containing particles with plasmon peaks at 655, 590 and 490 nm are compared to 

a control cell.  

The cell performance data for BHJ cells containing the APTES functionalized 

nanoparticles is tabulated in table 3-15. The values are given as averages of a number of 

measurements; the numbers in brackets are the values from the best performing cell. 

Table 3-15 - Cell performance parameters for BHJ cells with nanoparticles under the active layer 

Ag Plasmon 

Band 

Position 

VOC (V) JSC  

(mA/cm2) 

Fill Factor Efficiency (%) 

Control 
0.63 ± 0.03 

(0.59) 

5.4 ± 2.4 

(7.5) 

51 ± 2 

(52) 

1.7 ± 0.6 

(2.3) 

655 nm 
0.59 ± 0.02 

(0.61) 

6.9 ± 1.0 

(6.4) 

48 ± 6 

(49) 

2.0 ± 0.4 

(1.9) 

590 nm 
0.57 ± 0.01 

(0.57) 

6.1 ± 0.8 

(7.4) 

53 ± 5 

(55) 

1.8 ± 0.4 

(2.3) 

490 nm 
0.59 ± 0.01 

(0.59) 

7.2 ± 0.3 

(7.5) 

49 ± 6 

(49) 

2.0 ± 0.2 

(2.2) 
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The VOC values for these cells, like the cells with the nanoparticles inside the active layer 

are unremarkable. They are similar within all of the variations and do not need to be compared 

cell to cell.  

 It can be seen that even though there appears to be an increase in efficiency upon the 

addition of the nanoparticles, the increases are all within the error of the control cells. These 

results are confirmed using a t-test and shown in table 3-16. 

Table 3-16 – BHJ cells with nanoparticles under the active layer t-test results for efficiency values 

Ag Plasmon 

Band 

Position 

t 

Statistic 

t 

Critical 

Average Value 

Compared to 

Control 

Conclusions 

655 nm 0.73 2.57 Increased 

t stat < t crit 

Accept Null 

Hypothesis 

No Difference 

 

590 nm 0.51 2.78 Increased 

t stat < t crit 

Accept Null 

Hypothesis 

No Difference 

 

490 nm 1.11 2.78 Increased 

t stat < t crit 

Accept Null 

Hypothesis 

No Difference 
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Table 3-17 - BHJ cells with nanoparticles under the active layer t-test results for JSC values  

Ag Plasmon 

Band 

Position 

t 

Statistic 

t 

Critical 

Average Value 

Compared to 

Control 

Conclusion 

655 nm 1.14 2.78 Increased 

t stat < t crit 

Accept Null 

Hypothesis 

No Difference 

 

590 nm 0.56 3.18 Increased 

t stat < t crit 

Accept Null 

Hypothesis 

No Difference 

 

490 nm 1.50 3.18 Increased 

t stat < t crit 

Accept Null 

Hypothesis 

No Difference 

 

Similar to the efficiency results, even though there appears to be an increase in the JSC 

values upon the addition of the nanoparticles, all the increases are within the error of the control 

cells. This result is again confirmed with a t-test and the results are shown in table 3-17.  

Due to the cell failure rate and difficulty spin coating even active layer films, no further 

measurements such as EQE such as were taken. Also no further experiments incorporating other 

shapes, sizes or materials of nanoparticles under the active layer were pursued.  

Conclusions 

In summary, the incorporation of nanoparticles into BHJ cells does not increase the cell 

efficiency. In order to confirm this, t-tests of the efficiency and JSC data were done comparing 

each different cell to the control cell. This confirmed that the addition of metallic nanoparticles 

does not increase the efficiency of a BHJ cell, and in some cases may cause a decrease in 

efficiency.  
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Examples from literature show that metal nanoparticles have already been incorporated 

into OPVs with some success. Li et al. were able to incorporate both spherical Ag nanoparticles 

and Ag nanoprisms into a P3HT:PCBM BHJ cell, and saw an efficiency enhancement from 

3.60% to 4.30% with both spherical nanoparticles and nanoprisms in the cell.9 However, there is 

no discussion as to how well the Ag nanoparticles are incorporated into the solvent. The 

experimental states that the nanoparticles were dried and dispersed into organic solvent, not 

solubilised. This brings about the question, how evenly distributed are the particles within the 

active layer? Are the particles spread throughout the active layer, do they settle to the bottom of 

the active layer, or do they aggregate into much larger particles?  

Another example from the literature is work done by Wang et al. In this study Au 

octahedral nanoparticles were incorporated into a P3HT:PCBM cell, and an increase in 

efficiency from 3.49% to  4.36% was reported.7 As with the previous study, the Au nanoparticles 

were only dispersed within the organic solvent, not solubilised. The experimental section reports 

ultrasonically agitating the particle/active layer solution to encourage dispersion of the particles 

throughout the solution. This procedure does not take into account any settling of the particles 

that may occur after spin coating the solution on to the substrate. Settling may occur during the 

drying process that would lead to an uneven distribution of the particles throughout the active 

layer, or an aggregation of the nanoparticles into much larger particles. 

In our work, by functionalizing the nanoparticles, we ensure that they are soluble in the 

organic solvent used to deposit the active layer, allowing for an even distribution throughout the 

active layer.  

One cause of these observed decreases may be from the metallic nanoparticles acting like 

electron traps. It has been found that metallic nanoparticles can accumulate long-lived negative 



 

108 

 

charges when they are in contact with a BHJ blend composed of P3HT:PCBM that has been 

photoexcited.12  In order to avoid this phenomenon, it is suggested that the particle be coated to 

protect it from this build-up of electrons. The particles used in this experiment are coated with 

PEG-SH, which may protect them from electron accumulation, but perhaps this layer of PEG is 

not thick enough. A longer chain PEG-SH may protect the particles better, and may also, as 

discussed previously, protect from any shape change of the particle that may occur.  

There are examples from the literature of OPVs that have metal nanoparticles under the 

hole transport layer as well. Work done by Heo et al. reports an efficiency increase from 2.90% 

to 3.35% upon incorporation of Au-Cu nanoparticle alloys between the hole transport layer and 

the anode.13 This study incorporated the metal nanoparticles by using templates and depositing 

them directly on to the surface of the substrate, allowing for a more even distribution of particles. 

By not having to functionalize the substrate, this study was able to spin coat the PEDOT:PSS 

directly onto the nanoparticles. In contrast to our work, this method may result in more uniform 

layers leading to a lower device failure rate.   

In our study, the cells that have the nanoparticles under the hole transport layer also were 

not effective at increasing the efficiency of the BHJ cells. Particle oxidation during transfer from 

aqueous solution into the glove box, or oxidation during the thermal evaporation of the MoO3 

may be the cause of these results. By simply soaking the substrates in a solution of nanoparticles, 

there is no guarantee that there is an even layer of metal nanoparticles on the substrate. This 

would lead to an uneven coating of hole transport layer, as well as active layer. This may be the 

reason behind the large number of devices that did not work. 
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It should be noted that none of the literature studies reported doing any statistical analysis 

of their enhancement results. If a t-test was done, results may indicate that within the errors of 

the measurements there was little to no significant device enhancement.  

Overall the incorporation of metal nanoparticles was unsuccessful, but great strides in 

cell development have been made. Procedures for making and testing control cells are consistent, 

and the incorporation of the nanoparticles into the active layer, and under the hole transport layer 

are successful. With success being reported in the literature for these types of devices, and a 

large amount of the cell fabrication parameters optimized, work still needs to be done on 

improving the efficiency of the cells containing the metal nanoparticles. Perhaps changing the 

capping agent or chain length of the solubilising polymer will improve the cells with the 

nanoparticles in the active layer. Finding a way to avoid oxidation of the particles that are 

functionalized to the substrate surface may improve the cell failure rate, or finding a way to have 

functionalized particles be more uniform in surface roughness to avoid device shorts.  
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Chapter 4 - Conclusions 

Discussion and Conclusions 

This thesis describes how nanoparticles of different shapes and materials can be 

functionalized to increase their solubility in organic solvents, and their subsequent application in 

BHJ solar cells. Chapter 2 describes how nanoparticles can be functionalized to be phase 

transferred into different solvents, as well as the mechanism by which the nanoprisms are 

converted into nanoplates. BHJ solar cells require organic solvents for dissolution of the active 

layer. By functionalizing the nanoparticles so that they are soluble in organic solvents, the 

nanoparticles can then be introduced into the same solvent as the BHJ active layer. Chapter 3 

contains currently unpublished data and is a discussion of how the functionalized nanoparticles 

were incorporated into the active layer of BHJ solar cell, and how this affected cell performance.  

The development of methods to increase the stability of Ag nanoprisms and to preserve 

their sharp tips is essential to maximize near-field effects in various plasmonic applications 

including solar cells. The mechanism proposed in chapter 2 for the shape transformation of Ag 

nanoprisms, takes factors such as PEG-SH molecular weight and concentration, as well as the O2 

in the ambient environment into consideration. Excess PEG-SH in the reaction solution will react 

with silver ions at the high surface energy tips of the nanoprism, which will result in the 

formation of silver thiolate complexes and the rounding of the nanoprism tips. O2 accelerates the 

tip-rounding process by continuously oxidizing the silver surface, and an important part of the tip 

rounding process. The Ag thiolate complex will then undergo a spontaneous redox reaction, 

resulting in the formation of small Ag clusters and PEG disulfide. These results demonstrate that 

low concentrations of high molecular weight PEG-SH are critical for the stability of the 

nanoprisms. The stability of these prisms is important if they are to be incorporated into BHJ 
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solar cells. If the shape degradation of the particles can be avoided as they are incorporated into 

the cell, the properties of the particles that may enhance the efficiency of the cell can be 

maintained.  

In chapter 3, nanoparticles of different shapes, sizes, and materials were incorporated into 

the active layer, and beneath the hole transport layer of BHJ cells. The particles that were 

incorporated include, 10 nm and 60 nm Ag nanoparticles, 10 nm and 60 nm Au nanoparticles 

into the active layer, and 25 nm silver nanoprisms in the active layer and under the hole transport 

layer. These cells were tested and compared to a number of control cells. The study found that 

the incorporation of nanoparticles into the active layer of BHJ cells does not increase the 

efficiency of the cell. Statistical t-tests of the efficiency and JSC values were done comparing 

each different cell to the control cells. This confirmed that the addition of metallic nanoparticles 

does not increase the efficiency of a BHJ cell, and in some cases may cause a decrease in 

efficiency.  

Literature examples show that metal nanoparticles have already been incorporated into 

OPVs with some success. Li et al. were able to incorporate both Ag nanoprisms and Ag 

nanoprisms into a P3HT:PCBM BHJ cell, and saw an efficiency enhancement from 3.60% to 

4.30% with both nanoparticles and nanoprisms in the cell.1  Also, Wang et al. incorporated Au 

octahedral nanoparticles into a P3HT:PCBM cell, and reported an increase in efficiency from 

3.49% to  4.36% was reported.2 However, in both studies there is no discussion as to how well 

the nanoparticles are solubilized. Both studies describe that the nanoparticles were dispersed into 

organic solvent, not functionalized with any ligands that may improve their solubility. This 

brings about the question, how evenly distributed are the particles within the active layer? Are 
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the particles spread throughout the active layer, do they settle to the bottom of the active layer, or 

do the aggregate into much larger particles?  

In our work, by functionalizing the nanoparticles, we ensure that they are soluble in the 

organic solvent used to deposit the active layer, allowing for an even distribution throughout the 

active layer. If particle aggregation is what is needed to enhance cell efficiency, perhaps this is 

why other work is seeing an increase in cell efficiency and our study is not. 

Another cause of these observed decreases may be from the metallic nanoparticles acting 

like electron traps. It has been found that when in contact with photoexcited material, metallic 

nanoparticles can accumulate long-lived negative charges.3  In order to avoid this phenomenon, 

as well as protect them from shape change, our particles were coated with PEG-SH, but perhaps 

this layer is not thick enough to protect them from the electron accumulation. Perhaps an even 

longer chain PEG-SH may be needed to prevent the particles from becoming electron traps, 

which complements the conclusions that a longer PEG-SH will protect the particles from shape 

change.  

In the literature there are examples of BHJ cells that have metal nanoparticles under the 

hole transport layer, similar to what was done in this study. An efficiency increase from 2.90% to 

3.35% was reported Heo et al. upon incorporation of Au-Cu nanoparticle alloys between the hole 

transport layer and the anode.4 This study avoided having to functionalize the surface of the 

substrate, by using templates to deposit the nanoparticle directly onto the substrate, and 

consequently they were able to spin coat the PEDOT:PSS directly onto the nanoparticles. Unlike 

our study, this method may result in more uniform layers within the cell, leading to a lower 

device failure rate.   
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The BHJ cells in our study that have the nanoparticles incorporated beneath the hole 

transport layer did not exhibit a statistically significant increase in efficiency. This may be due to 

particle oxidation during deposition, or during the thermal evaporation of the hole transport 

layer. Also, by soaking the substrates in a solution of nanoparticles, there is no guarantee that 

there will be an even layer of metal nanoparticles on the substrate. This may lead to an uneven 

coating of the subsequent cell layers, which may be the reason why a large number of devices 

did not work or demonstrated an extremely low efficiency. 

Overall the incorporation of metal nanoparticles was unsuccessful, but great strides in 

cell development have been made. Nanoparticle stability has been investigated and procedures to 

avoid shape degradation have been developed, procedures for making and testing control cells 

are consistent, and the incorporation of the nanoparticles into the active layer, and under the hole 

transport layer are successful.  

 

Future Direction 

Work still needs to be done on improving the efficiency of the cells containing metal 

nanoparticles. Changing the capping agent or chain length of the solubilising polymer may 

improve the cells with nanoparticles in the active layer by preventing the particles from 

becoming electron sinks, and protecting them from any morphology change. Avoiding oxidation 

of the particles that have been functionalized to the substrate surface may improve the cell failure 

rate in cells where nanoparticles are beneath the hole transport layer. Also, finding a way to have 

functionalized particles be more uniform in surface roughness may help to avoid device shorts.  
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