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The ability of a photovoltaic cell to convert incident photons into electrical power is determined by 

the properties of its constituent materials and on their ability to function in concert with one 

another. Thin film solar cell materials benefit from the use of thin absorber layers that are relatively 

tolerant of a variety of structural defects. This allows for absorber layers to be made from 

polycrystalline films fabricated using raw materials that do not need to be refined to incredible levels 

of purity, as is generally required for single crystalline solar materials. Each of these traits represents 

significant logistical advantages during the industrial scale-up of thin film technologies, but they can 

be severely offset if scarce, expensive, or toxic materials are required during device fabrication. The 

various studies contained in the following chapters are dedicated to the exploration of next 

generation material systems that are being developed to resolve material issues that could potentially 

inhibit the large-scale implementation of existing thin film solar cell technologies. 
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Silver nanowire networks stand as a potential replacement for transparent conductors made from 

doped metal oxide films. They exhibit excellent optical and electronic performance, and can be 

deposited in minutes from benign solutions with little damage to underlying device layers. When 

combined with an appropriately chosen matrix material to surround and encapsulate the wires, the 

resulting wire/matrix nanocomposite becomes a highly versatile electrode that can be integrated into 

a variety of thin film devices. Much of this dissertation is dedicated to the study and analysis of silver 

nanowire networks and partner materials and their applications in Cu(In,Ga)Se2 (CIGS) and 

amorphous silicon (a-Si) photovoltaics, starting from material synthesis and ink formulation and 

ending with device fabrication and characterization. In addition, the last chapter is dedicated to a 

discussion of heterojunction and space-charge formation in CZTSe solar cells, which is quickly 

becoming understood as a far more sensitive process than in its various chalcogenide analogues such 

as CIGS and CdTe. Together this set of materials would pave the way for the arrival of next 

generation thin film devices that can be fabricated quickly and with minimal reliance on indium, 

tellurium, or any other elements that would prevent their widespread commercial adoption. 
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Chapter 1 

1. Background on Thin Film Solar Cells and Transparent Electrodes 

 

Electronic devices are continuously becoming faster, lighter, and more versatile. Fully 

operational pocket-sized computer and communications systems have gone in a matter of decades 

from being a figment of science fiction to being something that every middle school student should 

keep handy on the way home from school. In our rapid advancement through the various tiers of 

power, functionality, and convenience, we are placing a vast and increasingly diverse set of demands 

on the materials that make up the core of electronic devices, as well as their corresponding 

substrates, encapsulation, and packaging. We want devices that can be rolled into our pockets. We 

want devices that can be stitched into our clothing or injected into our pets and our relatives. And 

so, with only a few nods of gratitude, materials scientists and engineers are given the rather 

monumental task of continuously conceiving generation after generation of materials, each with all 

of the capabilities of the old systems along with the hosts of new advantages required to survive in a 

world that is increasingly overpopulated with gadgets and technology. 

Materials for energy applications represent an odd kind of hybrid among next generation 

material systems. Energy generation, storage, and conversion are each part of the backbone of our 

societal infrastructure, making stability, reliability, and yield the most valued properties of their 

constituent materials. At the same time, new technologies need to differentiate themselves 

sufficiently from the existing art and display enough exciting properties and capabilities that they 

receive the attention necessary to be developed and optimized into a mature form. Enhancing the 

stability and yield of new material systems lacks the glamor and showmanship of developing material 
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performance and functionality, and so new energy materials have begun to exhibit unique mixtures 

of performance and stability, of functionality and yield.  

Thin film solar cells represent a wide range of materials from halide perovskites to polymer 

heterojunctions to chalcogenides and amorphous silicon. Shared among all of these systems is the 

use of thin absorber layers that allow for the fabrication of lightweight and even flexible solar 

modules. A square meter of 2 micron-thick Cu(In,Ga)Se2 weighs approximately 11.4 grams, and can 

survive rolling and unrolling steps with minimal loss of power conversion efficiency. Alternatively, 

one square meter of 250 micron-thick silicon wafers would weigh around 580 grams, and cannot be 

bent at any macroscopic angle without fracturing. The thin, light layers of semiconductor used in 

thin film solar cells are not only relevant to total module mass, but represent the possibility for 

significant reductions in raw material costs, as the semiconductor layers are often held to the most 

stringent purity requirements of any material in the device. Lastly, thin film devices are deposited as 

continuous layers, and so have the potential to be formed over large areas as part of monolithic 

module fabrication. For comparison, one square meter of silicon module area requires a minimum 

of 57 six-inch wafers (more if they are squared-off, as is usually the case) which must be individually 

tabbed, strung, and assembled into their final interconnection structure. These and other advantages 

give thin films a distinct logistical advantage over wafer-based technologies, and so have drawn the 

necessary research interest to warrant their continuous study over the past several decades. 

 

1.1. Basic Principles of Thin Film Photovoltaic Systems 

Three types of solar cells will be discussed in detail in the coming chapters. The materials 

Cu(In,Ga)Se2 (CIGS) and Cu2ZnSnSe4 (CZTSe) follow similar lattice arrangements,1 and share a 

nearly identical high efficiency device structure.2,3 Solar cells using CIGS as an absorber have been 

studied and developed for more than forty years, making it a far more mature system than CZTSe, 
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which has only gained substantial popularity in the last five years or so.4 Each of these systems relies 

on inherently present point defects within the absorber to produce an appropriate p-type dopant 

concentration, which is then paired with an n-type window layer to complete the junction. Cadmium 

sulfide and zinc oxide are most commonly used as the n-type layers, with either Indium Tin Oxide 

(ITO) or Aluminum Zinc Oxide (AZO) as a transparent electrode.5 Molybdenum bottom electrodes 

provide stability against both the high temperatures required for CIGS deposition and the reactivity 

of its constituent elements.  

Amorphous silicon (a-Si) solar cells also have a history nearly as long as those that use CIGS 

absorbers. Doping in amorphous silicon is achieved in a more traditional manner, with boron and 

phosphorus providing trivalent and pentavalent bonding centers that will either trap or release 

electrons when incorporated into a silicon lattice. Unfortunately, the relatively disordered nature of 

amorphous silicon films results in the doped material being of rather low electronic quality, and not 

suitable for transporting excited carriers over any appreciable distance.6  This requires cells to be 

fabricated in a p-i-n structure, with the two doped layers providing the built-in potential necessary 

for device fabrication and the central intrinsic layer offering the best possible environment for 

carrier excitation and transport. Due to the relatively low conductivity of the amorphous material, 

transparent conducting layers are required on at least one side of the cell, although they are 

frequently used on both sides in order to avoid the relatively poor interface formed between 

amorphous silicon and metallic layers.7 

 

1.1.1. Figures of Merit for Solar Cells 

Solar cell performance is based on their ability to produce electrical power when illuminated with 

light. The power conversion efficiency of a solar cell is determined by its ability to simultaneously 

produce voltage and current, which together make up its electrical power output. The various figures 
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of merit of a solar cell are readily extracted by applying an external voltage to an illuminated cell and 

measuring its current output at various bias levels. The result is a current-voltage (I-V) curve, a 

typical example of which is shown in Figure 1.1.8 The open circuit voltage, short circuit current, and 

fill factor together determine the maximum power output of the cell, and so must be carefully 

monitored and tabulated during the process of cell development and optimization. The prediction 

and determination of the dependence of a cell’s I-V characteristics on the various material properties 

and interactions that take place within the cell is a far more complex matter, which has been and will 

continue to be the topic of intensive research on an international scale. The various observations 

and trends presented in this dissertation represent a single piece of an increasing whole, and will 

hopefully offer some insight into issues that will be useful in future development projects. 

 

Figure 1.1. J-V Curve of a typical solar cell. The primary parameters used to describe solar cell 

performance are the open circuit voltage (Voc), short circuit current (Isc), and fill factor 

(FF = VmpImp/VocIsc ). Reproduced with permission from reference [8]. 
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1.1.2. Cu(In,Ga)Se2 Solar Cells 

A device schematic and band diagram of a CIGS solar cell is shown in Figure 1.2.9,10 Light 

passes through the window layers to the absorber material, where it is absorbed to produce  

 

Figure 1.2. Structure and band diagram of the most commonly used high efficiency CIGS device 

architecture, with light entering through the CdS/ZnO/AZO window layer. Reprinted with 

permission from reference [10]. 

 

charge carriers and, ultimately, useable current. The window layers of an ideal cell will be completely 

transparent, allowing the maximum number of photons to reach the CIGS layer where they can 

most efficiently be transformed into photocurrent. The absorber material can be deposited through 

a variety of methods, including single-step coevaporation,11 metal sputtering followed by 

selenization,12 single-step hydrazine solution processing,13 electrodeposition or nanoparticle 

deposition followed by selenization,14,15 or various other methods. CIGS cells have recently reached 

the remarkable efficiency values of 20.8%, a value that was actually achieved on flexible polyimide 

substrates,16 making this material system one of the few in which flexible cells are fully competitive 

with those formed on rigid substrates. Figure 1.3 shows one of the best reported I-V curves of a 

cell using a flexible CIGS absorber. 
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The n-type CdS layer that forms the junction with the absorber layer is widely used in the best 

CIGS devices across the field. Various other materials including Zn(O,S) and In2S3 have been used 

with some success in CIGS devices,17 but none have exhibited the same level of reproducibility  

 

Figure 1.3. J-V curve of one of the highest performance CIGS devices reported to date. The 

capacity for flexible device fabrication is a unique feature of the CIGS device architecture among 

thin film solar cells, with this device fabricated on a flexible polyimide substrate. Reproduced with 

permission from references [10] and [16].  

 

and uniformity over large areas that CdS has achieved. CdS layers deposited via chemical bath 

deposition typically produce the best device performance, as they are able to chemically modify the 

CIGS surface to passivate defects and produce a generally benign interface.18 Due to its ability to 

mechanically protect the absorber layer from subsequent sputter deposited electrodes, and also 

partially due to its historically uncertain doping level, the CdS layer is frequently referred to as the 

buffer layer in this type of device. 

The layers above the CdS buffer are far more open to experimentation. An intrinsic layer is 

commonly used to reduce the effects of localized shunting pathways through the CdS/CIGS 
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junction,19 onto which the transparent electrode is deposited. The replacement of these two layers 

has been the subject of significant research interest since regardless of the deposition method used 

to process the absorber, the cells must be removed from vacuum in order to deposit the CdS layer. 

Returning the cells to vacuum to deposit the transparent electrode then represents an inefficient use 

of process time. An additional reason for the interest in replacing the ITO or AZO transparent 

electrode is that the rest of the cell can easily support flexible device fabrication, while metal oxide 

electrodes are prone to cracking and losing their ability to laterally transport current after just a few 

bending cycles.20 

 

1.1.3. CZTSe Solar Cells 

Concern over the availability of indium for the large scale implementation of CIGS solar cells 

has led to a growing interest in solar materials that contain only widely available elemental 

constituents. CZTSe is a close structural relative of CIGS, with zinc and tin alternating on the lattice 

sites that are occupied by indium or gallium in CIGS. Unfortunately, the replacement of a single 

group III lattice site with a patterned substitution using group II and IV atoms leads to the potential 

for substantial disorder among the various cations present in the CZTSe material.21 The large 

number of elements present in the CZTSe structure result in a material with a tremendous number 

of possible point defects, some of which are predicted to have low formation energies.22 

The device structure used in high efficiency CZTSe devices is effectively identical to that used 

in CIGS with the exception of the absorber material. The device architecture of a typical CZTSe cell 

is shown in Figure 1.4, along with the PV parameters of the best reported CZTSe devices.23,24 At 

present, there is a substantial gap in performance between CZTSe and CIGS due in part to the 

relatively nascent nature of CZTSe cell development, but also due to the rather more difficult 

material formation process associated with producing a quaternary semiconductor. The progress of 
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CZTSe cells has been hampered particularly by cell voltages that are lower than what is expected by 

device simulation and standard material characterization methods.25 Figure 1.5 shows a set of 

simulations obtained using the Sentaurus simulation package, and the discrepancy in  

 

Figure 1.4. Cross-section of a typical CZTS solar cell, and the performance parameters of some of 

the best CZTSSe solar cells fabricated to date. The device pictured in the SEM image is an all sulfide 

device, while the devices whose parameters are shown on the right contain a mixture of sulfur and 

selenium anions. Images reproduced with permission from references [23] and [24]. 

 

Figure 1.5. Simulated cell efficiency vs minority carrier lifetime for CZTSe solar cells under a range 

of assumptions about material properties. To date, measured voltage values are invariably lower than 
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simulated ones, indicating both room for improvement and a flaw in our understanding of the 

physical mechanisms that control the performance of this type of device. Image reproduced with 

permission from reference [25]. 

 

Table 1.1. Material Properties used to simulate CZTSe device performance [26]. 

 

efficiency that they exhibit when compared to device measurements. The parameters used in this set 

of simulations are given in Table 1.1.26 Explaining and ultimately resolving these voltage losses 

remains as a development priority for researchers working on this material system. 
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1.1.4. Amorphous Silicon Solar Cells 

Although composed of the same element, amorphous silicon films exhibit rather disparate 

properties from the crystalline material. The near complete lack of any long range lattice ordering 

gives rise to distortions in the density of states in the material that effectively increases the electronic 

band gap from 1.14 eV in crystalline silicon to around 1.7 eV in the amorphous material. This 

enlarged band gap is accompanied by large numbers of defect states that are able to circumvent the 

indirect absorption edge of crystalline silicon and produce light absorption characteristics that 

resemble those of a direct gap material.27 This allows solar cells to be fabricated using absorber layers 

with thicknesses on the order of 500 nm, often lower when appropriate light trapping is 

incorporated into the device structure.28 

Amorphous silicon thin films are most commonly deposited using plasma-enhanced chemical 

vapor deposition or occasionally using hot-wire chemical vapor deposition with silane, phosphine, 

and diborane as the source and dopant gases.29 The reactant gases are diluted with large amounts of 

hydrogen that acts as a carrier gas and also plays an important role in passivating defects within the 

amorphous silicon films. The need for hydrogen incorporation generally mandates that films be 

deposited at temperatures below 300 oC, above which hydrogen will begin to escape from the 

material, leaving behind unpassivated defect structures. Since such low temperatures are not 

sufficient for decomposing silane into more reactive species, plasma-enhanced and hot wire 

methods are used to ensure film growth during deposition.  

Figure 1.6 shows the schematic diagram of a typical amorphous silicon device.30 A p-i-n 

absorber structure is used to ensure that the majority of light absorption takes place in relatively high 

quality intrinsic material, and to produce a built in field that encompasses the entirety of the a-Si 

layer. The doped p and n-type regions must be fairly heavily doped in order to produce a sufficient 

built-in potential to mediate charge carrier collection. This has the additional benefit of improving 
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electrical contact with the adjacent electrode layers, which are frequently both made from n-type 

oxides.7 Contact formation between an n-type material such as zinc oxide and the p-type amorphous 

silicon layer is a particularly unusual occurrence in solar cell fabrication due to the large work 

function difference between these two types of material. However, the p-type side of the device 

must be the one to face into incident light due to the lower drift length of holes compared to  

 

Figure 1.6. Schematic diagram of a typical amorphous silicon solar cell with a metal rear electrode. 

Transparent electrodes are sometimes used on both sides of the device in order to avoid parasitic 

absorption due to roughness along the surface of the metal layer. Image adapted with permission 

from reference [30]. 

 

electrons in the a-Si material.30 The increased light intensity at the front of the cell allows the p-type 

side of the device to effectively match the performance of the other regions of the absorber, but also 

means that contact formation between a transparent electrode and p-type amorphous silicon is 

inevitable during amorphous silicon device fabrication. 

 The use of two transparent electrodes in amorphous silicon device fabrication is an unusual 

quality of this type of device, and helps to highlight a key difference between this and other types of 

thin film solar cells. The absorber material in amorphous silicon solar cells is not thick enough to 
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block the vast majority of incident sunlight in a single pass, and so textured substrates are used to 

scatter and trap light within the absorber layer. Figure 1.7 illustrates the difference between an 

amorphous silicon and CIGS absorber. Thin absorbers are necessary in the amorphous Si system 

because the carrier drift length in amorphous silicon is quite small even in the intrinsic material.  

 

Figure 1.7. Absorber layer thickness comparison between CIGS and amorphous silicon solar cells. 

The figures have been scaled to approximately the same magnification. Images adapted with 

permission from references [7] and [10]. 

 

The penetration of light through the entire absorber layer means that the optical properties of the 

rear electrode become important to cell function. Metal films can exhibit strong absorption due to 

the plasmonic resonances present in the peaks and valleys of the textured film, which can lead to 

reduced photocurrent in devices with metallic rear electrodes.31 Additionally, the wide band gap and 

comparatively low carrier concentrations (compared to metal films) of most transparent conductors 

potentially results in reduced interface recombination rates in devices with two transparent 

conductors, and makes at least a thin oxide layer mandatory even in devices that use a metal film or 

foil as one electrode. The multifaceted role of p-type contact, n-type contact, interface 
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recombination barrier, and light scattering feature adds depth and richness to the study of 

transparent electrodes in amorphous silicon devices that isn’t present in many other types of solar 

cells, and offers the potential to impact nearly every aspect of device function. 

 

1.2. Features and Functionality of Transparent Electrodes 

Transparent conductors are a technical necessity in the use of polycrystalline and amorphous 

materials in solar cells. Charge carriers are generated uniformly across the entire cell area, and so 

must be collected from a large region with minimal power losses. Single crystal materials exhibit 

sufficient conductivity to transport current over relatively long distances within the wafer itself, a 

feat that cannot be repeated in most thin film materials.32 Transparent electrodes allow for a 

continuous, conductive layer to be formed over the entire cell with only a small reduction in light 

intensity at the semiconductor surface, enabling the use of a wide range of semiconducting materials 

to form the junction that makes up the core of the cell. 

Although they have become ubiquitous in the fabrication of most types of thin film solar cells, 

transparent conductors occupy a larger product space in the field of optoelectronic device 

fabrication. Technologies such as liquid crystal displays and touch screens, which have become vital 

in our computing and communications devices, rely on transparent conductors to make electrical 

contact to a distributed array of pixels while still allowing photons to pass out of the device and to 

the user.33 In light of this, advancements in transparent conductor technology offer profound 

implications not only for solar cell fabrication, but also for a wide variety of devices that together 

impact most aspects of our daily life. However, the optimum performance parameters of transparent 

conductors for touch screen and LCD applications are quite different from transparent electrodes in 

solar cells,34,35 and the materials outlined in the following chapters have been designed and optimized 

with solar applications in mind. That said, a few modifications such as changes in film thickness, 
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doping level, or other aspects of a transparent conductor will easily allow it to transfer from solar 

cell to touch screen applications, and so the implications of advances in either field should be viewed 

with some flexibility in order to appreciate their full potential. 

 

1.2.1. Metal Oxide Films 

The vast majority of transparent conductors used in modern optoelectronic devices are doped 

metal oxide films. Commonly used materials are Tin-doped Indium Oxide (ITO),36 Aluminum-

doped Zinc Oxide (AZO),37 and Fluorine-doped Tin Oxide,38 although there have also been reports 

of using Tin-doped Cadmium Oxide (CTO) or Zinc Oxide doped with Boron, Gallium, or Indium 

(BZO, GZO, IZO).39 This rather wide array of materials all exhibit n-type conductivity, and are 

doped in a traditional manner using elements with one additional valence electron compared to the 

lattice. The primary different between these metal oxides and traditional semiconducting materials is 

that the doping level is many orders of magnitudes larger, with doping elements often making up 

1%, 10%, or even larger amounts of the host material. The actual number of activated donors will 

generally be smaller than this, but is nonetheless high enough to bring the carrier concentration into 

the degenerate regime, providing the necessary carriers for long range current transport with 

minimum resistive power dissipation. 

The reduced carrier concentrations in most metal oxides compared to metal films are partially 

compensated by somewhat higher mobility values,40 which allow for improved conductivity while 

still maintaining bulk plasma frequencies that are well below visible energies, and ensuring good 

transparency at wavelengths of importance to optoelectronic device function. Some metal oxide 

materials still exhibit absorption in the infrared,41 which can be a concern in certain applications that 

require or benefit from the use of low bandgap semiconductors. 



15 
 

Metal oxide films are generally deposited in vacuum using either sputtering or chemical vapor 

deposition,42 although various solution processes such as spray deposition are also possible.43 

Depositing these materials in vacuum can be done at or near room temperature, which is often 

useful when working with completed p-n junctions or materials such as amorphous silicon that 

cannot tolerate the elevated temperatures that are generally necessary to densify films deposited 

from solution. 

 

1.2.2. Networks of Metal Nanowires 

The use of metal nanowire networks as transparent conductors is a relatively recent 

development, having begun in earnest only within the last five years or so.44 Silver nanowires are by 

far the most widely used in electrode fabrication due to the many advantages of silver-based 

materials including high conductivity, corrosion resistance, reasonable costs, simple handling in 

solution, and acceptable toxicity levels. There have also been some reports of using copper or 

copper-nickel nanowires,45,46 which provide some advantages with regard to cost and corrosion 

resistance, but generally exhibit lower electrode performance that silver nanowire networks. It 

should be noted that although silver nanoparticles and solutions containing silver nitrate are 

generally considered acceptable for limited human exposure, silver nanowires have not been tested 

to a similar extent. Although significant health hazards are unlikely based on analogies to other 

silver-containing systems, it is possible that the one dimensional nature of silver nanowires will one 

day be found to create unique problems in the human body. In light of this, it is advisable to avoid 

unnecessary exposure to the nanowires until sufficient studies have been conducted. 

The basic function of a metal nanowire network relies on a continuously connected array of 

nanowires to mediate long range current transport, while the gaps between nanowires provide 
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sufficient empty space for most incident light to pass through unattenuated. Figure 1.8 shows 

several idealized schematics of silver nanowire electrodes, along with images of actual networks.47,48   

 

Figure 1.8. Schematic diagrams of silver nanowire networks, as well as optical and SEM images of 

several actual nanowire network electrodes. Images adapted with permission from references [47] 

and [48] 

 

As the nanowires must connect to one another while occupying only a small fraction of the total 

surface, large aspect ratios (nanowire length/nanowire diameter) are required to form successful 

nanowire network electrodes. From empirical experience, nanowire aspect ratios of 100 or larger are 

generally required to form acceptable transparent electrodes,49 while the highest performance 

nanowire-based transparent electrodes are formed using nanowires with aspect ratios of 500 to 1000 

or occasionally even higher.50 

Various modeling studies have been conducted to predict the effects of nanowire length and 

diameter on the properties of the completed network.51 These studies are typically conducted with 
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respect to the number of nanowires per unit area, and are able to go as far as predicting the figures 

of merit of the completed nanowire electrode. The most important conclusions of these studies 

relate to the prediction of the one dimensional percolation threshold, which corresponds to the areal 

density of nanowires that is required to produce a continuous conductive network over macroscopic 

distances. The percolation threshold is dependent only on the length of the nanowires, as defined by 

the following relation:52 

                                                         
2

17.94
CriticalN

L
                                                   (1.1) 

At nanowire densities well above than the percolation threshold, the network conductivity 

increases almost linearly with nanowire density on the substrate, while at densities around or below 

the percolation threshold the conductivity of the network is extremely sensitive to nanowire density, 

rapidly tending toward zero as fewer and fewer nanowire connections are formed.   

With the additional assumption that the nanowires block light transmission in a rectangular area 

that is related to their diameter, it is possible to estimate the maximum amount of light that can pass 

unobstructed through a percolating nanowire electrode:53 

                                                       1 5.71Critical

D
T

L
                                                (1.2) 

The two results shown in the above equations offer some insight into how nanowires should be 

chosen for electrode fabrication. Obtaining nanowires of sufficient length to comfortably meet and 

exceed the required percolation density should be the first priority when designing the final network. 

Once the nanowires are sufficiently long, their diameters and thus their aspect ratios become 

increasingly important in defining the final figures of merit of the electrode. For every set of 

nanowire dimensions, there will be a threshold nanowire density and thus a threshold transmission 

value that will ultimately define the range of applications that each set of nanowires is suitable for. 



18 
 

Transparent electrodes with low transmission values and high conductivity can be formed from 

nanowires with a wide range of aspect ratios, while electrodes with high transmission and lower 

conductivity must be formed from nanowires with high to very high aspect ratios. This means that a 

wide variety of nanowire recipes may be compatible with solar cell electrode fabrication, while only a 

handful will be appropriate for touch screen or liquid crystal display applications. 

 

1.2.3. Figures of Merit for Transparent Conductors 

Whether they consist of doped metal oxides or networks of metallic nanowires, all transparent 

conductors are subject to the same set of demands and requirements for a given application. The 

most commonly quoted figures of merit for isolated transparent electrodes are sheet resistance and 

transmission, which together provide a fairly complete picture regarding the electrode’s ability to 

transport current while still allowing light to easily pass through. Figure 1.9 schematically illustrates 

these two parameters, which ultimately determine the success or failure of the involved materials in 

transparent electrode fabrication. 
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Figure 1.9. Illustrations and formulas describing the figures of merit typically used to quantify the 

performance of transparent electrode materials. 

  

Sheet resistance is measured by measuring the resistance between opposite edges of a square 

region of material. The use of a square region causes the length and width to drop out of the 

resulting resistance formula, leaving only the film thickness and resistivity of the material. If there is 

a risk of significant contact resistance between the probes and the material being measured, four-

point measurements can be used to extract a more reliable sheet resistance value.54,55 Transmission 

values are determined by shining light of a known intensity and wavelength through the film and 

measuring the fraction that exits out the far side. Transmission values can be quoted as either 

specular transmission, which is the amount of light that passes through without being blocked or 

scattered, or as diffuse transmission that includes scattered light.44 Specular transmission is measured 

using a small detector some distance behind the sample, while diffuse transmission measurements 

require the sample to be placed at the entrance to an integrating sphere that collects light that passes 

out of the sample at any forward angle. Due to their textured and laterally inhomogeneous structure, 

silver nanowire networks scatter substantially more light than most metal oxide films. This often 

creates a significant different between diffuse and specular transmission values, and makes it 

important to state which quantity is being reported in a given experiment. 

 

1.2.4. Nanocomposite Formation and Properties 

In many situations, it is impractical to use exposed silver nanowire films as transparent electrodes. 

The fact that silver nanowires only directly contact a small fraction of the top surface of a device, 

along with the relatively poor adhesion of silver nanowires to many surfaces,56 creates the necessity 

to pair the silver nanowire network with a surrounding layer that protects the silver nanowires and 
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modulates their electronic properties in ways that are appropriate for a given situation or application. 

In nearly all successful reports that use silver nanowires as part of a multilayered device architecture, 

a surrounding matrix material is employed that covers the silver nanowires, protects them from the 

wear and tear of device fabrication and measurement, and offers various benefits for device 

performance.57,58 Due to the synergistic nature of the nanowire network and matrix materials, these 

bilayer electrodes have become known as nanocomposites, and are often reported together in the 

literature. Since it is the matrix material that makes intimate electrical contact with the rest of the 

device structure, nanocomposites allow for conductive networks of a single material such as silver to 

effectively exhibit a wide variety of mechanical and electrical properties, and allow for silver 

nanowire electrodes to be used as a p-type contact, an n-type contact, or in any number of other 

roles in device fabrication. Films and composites based on silver nanowires have already begun to 

challenge conventional transparent electrodes in a variety of applications, and with further 

development may yet have a prominent role to play in the development of next generation thin film 

optoelectronics.  
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Chapter 2 

2. Solar Cell Operation Using Discrete Electrodes 

 

One of the recurring themes of the coming chapters will be the implementation of metal 

nanowire electrodes as transparent conductors in thin films solar cells. The initial stages of our 

investigations in this area revolved around examining how the properties of the adjacent layers that 

were in direct contact with the silver nanowire electrode affected the performance of the completed 

devices. Transparent conductors based on nanowire networks represent an entirely different contact 

geometry that conventional TCOs, with large gaps between nanowires where no contact is made and 

a frequently disrupted contact area directly under the nanowires as they stack on top of one another 

and respond to surface roughness along the top of the device. The presence of such an unusual 

contact geometry made it necessary to examine the anticipated performance of nanowire networks 

through numerical simulations in order to identify the best course of action for developing high 

performance electrode structures. 

The primary issue that arises when inappropriate electrode materials are employed during cell 

fabrication is an increase in parasitic resistances that degrade the fill factor and eventually short 

circuit current of completed devices. These resistances combine to form the total series resistance of 

the cell, which can be extracted directly from measured I-V curve. The following chapter contains a 

set of one dimensional circuit simulations that have been designed to analyze the performance of 

devices fabricated with systematic variations in window layer resistivity. Comparing the simulated 

and experimental results allows us to separate the effects of contact and lateral resistance in devices 

with bare nanowire electrodes, and eventually to draw conclusions about how to design an effective 

nanowire electrode architecture. 
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2.1. Parasitic Resistance in Solar Cells 

 

Figure 2.1. Equivalent circuit diagram and accompanying I-V characteristics of a solar cell. 

 

Circuit-based modeling of photovoltaics relies heavily on the equivalent circuit of a solar cell, 

which takes the form of a diode placed in parallel with a current source. In an actual device, various 

parasitic mechanisms cause the electrical behavior of solar cells to deviate somewhat from this 

situation.1 Series and parallel resistors added into the equivalent circuit make for an accurate 

representation of actual solar cell. The completed equivalent circuit and derived I-V characteristics 

are shown in Figure 2.1. The combination each of the circuit elements shown in the figure 

produces the following equation for the current-voltage behavior of a solar cell:  
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Where V is the applied voltage, I0 is the reverse saturation current, n is the ideality factor, kB is 

Boltzmann’s constant, and T is the device temperature. The parallel resistance, or shunt resistance, 

provides an indication of how easily carriers can circumvent the p-n junction and travel directly 

between electrodes. Grain boundaries, secondary phases, and regions of defect material can provide 

shunting pathways that will ultimately make it impossible for the device to produce useable power. 
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In general, shunting issues can be problematic in volatile, unstable, or relatively new and unexplored 

material systems, but in the various types of photovoltaics discussed here, typical shunt resistance 

values are sufficient for high efficiency device fabrication.2 This leaves series resistance as the 

primary topic for continued discussion and development among the two parasitic resistance effects. 

 Sources of series resistance within a photovoltaic device include bulk resistance within each 

device layer as carriers move vertically from the front to back electrodes, lateral resistance as carriers 

move horizontally within a single device layer, and interface resistance as carriers attempt to transfer 

from one material to the next through the device. As the device layers in thin film solar cells are 

exceptionally thin, usually on the order of one to two microns and sometimes even less, nearly all 

semiconducting materials of reasonable crystallinity are conductive enough to mediate the vertical 

flow of carriers within creating significant resistive power loss. The resistance formula for a uniform 

flow of vertical carriers in an absorber material would take the form: 

Absorber
Vert

Cell

t
R

A
   [2.2] 

Using a laboratory scale cell area of 1 cm2 with a photocurrent of 40 mA/cm2 and an absorber 

thickness of 2 microns, we want to achieve resistive losses of well under 1 mW/cm2. This would 

require a bulk resistance value that is significantly less than 0.625 Ω or so. This implies that as long 

as the resistivity of a 2 micron absorber remains below 104 Ωcm, the bulk resistance of the absorber 

material should have only a minimal effect on the performance of the completed device. Most 

doped semiconductors are easily able to meet this requirement,3 with amorphous silicon being the 

only system that remains uncertain, particularly in the central intrinsic region. Fortunately, 

amorphous silicon absorbers are generally fabricated to be significantly thinner than the 2 micron 

value given above,4 and so their required conductivity values are lowered accordingly. Thanks to its 

relatively basic nature, bulk resistance effects can usually be discovered and corrected in short order. 
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2.1.1. Contact Resistance 

Contact resistance is a term used to describe the various resistive effects that suppress current 

injection from semiconducting device layers into an electrode. Non-ideal contact conditions such as 

the presence of a Schottky barrier at the interface or the existence of an insulating surface oxide are 

the most common causes of contact resistance. Contact resistance is an important enough concern 

in silicon photovoltaics that firing procedures at temperatures up to several hundred degrees Celsius 

have become standard in the fabrication of every high efficiency photovoltaic cell.5 Cadmium 

Telluride thin film devices also used to suffer from high contact resistance at the rear interface, and 

highly doped back surface layers have been developed for the express purpose of mitigating this 

effect.6 Cu(In,Ga)Se2 devices have benefitted from the MoSe2 back surface layer that forms naturally 

when CIGS layers are deposited onto molybdenum substrates, which is generally believed to provide 

acceptable contact to the rear electrode.7 

The use of new electrode materials such as silver nanowires will require a renewed analysis of 

contact formation in each device structure. The contact between silver nanowires and the CdS 

buffer layers that are typically employed in CIGS photovoltaics produces what appears to be a large 

Schottky barrier,8 which is reasonable given the tendency for bulk silver to form rectifying junctions 

with CdS films. The use of window layers such as intrinsic zinc oxide deposited onto the CdS layer 

improves the contact somewhat, although the performance of the resulting junction remains 

dependent on the specifics of the composition and conductivity of the oxide window material. 

  

2.1.2. Lateral Resistance 

Lateral resistance occurs in devices layers where current flow has a major horizontal 

component. This is most common in electrode materials, such as transparent conductors, grid 

fingers, bus bars, etc., which transport current to a collection point a macroscopic distance away. 
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The effects of lateral resistance are derived from the presence of a voltage drop between different 

locations along the top surface of the p-n junction. This results in an effective bias being applied to 

the junction in certain regions of the device that will reduce the effectiveness of those regions with 

respect to current collection. The build-up of parasitic voltage along the top surface of a silicon 

device due to lateral current flow in the top layer is shown in Figure 2.2. The voltage shown in the 

curves on the left is being created based on an application of Ohm’s law to the top layer of the cell, 

and once the parasitic voltage reaches the open circuit voltage of the device, current flow from all 

regions beyond that point is completely suppressed.9 

 

Figure 2.2. Generation of a parasitic voltage through lateral current flow. The green arrow shows 

the lack of a measured voltage near the collection point, while the red arrow shows a location far 

from the collection point where lateral current flow has built up an effective voltage according to V 

= IR. Reproduced with permission from reference [9] 

 

The effects of parasitic voltage generation on the p-n junction directly underneath can be 

described as effectively placing the junction under varying amounts of forward bias, depending on 
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distance from the collection point. The corresponding band diagrams relevant to this situation are 

shown in Figure 2.3. 

 

 

Figure 2.3. Biased junction diagrams (a) Close to and (b) Far from the collection point. Adapted 

with permission from reference [9] 

 

2.2. CuInSe2 Solar Cells with Silver Nanowire Electrodes 

Metal nanowire electrodes are unique among transparent conductors in that they physically 

contact only a small portion of the top surface of the device. This leaves large areas of open space 

across which carriers must travel laterally to reach a nanowire and be collected as current. This 

situation differs from traditional lateral transport examples in that current is moving through 

semiconducting materials rather than metallic ones, and that the distance scales are much smaller 

than the typical space between grid fingers. Figure 2.4 shows an SEM image of a silver nanowire 

network, along with a cartoon schematic showing the anticipated path of current flowing into a 

given nanowire. Once electrons are collected into the window layer by the built-in potential of the 

device, they will be unable to return to the absorber material, and so current is drawn as travelling 

primarily in the window layer in the figure. 
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Figure 2.4. (left) SEM image of a silver nanowire network, showing the space between wires, and 

(right) Schematic illustration of current flow in the window layer of a finished device. 

 

2.2.1. Device Fabrication Procedures 

In order to test the effects of lateral currents in devices with silver nanowire electrodes, devices 

with window layers of varying sheet resistance have been fabricated, with matching lateral resistance 

simulations conducted simultaneously. The sheet resistance of the sputtered oxide window layer was 

modulated by using zinc oxide layers deposited in the presence of varying oxygen partial pressure. 

Even lower sheet resistance values could be obtained by using ITO instead of zinc oxide, also under 

oxygen flow to prevent the material from becoming overly conductive. Figure 2.5. shows the 

fabricated device structure, along with the set of window layers used in the study. 

Hydrazine-processed CuInSe2 films were used as the absorber materials in the device, with the 

procedures chosen to quickly and reliably produce devices with 6 to 7 percent power conversion 

efficiency.10 A cross-sectional SEM image of a typical completed device as well as images of the 

precursor solutions is provided in Figure 2.6, and a more thorough review of the procedures related 

to this fabrication method is available in the literature.11 
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Figure 2.5. Device structure used in the lateral resistance studies, with variations in window layers 

and their corresponding sheet resistance ranges shown. Silver nanowire networks were deposited on 

top of the oxide layer to act as a transparent electrode. 

 

 

Figure 2.6. Cross-sectional SEM image and photographs of precursor solutions used for the 

fabrication of hydrazine-processed CuInSe2 devices. From left to right, the solutions consist of: Cu2S 

and sulfur, In2Se3 and selenium, a mixture of the Cu2S and In2Se3 solutions, and a mixture of Ga2Se3 

and selenium. Adapted with permission from references [10] and [11]. 
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The nanowire networks used to form the top electrode of these devices were deposited by spin 

casting from ethanolic solutions with concentrations of approximately 10 mg/ml. The spin speed 

and number of drops deposited on each sample was calibrated so that the final networks had sheet 

resistance values in the range of 50 to 75 Ω/⧠. This range was chosen in order to provide the 

maximum amount of space between nanowires without producing significant resistance within the 

nanowire network itself. The cell sizes were kept small for these measurements in order to 

accommodate the larger than normal sheet resistance of the nanowire top electrodes. 

 

Figure 2.7. Schematic of the one-dimensional circuit simulations used to model the lateral motion 

of carriers along the top surface of the device. The lateral resistors inserted between each subcell 

correspond to the resistivity of the top layers of the device that transport current laterally in the 

space between nanowires. 
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2.2.2. Lateral Transport Simulations and Nanowire Network Effects 

Circuit simulations were carried out in order to help interpret and build upon the experimental 

device results.[12] The goal was to determine how the properties under the nanowire network were 

affecting the overall performance of the CuInSe2 devices with silver nanowire top electrodes. A 

schematic of the model used to represent the top surface of the device is shown in Figure 2.7. The 

macroscopic device is divided laterally into a large number of subcells with identical properties that 

are connected by lateral resistors with resistance values determined by the resistivity of the top layers 

of the device. The circuit extends until the carriers reach a nanowire, at which point they are allowed 

to escape and be collected as current. 

The use of a large number of subcells can play a role in improving the accuracy of the simulated 

results, with more cells generally producing better results.12 The LTSPICE and PSPICE simulation 

packages were each used as solvers in order to extract the I-V characteristics of the extended circuit 

structure, which are directly related to the I-V curve of the macroscopic cell. The PSPICE package 

generally functioned with greater stability than the LTSPICE package, allowing the use of 10 or 

more subcells at once. A dedicated 1D solver was also written using MatLab, which remained stable 

while using up to 60 subcells, at which point concerns over processing speed became significant. 

Comparisons of results between these three solvers were generally favorable, which offers an 

improved degree confidence as to the legitimacy of the results. 

Shown in Figure 2.8 is a sample circuit plotted in the PSPICE program. Each subcell was 

broken into the equivalent circuit of a solar cell, and modeled according to the solar cell current-

voltage relation given in equation [2.1]. In addition to the series and shunt resistors present in each 

subcell, lateral resistors and one contact resistor have been added to complete the overall circuit. 

The lateral resistors have values that are calculated based on the measured sheet resistance of the 

oxide layer(s) on top of the device, while the contact resistor is determined by the quality of the 
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electrical contact between the oxide layers and the silver nanowire network. Once the I-V curve of 

the circuit has been calculated using one of the solver packages, the photovoltaic parameters, 

including the open circuit voltage, short circuit current, fill factor, and power conversion efficiency 

can be extracted directly. 

 

 

Figure 2.8. Lateral and contact resistance circuit constructed using the PSPICE software package 

containing 10 subcells. The positive and negative terminals of the circuit are positioned directly 

above the voltage source shown in the upper left, and at the ground point shown slightly below it. 

 

Shown in Figure 2.9 are the results of circuit simulations that use only lateral resistance to 

control the cell performance. Experimental data from cells fabricated at various window layer sheet 

resistance values are represented by the red data points, with the error bars representing the full 

range of measured cell performance values at that sheet resistance. Each of the several simulated 

curves represents an effective spacing between nanowires along the top surface of the cell, which 

then controls the value of the lateral resistors inserted between subcells. The necessary nanowire 

spacings required to produce accurate simulations are extremely large, with approximately 65 

microns between wires resulting in the most accurate numerical results. 
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In order to determine the accuracy of the large simulated spacings required for devices to be 

controlled by lateral resistance, topographical and conductive maps were constructed using 

conductive AFM. The goal behind using a conductive mapping technique was to identify the 

difference between nanowires that are fully integrated into the network electrode and wires that are 

isolated and therefore unable to transport carriers over macroscopic distances. Insulating SiO2/Si  

 

Figure 2.9. (a) Simulated and measured cell performance at various window layer sheet resistance 

values. (b) EQE curves of cells made using window layers with significantly different sheet 

resistance. The similar shape of the EQE data is an indication that the loss of photocurrent is 

entirely due to electrical issues, and not changes in the optical properties of the device or of the 

optoelectronic properties of the absorber material. (c) Measured I-V curves (red and blue points) of 

two cells made using window layers with dramatically differing sheet resistance and simulated I-V 

curves (black lines) produced using a nanowire spacing of 65 microns. 
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substrates were used during c-AFM measurements in order to restrict current flow to wires that 

were connected to one another all the way to the machine’s probe located some distance away along 

the substrate surface. Figure 2.10 shows the contact mode and conductive AFM maps 

simultaneously taken from a representative silver nanowire network. The contact mode map shows 

all of the wires present on the substrate, while the conductive mode image filters out most of the 

isolated fragments and gives a better idea of the shape of the actual conductive network that 

transports current along the top of the cell.  

 

Figure 2.10. (a) Contact mode and (b) Conductive mode AFM maps of the same region of silver 

nanowires. The conductive mode image is sensitive only to nanowires that have a continuous 

electrical connection to the electrode located a macroscopic distance above the top of the image. (c) 

Schematic images of the probing processes for contact and conductive mode image acquisition. 
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Using the conductive AFM map as a guide we can estimate that the distance between connected 

nanowires is well under 15 microns, even in nanowire networks intentionally made to be somewhat 

sparser than is typical. This makes the 65 micron value predicted using only lateral resistance quite 

unrealistic, and requires that we begin examining alternative mechanisms such as contact resistance 

that may be controlling the characteristics of devices with nanowire top electrodes.  

 

2.2.3. Contact Resistance Corrections 

Contact resistance arises from the presence of an electrical barrier that impedes carrier flow 

between a semiconductor and metal. The most common cause of contact resistance is the presence 

of a Schottky barrier at the interface due to the use of a metal with an inappropriate work function. 

Figure 2.11 shows several junctions formed between an n-type semiconductor and three metals with 

differing work functions.13 The situation where the metal’s work function is lower than that of the 

semiconductor induces a higher carrier concentration near the interface, and so produces an Ohmic 

contact. When the metal and semiconductor have nearly identical work functions, no appreciable 

barrier is formed and the contact can also be considered Ohmic. the situation that can create 

problems is when the metal has a higher work function than the semiconductor, and carriers are 

driven away from the interface to create a depletion region similar to that of a one-sided p-n 

junction. This barrier will inhibit the free movement of carriers across the interface, and can create 

substantial contact resistance if not remedied. 
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Figure 2.11. Contact formation between an n-type semiconductor and metals with (a) Low (b) 

moderate, or (c) High work functions. Image reproduced with permission from reference [13] 

 

For a p-type semiconductor the trend is reversed, with high work function metals creating 

Ohmic contact and low work function metals creating a Schottky barrier. It is important to 

remember that the surfaces and interfaces of semiconducting materials often behave differently than 

their bulk regions, and so a simple examination of work functions is not always sufficient to predict 

the existence of interfacial barriers. Diffusion of the metal into the semiconductor can often create 

surface doping regions that are different from the bulk,14 and some materials form extensive surface 

defect states that can change or even invert the effective doping level at the material’s surface.15 

When a surface barrier is present, there will be an associated resistance value that will then affect the 

behavior of the entire device. 

Traditional treatment of contact resistance at grid fingers or other metal pads relies on the 

calculation of an effective transfer length LT based on a comparison of the resistance against current 
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injection into the electrode versus the sheet resistance that suppresses continued current flow within 

the window layer: 

1/2
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 [2.3] 

where ρc is the so-called contact resistivity for the injection of carriers into the contact. This 

formulation allows for the contact resistance to be written as:13  
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where l is the length of a contact pad and d is its width. In the case of a very thin contact shape 

as might be expected when considering an individual silver nanowire, the width is so small that we 

can use the approximation LT >> d, which allows the previous expression to be simplified to: 
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  [2.5] 

This formula allows us to translate between the actual contact resistance and the more widely 

quoted contact resistivity, which is independent of the geometry of the electrode. 

Including contact resistance in the circuit simulations involves varying the resistor closest to the 

collection point in the upper left corner of the circuit diagram in Figure 2.8. As this adds one more 

variable to the involved calculations, it is necessary to fix both the lateral resistance value and 

nanowire spacing in order to conduct a parameter sweep of contact resistance values. Figure 2.12 

shows the effect of contact resistance on the power conversion efficiency of cells fabricated using a 

window layer with a sheet resistance of 4 MΩ/⧠. These simulations were conducted using an 

effective nanowire spacing of 10 microns in order to reflect a network geometry that is more 

relevant to those of actual devices. 
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Figure 2.12. Effect of contact resistance on the power conversion efficiency of devices with a 

window layer resistance of 4 MΩ/⧠ and a nanowire spacing of 10 microns. Low contact resistivity 

values result in devices that are dominated by lateral resistance effects, while high contact resistivity 

produces devices that are dominated by contact resistance. 

 

The effects of contact resistance on simulated device performance become quite severe once 

the contact resistivity passes approximately 5 mΩcm2, and values in the range of 50 to 100 mΩcm2 

produce power conversion efficiencies that agree reasonably well with experimental values. This 

range of contact resistance is feasible for ZnO/Ag interfaces,16 and appears to at least be on the 

same order of magnitude as the contact resistance between silver nanowires and sputtered ZnO 

films as determined by transmission line measurements. The use of transmission line measurements 

to experimentally determine the contact resistance was somewhat complicated by the fact that silver 

nanowires only make physical contact with a small fraction of the entire top surface of the window 

layer, and so a range of contact resistivity values is produced that depends on the effective contact 



41 
 

area between the wires and the ZnO film. Agreement between the simulated and measured contact 

resistance values is achieved when the effective contact area between the silver nanowires and the 

ZnO window layer is around 5 to 10% of the total surface area of the film. This is slightly lower 

than expected based on the transmission of the silver nanowire network, but is plausible due to the 

quasi-cylindrical nature of the silver nanowires and the surface roughness that is inevitably present in 

the ZnO film.  

 

2.3. Design Rules and Fabrication Guidelines 

The results of the lateral and contact resistance simulations when combined with the 

experimental variation of window layer sheet resistance provides a fairly high confident level as to 

which mechanism has a stronger effect on device performance. Lateral resistance effects were 

substantially weaker than contact resistance as long as the spacing between nanowires was kept 

below several tens of micrometers, which will be true for effectively all real devices. Contact 

resistance clearly appears to be the dominant force in the majority of these devices, and so we 

should design our nanowire electrodes accordingly. While lateral resistance is dependent on the 

sheet resistance of the underlying devices layers, contact resistance is dependent on their work 

function difference and on their bulk resistivity.13 Additionally, contact resistance is highly 

dependent on the physical contact area between the nanowires and the underlying layer, while lateral 

resistance is dependent on the spacing between nanowires on the surface. With contact resistance as 

our target, we can begin design electrode structures with the specific goal of circumventing this 

effect. 
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2.3.1. The Need for Matrix Materials 

Effectively all of the successful applications of silver nanowires in solar cells have involved 

using an additional layer of material to completely surround, cover, and encapsulate the silver 

nanowire network.17–20 These matrix materials can provide a number of advantages, such as 

improving the adhesion of the nanowire network to the underlying device, preventing oxygen, water, 

and other potentially harmful species from easily reaching the nanowires, and smoothing the surface 

of the nanowire network in order to ease integration into planar device structures. The results of the 

previous numerical study indicate that matrix materials designed for use as part of CIGS devices 

should emphasize electrical conductivity in order to alleviate contact resistance as carriers are 

transferred to the silver nanowire network. Modifying the conventional device structure to include a 

conductive underlayer directly beneath the silver nanowire layer would increase our flexibility in 

choosing matrix materials, allowing for the use of materials that instead emphasize mechanical 

durability or chemical resistance.  

Using a matrix material with a work function that has been chosen to form sufficient electrical 

contact to both the silver nanowires and the underlying device can dramatically enhance CuInSe2 

device performance compared to that produced using bare silver nanowires. Additionally, the simple 

act of surrounding the silver nanowires with conductive material provides a substantially higher 

contact area than leaving them sitting on top of the device layer they are supposed to be contact. An 

example of matrix materials making a dramatic difference in device characteristics was recently 

published by our group,8 using ITO nanoparticles to make excellent electrical contact to both a 

silver nanowire network and the CdS buffer layer of a CuInSe2 solar cell. 
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Figure 2.13. Use of an ITO nanoparticle layer as a matrix material to vastly improve the contact 

properties between a silver nanowire network electrode and a CuInSe2 solar cell. Image reproduced 

with permission from reference [8]. 

  

The structure of the nanocomposite and the dramatic performance improvement of the cells 

with the use of the ITO nanoparticle matrix is shown in Figure 2.13. The poor contact between the 

bare AgNWs and the CdS buffer results in nearly a factor of 10 improvement with the use of the 

nanoparticle matrix. While the Ag/CdS contact is notoriously bad, careful choice of a matrix 

material can ensure that no similar problems are encountered when adapting an existing device 

structure for the use of silver nanowire electrodes. 
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Figure 2.14. Theoretical contact resistivity as a function of carrier concentration and barrier height. 

Adapted with permission from reference [13]. 

 

2.3.2. Carrier Density and Barrier Height 

The predicted contact resistance value of a metal/semiconductor junction is dependent primarily on 

the barrier height between the materials and the carrier concentration in the semiconductor.16 Since 

the barrier height in the ZnO/Ag contact discussed in the preceding study were largely similar 

between samples, the effects of changing carrier concentrations in the ZnO layer were primarily 

responsible for the large variations in device performance that were exhibited between conductive 

ZnO window layers and insulation ones. The approximate contact resistivity for the 

metal/semiconductor contact as predicted using only barrier height and carrier concentration is 

shown in Figure 2.14. The agreement with the ZnO/Ag contacts described earlier (with an 
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anticipated barrier height of 0.4 to 0.5 eV and carrier concentrations in the range of 1017 to 1019 cm-3 

is actually reasonably good, despite the various assumptions regarding material properties that were 

required to make this plot.13  

In light of this, materials chosen to contact silver nanowire electrodes should have sufficient 

carrier density and low enough barrier heights to form a good electrical contact. In the case of most 

n-type metal oxides, as are commonly used as window and electrode layers, 1018 electrons per cubic 

centimeter with a work function of around 4.0 eV should form a passable electrical contact with 

silver nanowires, especially if the oxide is deposited to cover the entire nanowire surface. Our ITO 

nanoparticles should easily meet this requirement due to the high doping level of the material, while 

more resistive intrinsic ZnO films can begin to create parasitic resistance within completed cells. 

This effect will also need to be re-examined in the future should the use of metals other than silver 

become widespread in nanowire electrode fabrication. 
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Chapter 3 

3. Metal Nanowire Design and Synthesis 

 

Unlike most transparent conductors that are deposited as continuous films, metal nanowire 

electrodes consist of components that are fabricated ahead of time and remain largely the same 

throughout the electrode fabrication process. Wet chemical procedures such as nanowire synthesis 

are not found in other fabrication procedures such as those that are relevant to CVD or sputter 

deposited metal oxides, and offer both advantages and disadvantages to the overall process. The 

advantages are that high quality electrodes can be fabricated extremely quickly from solution, and 

that there are no required high temperature steps since the crystal structure of the silver nanowires 

has already been formed ahead of time. The disadvantages are that the nanowires are structurally 

independent of both the substrate and of each other, and so their adhesion to most substrates is 

quite weak and care must be also taken to establish wire/wire connections that are sufficient for 

long range current transport. 

The properties of the as-synthesized nanowires and the completed nanowire inks are extremely 

important in determining the final properties of the nanowire network electrode. The length, width, 

and aspect ratio of the nanowires, which have immediate and often severe consequences for 

electrode performance are all determined during the synthesis and purification procedures that form 

the nanowires from their raw materials.1,2 Also, the ligands and surfactants that are used to both 

induce one dimensional growth during synthesis and to disperse the nanowires afterwards can play 

an important role in affecting both the solution-based deposition of the network and the 

establishment of high quality wire/wire junctions. Additionally, the overall cost of the nanowire 

electrodes, which will be one of the deciding factors regarding whether or not nanowire electrodes 

will ever attain widespread use, is determined largely by the material and labor costs related to 
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nanowire synthesis. These and many other factors make the synthesis of metal nanowires worthy of 

both extensive study and continuous optimization. 

 

3.1. Silver Nanowire Synthetic Methods 

The most common synthesis reactions currently used to produce silver nanowires were 

originally developed by Xia and coworkers more than 10 years ago.3 At the time, they were focused 

on the shape control of silver nanostructures,4 and found that cubes, bipyramids, rods, and wires 

could be controllably formed when reducing silver ions in the presence of various seeding and 

patterning agents in polar solvent systems. The groundwork for silver nanowire network electrodes 

has therefore been in place for quite a while, and was quietly undergoing commercial development 

for much of that time.5 Academic involvement in the synthesis and fabrication of silver nanowire 

electrodes began in earnest several years later with its popularization by the Cui group.6  

Due to the substantial chronological gap between the beginning of commercial development 

and the start of academic involvement in the area, published synthetic recipes have generally lagged 

behind proprietary ones in terms of the aspect ratio and electrode performance of the resulting 

wires. This has further discouraged academic involvement in the investigation of nanowire synthesis, 

and has left the field rather dependent on the purchase of commercial nanowires to create high 

performance network electrodes. This situation makes the investigation, understanding, and 

publication of silver nanowire synthetic methods all the more precious, as the use of commercial 

wires drastically inhibits our understanding of ink formulation and nanowire surface chemistry.  

The continued improvement of nanowire properties currently rests primarily in the hands of a 

relatively small number of commercial suppliers such as Cambrios, Blue Nano, and Seashell, but if a 

critical mass of academic understanding is reached in this area, there may be a chance to make the 

optimization of metal nanowire synthesis the work of a much larger population of scientists.       
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3.1.1. Typical Reaction Components in Silver Nanowire Synthesis 

A typical silver nanowire synthesis reaction makes use of the polyol reduction method, with the 

solvent providing the alcohol groups necessary to reduce and precipitate silver ions out of solution.7 

The most popular solvent for this purpose is ethylene glycol,8 but other related solvents such as 

glycerol have been used with some success.9 Reaction temperatures can be varied over a wide range 

depending on how quickly the reaction is required to progress. In the case of ethylene glycol, using 

temperatures near 180 oC allow an entire silver nanowire reaction to be completed in a matter of 

minutes, while reactions conducted at 120 oC or lower can take days to reach completion. Using 

higher temperatures and shorter reactions times has generally been observed to produce shorter 

wires with fairly uniform length distributions, while using lower reaction temperatures and longer 

durations tend to produce slightly longer wires with a more significant distribution in wire length. 

The next reagent that is usually added during a synthesis is the patterning agent that will 

ultimately induce one dimensional growth. Polyvinylpyrrolidone (PVP) has become ubiquitous in 

this role, and has been used in the vast majority of silver nanowire reactions to date.10 The effective 

coordination of PVP to most crystal facets of silver nanostructures makes it an ideal surfactant to 

control the shape of growing wires. Its low toxicity and relatively inexpensive cost are added benefits 

that have aided in its widespread acceptance and have limited the number of attempts to replace it 

during its years of use.  

Another necessary reagent is a seeding agent to nucleate the appropriate nanoparticle seeds that 

eventually grow into the final nanowires. The specific shape of the seeds plays an important role in 

determining whether wires will grow, as there must be faces present that cannot be easily passivated 

by PVP.4 The most common seeding agents are metal chlorides, either fully dissolved in the reaction 

mixture or as powders that are added prior to the silver source. Metal chlorides that have been 
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successfully demonstrated in this role include PtCl2,
3 AgCl,6 NaCl,11 and CuCl2,

12 each of which 

produce slightly different properties in the resulting nanowires. Failure to introduce appropriately 

reactive seeds into the reaction mixture generally results in the formation of silver particles with 

properties not unlike silver paints or pastes. Figure 3.1 shows the results of two reactions using the 

EG/PVP/AgNO3 reaction system, one that used CuCl2 as a seeding material, and one that used 

Cu(NO3)2 in its place. 

 

 

Figure 3.1. Results of silver nanowire synthesis recipes (left) without and (right) with the presence 

of chloride ions to create appropriate seeds within the reaction mixture. 

 

A less intuitive reagent that is used in many reaction systems is an oxygen scavenger.4,12 The 

basic theory behind the addition of these species is that the multiply twinned silver nanoparticles 

that are formed upon the addition of the seeding agent contain high energy facets on two sides that 

cannot be easily passivated by PVP in solution. These high energy facets make them the most 

effective seeds for growing silver nanowires, but also the easiest targets for oxidation and etching by 

oxygen and other oxidizers dissolved in the reaction mixture. Figure 3.2 shows TEM and schematic 
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illustrations of the multiply twinned seeds that are generally thought to be responsible for nucleating 

nanowire growth. The shape of these seeds correlate well with the pentagonal cross-sections 

observed in most as-synthesized nanowires, providing evidence that they are the dominated seeds 

responsible for nanowires growth. 

 

Figure 3.2. (a) TEM image of a silver nanowire synthesis reaction shortly after its start, showing the 

various twinning structures present in the seed particles that have been formed. (b) Cross-section of 

an individual silver nanowire. (c) schematic illustration of the addition of silver ions onto a multiply 

twinned seed to form the final wires. Images adapted with permission from reference [4]. 

  

Salts containing copper and iron are common examples of oxygen scavengers, which are 

oxidized to Cu2+ and Fe3+ in solution by oxygen and then reduced in turn by the polyol solvent 

system. In this respect the oxygen scavengers can be thought of intermediaries that catalytically 

enhance the reaction between dissolved oxidizers and the reducing solvent. A schematic of this cycle 

is shown in Figure 3.3. It is often convenient to use copper or iron chlorides as oxygen scavengers 

since they are also able to act as seeding agents, but sometimes other anions are used and a separate 

halide salt is used as the seeding agent. Iron(ii) Acetylacetonate is one example of an oxygen 

scavenger that has gained popularity despite the fact that it requires a separate chloride source to 

induce effective nanowire seeding.13 
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Figure 3.3. Schematic depiction of the oxidation/reduction cycling that copper undergoes when 

acting as an oxygen scavenger. This schematic is specifically focused on copper’s ability to remove 

adsorbed oxygen from the surface of a silver nanowire. Image reproduced with permission from 

reference [4]. 

  

The last reagent generally added to the reaction is the silver source, which is almost invariably 

silver nitrate. The AgNO3 can be either injected slowly into the reaction mixture6 or added all at 

once as powder13 according to the needs of the recipe. Slow injection is a very reliable way to obtain 

a high yield of nanowires with large aspect ratios, although a properly designed reaction can still 

produce a high yield of nanowires when the silver is added all at once. Other recipes combine these 

features, calling for the silver nitrate to be dissolved and then added all at once at the start of the 

reaction.14 The development of scalable and easily automated silver nitrate addition procedures is 

often viewed as a secondary concern by academic researchers, but may eventually determine whether 

or not silver nanowires can be cost-effectively produced at the scales that are necessary for industrial 

applications.     
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3.1.2. One-Step Reaction Procedures 

The following pages contain two reaction procedures for forming silver nanowires in a single 

reaction step. These are variations on other recipes found in the literature.  In both recipes, 

Copper(ii) chloride is used as both a seeding material and oxygen scavenger in order to reduce the 

total number involved reagents. These reactions are convenient due to the dissolution and 

homogenization of the silver nitrate in the first reaction, and due to the use of silver nitrate powder 

as the silver source in the second reaction: 

 

Homogeneous Ramped Synthesis Recipe 
 
Reaction Scale: 90 ml reaction volume, approximately 425 mg of nanowires produced. 
Nanowire Properties: 15-35 micron length, 125-250 nanometer diameter. 
 
Ingredients Used: 
-Ethylene Glycol (Reaction Solvent) 
-Silver Nitrate (Powder) 
-Polyvinylpyrrolidone (Powder, Molecular Weight 55,000) 
-Copper(ii) Chloride Dihydrate Solution (.1 mg per 100 µL in ethylene glycol) 
 
Synthesis Procedure: 
 
Dehydration Step 
1) Add 90 ml Ethylene Glycol into a 250 ml or 500 ml flask. 
2) Add 200 µL Copper Chloride Solution into the flask (.2 mg Copper Chloride Dihydrate). 
3) Bring the flask to 150 oC while stirring at 350 rpm. Maintain stirring for the rest of the synthesis 
reaction. 
4) Dissolve .85g Polyvinylpyrrolidone in the reaction mixture. 
5) Keep the reaction heated for 20 to 30 minutes with an open top, then allow it to cool down to 
near room temperature (around 30 minutes) and cover it. 
 
Reaction 
6) Add .75g Silver Nitrate powder into the cooled flask and stir for about 5 minutes. The reaction 
should turn yellow or orange in color. 
7) Heat to 150 oC for 2 hours to complete the reaction. USE A BALLOON TO REGULATE 
PRESSURE DURING THIS STEP. There will be pressure building as the flask is heated. 
 
During silver nitrate addition, the reaction should turn first yellow, then darken to orange. After 
heating has begun, the reaction should turn red and eventually take on a grey/tan color. After about 
1.5 hours, the reaction should turn dark grey and shimmering motion should be visible on the top 
surface. 
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Front-Loaded Powder Synthesis Recipe 
 
Reaction Scale: 20 ml reaction volume, approximately 250 mg of nanowires produced. 
Nanowire Properties: 15-30 micron length, 125-200 nanometer diameter, some particles. 
 
Ingredients Used: 
-Ethylene Glycol (Reaction Solvent) 
-Silver Nitrate (Powder) 
-Polyvinylpyrrolidone (Powder, Molecular Weight 55,000) 
-Copper(ii) Chloride Dihydrate Solution (1 mg per 100 µL in ethylene glycol) 
 
Synthesis Procedure: 
 
Reagent Addition 
1) Add 20 ml Ethylene Glycol into an open 250 ml flask. 
2) Bring the flask to 150 oC while stirring at 350 rpm. Maintain stirring for the rest of the synthesis 
reaction. 
3) Add 120 µL Copper Chloride Solution into the flask (1.2 mg Copper Chloride Dihydrate). 
4) Dissolve .75g Polyvinylpyrrolidone in the reaction mixture. 
 
Reaction 
5) Pour .5g Silver Nitrate powder directly into the flask. Allow the released water vapor to exit the 
flask, then close it. 
6) Allow the reaction to progress for approximately 2 hours. 
 
Upon the addition of silver nitrate, the reaction should immediately turn an orange to red/brown. 
The reaction should darken, possibly turning chocolate brown, and eventually take on a grey/tan 
color. After about 1.5 hours, the reaction should be dark grey and shimmering motion should be 
visible on the top surface. 
 
This recipe is much more sensitive to the quantities of PVP, AgNO3, and CuCl2 used, and may need 
to be adjusted to improve its yield when being attempted in a new location. 
 
 

 

3.2. Seeding Methods and Nanowire Diameter Control 

Seeding materials for silver nanowire synthesis can be added in two manners: powder or 

solution. Powders allow for the use of materials that are insoluble in the reaction solvent, while 

solutions offer various logistical advantages including more accurate quantity control and easier 
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cleanup after the reaction is complete. Due to the extremely small amount of seed material that is 

required for this type of reaction, seeding solutions allow for the accurate control of reagents down 

to micromolar concentrations, while the measurement of micro or milligrams of powder is 

inconvenient in most situations. 

Despite chloride ions being the active seed forming material, the choice of metal cation can 

have dramatic implications for the dimensions of the resulting nanowires.15,16 The most noticeable 

change generally occurs in the diameter of the nanowire, which is a likely indicator that the size of 

the initial nucleation point of the wire is changing. As thinner diameters can often be beneficial in 

nanowire transparent electrode applications, various seeding materials have been investigated for the 

potential advantages they could provide. 

 

3.2.1. Sodium Chloride and Silver Chloride 

Sodium chloride and silver chloride can be grouped together conceptually due to the similar results 

that they tend to produce when used as seeding materials. In particular, the diameter range of 

nanowires formed when using these two seeds are quite similar, which is a possible indication that 

the use of sodium chloride simply reacts with silver nitrate in solution to produce silver chloride 

seeds that are the same as those formed when silver chloride is used directly as a seeding agent. Due 

to the comparable properties of their resulting nanowires, it is generally preferable to use sodium 

chloride seeding solutions, as it avoids the large excess of seeding material that is generally 

unavoidable when using AgCl powder as a seeding agent. This has made sodium chloride one of the 

more popular seeding reagents in both academic and commercial seeding recipes. 
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Figure 3.4. SEM images showing the diameters of nanowires formed using (a) PtCl2 seeds with 

eventual wire diameters between 60 and 90 nm, (b) AgCl seeds with eventual wire diameters 

between 90 and 120 nm, and (c) CuCl2 seeds with eventual wire diameters between 125 and 250 nm. 

 

3.2.2. Platinum Chloride and Copper Chloride 

Seeding materials that have exhibited distinctly different properties than traditional sodium 

chloride seeds are PtCl2 and CuCl2. Due to their insoluble nature in alcohols, platinum(ii) chloride 

seeds must be added as a powder, while copper(ii) chloride can be dissolved ahead of time and 

added as a solution. Figure 3.4 shows the diameters of the nanowires that result from the use of 

these two seeding materials, as well as silver chloride for comparison. although the chloride ions are 

ostensibly the more important component of these two compounds, the use of different metal 

cations shows a clear trend in producing nanowires with differing diameters. Platinum chloride seeds 

appear to produce the thinnest nanowires, followed by sodium and silver chloride seeds, with 

copper chloride seeds producing the thickest diameters. This result would have a clear application in 

transparent electrode fabrication except for the fact that each type of seed also tends to produce 

progressively longer nanowires, resulting in similar aspect ratios in the final products. As longer 

wires make it easier to form a continuous network during electrode fabrication, copper chloride 
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seeds have actually proven the most convenient to use in the synthesis of nanowires for electrode 

applications. 

An additional unique feature of platinum chloride seeds is that they rapidly deactivate in the 

presence of PVP. If the platinum chloride seeds are exposed to PVP for too long prior to the 

addition of silver nitrate, the reaction may fail completely with no noticeable wire formation. This 

appears to be true in some cases for silver chloride seeds as well, so it may be related to the use of 

powder seeding materials, but the effect is decidedly more pronounced in recipes that use platinum 

as a seeding agent. This effect results in recipes that use platinum chloride seeds often adding the 

PVP and silver nitrate in rapid succession or even simultaneously,3 compared to the addition of PVP 

at the start of the procedure followed by silver nitrate at a later time.  

 

3.3. Iterated Reactions and Length Control 

As the aspect ratio of silver nanowires determines the quality of transparent electrode that they 

can eventually produce and the diameter is controlled quite reliably by the seeding conditions, a great 

deal of research attention has been focused on improving wire length. Intuitively, we expect that 

once a given silver nanowire synthesis reaction runs out of its silver source, nanowire growth will 

most likely end. The simplest response to this issue would be to continue adding more silver nitrate, 

but empirically this strategy has met with little success, with any silver nitrate added after a certain 

point near the beginning of the reaction leading to the formation of silver particles rather than wires. 

For reactions conducted in the range between 150 and 160 oC, this point generally occurs between 

15 and 20 minutes into the reaction, with the addition of silver nitrate after this point often leading 

to a slight increase in wire length at the cost of producing an increasing large fraction of particles 

within the reaction. 
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Another way to reach the goal of iterated nanowire growth is to allow the reaction to finish, and 

then to separate the wires from the reaction system and use them as seeds in a fresh reaction 

mixture. This process is based on the concept that species are formed within the reaction that are 

able to passivate the twinned growth facets on growing seeds and ultimately halt wire growth despite 

the addition of more silver nitrate. Oxygen has been proposed to be the species responsible for this 

effect,12 but the evidence supporting that claim is currently far from conclusive. 

There has been one set of successful reports in the use of iterated wire growth to produce 

longer and longer wires.17 The most important difference between these reports and the majority of 

the existing literature is the use of CuCl2 as the seeding source of the nanowires, which despite its 

convenience remains a relatively uncommon seeding material in the field. The improved length of 

wires formed through this iteration method is a valuable addition to the field, but the need to heat 

up, cool down, and centrifuge each set of nanowires seven or more times before they are complete 

remains a troubling prospect for anyone attempting to adopt this strategy at scale. In hopes of 

shortening the process somewhat, an investigation of one-pot iterated nanowires was conducted in 

hopes of gaining some insight into the mechanisms that dominate this issue. 

 

3.3.1. Multiple Reaction Cycles in the CuCl2 Seed System 

Figure 3.5 shows a schematic diagram of the growth process used in the iterated one-pot study. 

The overall procedure consists of two or more synthesis reactions conducted one after another 

without cooling down the reaction mixture. Figure 3.6 shows the wires that were collected after 

each reaction stage, with a clear increase in wire length after the second iteration. After two 

reactions, however, the nanowire length appears to saturate, and additional reactions do little to 

increase wire length further. 
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Figure 3.5. Process flow for iterated nanowire growth using multiple reaction steps without cooling 

down the reagents. 

 

 

Figure 3.6. SEM images showing the length of iterated nanowires after the first two reaction cycles. 
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The full reaction procedure is as follows: 

 

Double-Batch Silver Nanowire Synthesis Recipe 
 
Reaction Scale: 40 ml reaction volume, approximately 300 mg of nanowires produced. 
Nanowire Properties: 15-60 micron length, 125-250 nanometer diameter. 
 
Ingredients Used: 
-Ethylene Glycol (Reaction Solvent) 
-Silver Nitrate (Powder) 
-Polyvinylpyrrolidone (Powder, Molecular Weight 55,000) 
-Copper(ii) Chloride Dihydrate Solution (.1 mg per 100 µL in ethylene glycol) 
 
Synthesis Procedure: 
 
Iteration 1 
1) Add 20 ml Ethylene Glycol into a 100 ml flask. 
2) Add 200 µL Copper Chloride Solution into the flask (.2 mg Copper Chloride Dihydrate). 
3) Bring the flask to 150 oC while stirring at 325 rpm. 
4) Dissolve .35g Polyvinylpyrrolidone in the reaction mixture. 
 
5) Add .25g of Silver Nitrate and 10 ml Ethylene Glycol into a small beaker or flask. 
6) Sonicate the Silver Nitrate for around 3 minutes with a 50% duty cycle (it will dissolve). 
7) Inject the Silver Nitrate solution from step 6 into the reaction flask over 15 minutes. 
8) Allow the reaction to progress for 2 hours. 
 
During silver nitrate addition, the reaction should turn first yellow, then darken to orange, red, and 
eventually take on a grey/tan color. After about 1 hour, the reaction should turn dark grey and 
shimmering motion should be visible on the top surface. 
 
Iteration 2 
9) Add .25g of Silver Nitrate and 10 ml Ethylene Glycol into a small beaker or flask 
10) Sonicate the Silver Nitrate for approximately 3 minutes with a 50% duty cycle  
 
11) Open the reaction flask and add 200 µL Copper Chloride Solution. Leave the flask open. 
12) Dissolve .35g Polyvinylpyrrolidone in the reaction mixture. 
13) Close the reaction flask. 
 
14) Inject the second Silver Nitrate solution from step 6 into the reaction flask over 15 minutes. 
15) Allow the reaction to progress for 2 hours. 
 
During the second step of the reaction, the mixture will not undergo any visible changes in color or 
texture due to the presence of silver nanowires during the entire reaction. 
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The eventual saturation of wire length has been proposed to be due to a species capable of 

binding to the high energy facets at the wire tip and preventing the continued addition of silver 

nitrate at that location. Oxygen has been proposed as a candidate for this role, although the 

continued addition of a copper compound between each reaction cycle should allow this strategy to 

remove oxygen that is present in solution. In addition, reports of wires formed in an inert 

atmospheres generally do not show substantial increases in wire length over those formed in air.12 

These observations make it appear more likely that a different species is responsible for eventually 

inhibiting wire growth, possibly water or one of the various side products created during the polyol 

oxidation of ethylene glycol. Whatever their identity, these species are apparently removed by 

centrifugation, allowing for wire growth to continue when fresh reagents are added. 

Despite its limitations, this method’s capacity to increase wire length by nearly a factor of two 

after two iterations has proven to be a useful addition to our in-house synthetic procedures. The 

figures of merit of transparent conductors fabricated from two-step silver nanowires are actually on 

par with most recipes available in the literature. The increased thickness of nanowires seeded using 

copper chloride in theory increases their thermal stability, but also introduces difficulties when 

forming wire/wire junctions during nanowire network formation, and they can easily require 

temperatures above 200 oC in order to fuse together and form high quality electrical contact.18 This 

makes washing and ink formulation particularly important particularly important when using this 

type of nanowire.  

 

3.4. Purification and Ink Formulation 

After a nanowire synthesis reaction is complete, excess solvent and polymer need to be 

removed in order for the wires to be formulated into an ink that is suitable for electrode deposition. 

This is generally accomplished by centrifuging several times in ethanol or acetone until the PVP 
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coating on each wire has been sufficiently thinned to allow for wire/wire contact to be formed 

without the use of high temperatures. This tends to depend on the type of wire being used, but 

somewhere between three and seven centrifuge cycles are generally sufficient to expose the wire 

surface and complete the ink formulation process. 

Unfortunately, the PVP layer on the wire surface is also useful for enhancing the dispersibility 

of the wires, and so there will be an increased tendency toward clustering and precipitation after 

each centrifuge cycle. Additionally centrifuging the wires too quickly will cause some of them to be 

pressed into clusters, while centrifuging too slowly will leave some wires in the supernatant. Either 

situation will reduce the eventual yield of the purification process, and to make things more difficult 

the ideal centrifuge speed can sometime change from cycle to cycle as excess PVP is removed from 

the mixture.  

Natural settling can also be used to wash the nanowires over the course of several days. In this 

method, the reaction products are diluted 4 to 5 times in ethanol and left sitting overnight in a 

covered beaker. After 6 to 12 hours, the nanowires will have formed a dense layer on the bottom, 

and the solvent can be safely poured off. Repeating this process several times has an effect similar to 

that of centrifugation, with the added benefit of not causing excess clustering due to the gentle 

nature of the settling process. 

A third option is to use more reactive species to attempt to actively remove the PVP from the 

wire surface and potentially replace it with a different dispersing agent that is more conducive to 

wire/wire junction formation without inducing clustering between wires. Several compounds have 

been investigated for this role, and the conductivities of films of wires washed with each are shown 

in Figure 3.7. During this set of experiments, identically fabricated nanowires were washed twice 

with ethanol followed by a single washing cycle using the reagent indicated in the figure. The wires  
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Figure 3.7. Resistance testing of nanowire networks washed with several chemical agents and dried 

as thick films at 75 oC. These processing conditions were designed to probe the junctions between 

wires and its dependence on washing methods. (TBAI: Tetrabutylammonium Iodide)   

 

were then centrifuged to remove excess washing agent and dispersed in ethanol. The exception is 

the SnO2, in which case the wires were not centrifuged the final and the SnO2 nanoparticles were 

simply left as part of the final ink. Ammonia was also tested as a washing agent, but the dispersibility 

of the nanowires rapidly degraded as soon as it was added to the ink, forming clusters and settling to 

the bottom. 

The completed inks were then drop cast to form thick films of nanowires with transmission 

values on the order of 50% and dried at 75 oC. No further heat treatments were applied, and so the 

resistance of the films should be dominated by the junctions between wires. The various washing 

techniques produce resistance values that range over several orders of magnitude, with the addition 

of tin oxide nanoparticles dramatically outperforming the other compounds. A detailed discussion of 

AgNW/SnO2 mixtures will be provided in the second half of the next chapter. 
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Chapter 4 

4. Ligand Management in Silver Nanowire Inks 

 

The dramatic effects of mixing as-synthesized silver nanowires within tin oxide nanoparticles 

that were presented at the end of the previous chapter were quite unexpected at the time. Washing 

as-synthesized wires is a time consuming process that requires a surprisingly large amount of 

optimization in order to clean the wires sufficiently while still maintaining a high process yield. The 

potential discovery of a procedure that could quickly and efficiently reduce wire/wire junction 

resistance without the use of excessive washing cycles and while still in the ink formulation stage of 

material preparation represented an appealing development opportunity, and we began examining 

the properties of the tin oxide nanoparticles and AgNW/SnO2 nanocomposite inks in order to 

determine why they performed so effectively together.  

There are very few examples of matrix materials that can be mixed into with silver nanowire 

inks prior to deposition and then applied to the substrate in unison. The tin oxide nanoparticles 

discussed in this chapter are conductive enough to transport current across short distances, and 

benefit from a gel-like nature that causes them to form smooth films with excellent coating 

properties. These features have allowed us to make use of tin oxide nanoparticles as electron 

transport layers, which will be described in the first half of the chapter, and also as semiconducting 

ligands capable of dispersing silver nanowires in solution, which will be discussed in the second half. 

The unlikely pairing of a viscous oxide sol-gel system and conductive metal nanowires is an 

interesting example of materials with very different properties working in concert to achieve an 

otherwise intractable goal, and it stands as evidence of the unexpected versatility that many 

nanomaterials have to offer.     
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4.1. Tin Oxide Nanoparticles as Semiconducting Ligands 

Tin(iv) oxide (SnO2) is a wide bandgap metal oxide that has become ubiquitous in the 

development of thin film transistors,1–3 solar cells,4–7 batteries,8–10 and a variety of optical and 

electronic devices in between.11–14 The high mobility value of bulk SnO2 compared to other n-type 

oxides offers advantages in nearly any application that requires the transport of charge carriers. This 

has been emphasized recently by the remarkably high mobility values reported in solution-processed 

tin oxide thin film transistors.15 The success of doped tin oxide at favorably inducing current 

collection in dye-sensitized,16,17  amorphous silicon,18 and metal chalcogenide19,20 solar cells has made 

it a common feature in the majority of high efficiency devices and fabrication recipes.  

 

4.1.1. SnO2 Synthesis and Properties 

The multivalent chemistry of tin species in solution allows for the facile formation of extended 

gel structures when appropriate tin precursors are hydrolyzed in solution. The rapid formation of 

metal oxide bonds then grows rapidly, eventually consuming all of the available precursor species. 

Ensuring that the growing gel particles maintain nanoscale dimensions generally requires some form 

of surfactant, ligand, or capping agent to be present in the growth solution. The presence of anions 

such as chloride and acetate can provide some degree of shape control for the growing particles, and 

are most commonly used when a hydrothermal treatment can be applied after precipitation in order 

to decompose the resulting gelled bond structures into dense crystallites. The resulting particles tend 

to show a wide range of dimensions from several to hundreds of nanometers depending on the 

details of the recipe. 

The high temperatures (180 to 250 oC) typically used for hydrothermal processing create an 

increased tendency toward the formation of large particles during synthesis,21 but are often necessary 

to ensure the crystallinity of the reaction products. The use of neutral pH values, rather than those 
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created by inherently acidic tin precursors, has also been identified as a potential to improve the 

crystallization of the resulting nano and microscale product.22 Guided by each of these observations, 

we have constructed a solvothermal reaction route that makes use of moderate reaction 

temperatures (120 to 170 oC) and easy to handle precursor materials to form dispersions of SnO2 

nanoparticles without the need for pressurized reaction vessels. However, synthesis reactions that 

employ this method run an increased risk of particle agglomeration and precipitation unless 

appropriate measures are taken to separate the growing crystallites. 

We have found that tetraalkylammonium ions serve as effective ligands to separate and define 

the morphology of extremely small gelled tin oxide nanoparticles that range from 2 to 4 nanometers 

in diameter. The resulting nanoparticles are easily dispersed in polar solvents, and assemble into 

compact thin films upon deposition and drying. The existence of metal-oxide bonding in the 

nanoparticle inks prior to deposition allows for their use in semiconductor devices without extensive 

annealing in air, making them potentially useful for applications involving thermally sensitive or 

easily oxidized materials and substrates. 

A Typical Recipe for the Synthesis of Tin Oxide Nanoparticles involves the following 

procedures.23 Tin chloride pentahydrate was dissolved in ethylene glycol by stirring for several 

hours at a concentration of 10 grams per 80 mL to serve as a stock solution. In a typical synthesis 

reaction, 10 mL SnCl4·5H2O stock solution and 10 ml ethylene glycol was added to a 100 mL flask 

and stirred at room temperature. Still at room temperature, 2 mL acetic acid (99.9%) and 2 mL 

ammonium hydroxide (30% solution in H2O) were added to regulate the solution pH and provide a 

source of water for the hydrolysis reaction. At this point, 0.25 g tetramethylammonium chloride 

(TMAC) was added to serve as a coordinating agent for the growing oxide nanoparticles. The 

resulting solution was immersed in an oil bath at 150 oC for at least 2 hours. Some yellowing of the 

solvent was commonly observed as the reaction progressed. 
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After the reaction was completed and cooled to room temperature, the mixture was diluted to 

40 mL total volume in ethanol and centrifuged at 2500 rpm for 20 minutes. The supernatant was 

discarded, and the resulting solids were dispersed in ethanol by ultrasonication. The resulting 

dispersion in ethanol was centrifuged two more times at 2000 rpm for 20 minutes, and the product 

was dispersed again in ethanol at a concentration of 20 mg/mL. This solution was used to form 

films and powders for structural and electronic characterization, and was diluted 2 to 4 times for 

solar cell fabrication. 

Upon the addition of water into the reaction mixture, the solution becomes transparent as the 

ammonium and tetramethylammonium salts dissolve. After several minutes of reaction time, the 

mixture begins showing a hazy iridescence that indicates the onset of nanoparticle formation. The 

reaction speed appears to be controlled most strongly by the reaction pH, and by the concentration 

of water in the final reaction solution, with higher pH values and higher water concentrations 

causing the reaction to proceed substantially faster. The balance between the rapid hydrolysis of 

metal species in aqueous solutions and the relatively slow kinetics of the somewhat viscous ethylene 

glycol precursor system ultimately allows for the controlled synthesis of well-dispersed nanoscale tin 

oxide particles over a period of 30 minutes to 2 hours depending on the details of the reaction 

procedure and the reagents used. 

A schematic representation of the reaction process is shown in Figure 4.1. The growing 

nanoparticles form slowly, first as a barely visible haze that ultimately produces a grey cloudy 

mixture. Appropriate management of the reaction sequence is necessary in order to produce highly 

dispersible morphologies among the resulting nanoparticles, as exhibited by the rapid settling of the 

products of reactions run without TMAC to separate the growing gel particles, as shown in the 

settling images in Figure 4.1(c). Upon washing with ethanol and centrifuging, the agglomerated 
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Figure 4.1. (a) Schematic diagram of the proposed reaction mechanism. Nanoscale dispersions are 

formed when tetramethylammonium is included in the reaction mixture, most likely acting as a 

ligand to separate the growing nanoparticles. The compounds formed by mixing SnCl4 and Ethylene 

Glycol are expected to have a mixture of –Cl and –(CH2CH2OH) groups, with the structures shown 

at stage 2 of the reaction depicted as fully alcoholyzed for clarity. (b) Images of the reaction mixture 

immediately after the addition of the reagents and after the formation of the tin oxide nanoparticles 

is nearly completed. (c) Images of the nanostructured and extended particle dispersions immediately 

after agitation and after 24 hours of settling time. Image reproduced with permission from reference 

[23] 



70 
 

 nanoparticles occupy a large volume of between 10 and 20 cm3 per gram SnO2, offering evidence of 

the partially gel-like nature of the nanostructured products. Larger particles obtained from reactions 

run without sufficiently coordinating ligands settled to a final volume of well under 1 cm3 per gram, 

comparable to the density expected from bulk SnO2. 

 

4.1.2. SnO2 Nanoparticle Properties and Characterization 

The structural properties of the nanoparticle films as determined by XRD and Raman 

spectroscopy are shown in Figure 4.2. After only a gentle annealing at 100 oC, the crystal structure 

clearly follows that of rutile SnO2 (Cassiterite), with broad peaks appropriate to the small size of the 

individual crystallites. The film crystallizes further at temperatures above 400 oC, as shown in the 

high temperature spectrum at the top of Figure 4.2(a). The approximate grain size as determined 

by the FWHM of the (110) peak is 2.1 nm at 100 oC and 6.8 nm at 500 oC, indicating the presence of 

significant but not dramatic ripening within the film.  

The Raman spectra shown in Figure 4.2(b) provide some insight into the species still present 

in the nanoparticle dispersion after the conversion to SnO2 is completed. In the sample annealed at 

100 oC the main Raman peak of SnCl4·5H2O is visible, although it is substantially weaker than that 

of pure tin chloride. The near complete removal of the tin chloride peak after high temperature 

annealing suggests that the excess chloride may be located primarily on the tin oxide surface, but the 

small particle size of the nanostructured gels does allow for the possibility of excess chloride 

diffusing out from the center of a given crystallite before volatilizing out of the sample. Small peaks 

associated with ammonium acetate and tetramethylammonium chloride can be removed by several 

additional washing cycles in water or ethanol, indicating that these species exist as ligands on the 

particle surface, and are not incorporated into the particles themselves. 
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Figure 4.2. (a) X-Ray Diffraction (XRD) spectra of nanoscale SnO2 dispersions after a gentle heat 

treatment at 100 oC and after a high temperature annealing step at 500 oC, each for 15 minutes. The 

Cassiterite SnO2 phase is visible in both spectra, with appropriate peak widths for 2.1 and 6.8 nm 

particle sizes. (b) Raman spectra of nanoscale SnO2 dispersions after heat treatments at 100 oC and 

500 oC. Also shown are Raman spectra of dried films of expected impurity and ligand materials, 

which are present in small quantities in the low temperature SnO2 sample and almost completely 

removed in the high temperature SnO2 sample. (c-e) X-ray Photoelectron Spectroscopy (XPS) 

spectra showing the tin, oxygen, and chlorine peaks of a low temperature SnO2 sample. Image 

reproduced with permission from reference [23] 
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The crystalline tin oxide peak, visible at approximately 635 cm-1, is present in Figure 4.2(b) in 

both the 100 oC and 500 oC tin oxide samples, but becomes sharper and much more intense at the 

higher annealing temperature. The broad Raman signal occurring over the range 400 to 700 cm-1 

appears to originate from the various tin oxide bonding structures present in the gelled tin oxide 

films, with the disordered nature of the material readily discernible from its broad shape.  The large 

amount of variation in the M-O-M vibrational energies serve as evidence of the many non-

equilibrium bonding structures that exist even after a high temperature annealing step. Additional 

analysis will be required in order to determine how much information about the local bonding 

environment of the individual atoms can be extracted from the shape and intensity of this particular 

signal.  

X-ray photoelectron spectroscopy measurements were conducted in order to assist with 

determining the state of the reaction, and the extent of conversion between SnCl4 and SnO2. The 

elemental signal from tin, oxygen, and chlorine is shown in Figure 4.2(c). Integrating the peaks and 

correcting for XPS sensitivity and emission efficiencies allows us to determine the quantity of 

remaining chloride in the sample to be approximately [Cl]/[O+Cl] ≈ 3.85 atomic %, indicating that 

more than 96% percent of the anions in the material have been successfully converted to oxygen. 

The shoulder on the high energy side of the oxygen peak could arise from several sources, but at this 

time we believe it may be a result of the hydroxyl groups present throughout the gelled network of 

particles. The presence of small but observable numbers of chloride ions along with a potentially 

significant number of terminating –OH groups in the sample can both serve as markers of the small 

particle size and large capacity for surface ligands, and also of the relatively porous nature of the 

metal oxide network within the tin oxide phase. Further densification through thermal annealing, 

photoactivation, or other methods would likely reduce the intensity of both of these signals.     
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Figure 4.3. (a) TEM image of the as-synthesized SnO2 nanoparticles, showing typical diameters 

between 2 and 4 nanometers. The inset shows a close-up of one particle with the (110) lattice 

spacing of rutile SnO2 (approximately 3.35 Å) marked in red. (b) AFM image of a nanoscale tin 

oxide film spin coated onto an oxidized silicon substrate. A representative cross section is shown 

below the image, showing small roughness features on the scale of individual nanoparticles and 

long-range features as the film thickness changes slightly across the sample surface. Image 

reproduced with permission from reference [23] 

 

Nanoparticle morphology was determined for isolated nanoparticles using bright field TEM 

imaging, and is shown in Figure 4.3(a). The nanoparticles are extremely small, and nearly all of 

them have diameters between 2 and 4 nanometers. They exhibit a tendency to cluster together upon 

deposition, possibly due to small amounts of cross-linking and shared bonds between particles. The 

dimensions of these clusters tend to vary between 30 and 100 nm across when viewed under TEM, 
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and give solutions of the nanoparticles a dull white appearance due to scattering effects. 

Interestingly, the tendency of the nanoparticles to cluster in solutions does not appear to present any 

barriers film deposition, and the particles are able to form dense, compact films at thicknesses down 

to roughly 10 nanometers that contain no detectable voids or inhomogeneous surface features. The 

ability of the nanoparticles to rapidly rearrange from solvated clusters into the dense geometry of a 

film is an apparent indication that their attraction in solution does not consist of rigid or directional 

bonding, and instead allows them to freely rearrange prior to and during deposition.  

Figures 4.3(b) shows contact mode AFM data from a spin coated nanoparticle film. The 

approximately 15 nm thick films show an RMS roughness of around 2.2 nm, which corresponds to 

surface oscillations on the order of a single nanoparticle diameter. The gelled nanoparticles are small 

enough that it is nearly impossible to distinguish individual particles, and their small size is clearly 

beneficial in producing smooth and continuous films. Despite the near nonexistence of voids within 

these films, some care must be taken during deposition in order to ensure that the films are able to 

fully wet the substrate, and a UV/Ozone or similar pre-treatment is necessary in order to attain 

appropriate surface coverage when depositing onto hydrophobic materials. 

 

4.1.3. Use as an Electron Transport Layer in Organic Photovoltaic Devices 

Organic photovoltaic devices based on a polymer:fullerene heterojunction were fabricated in 

order to demonstrate the electronic properties of the tin oxide films. As an n-type semiconductor, 

tin oxide films have been reported as a selective contact to extract electrons from the heterojunction 

while rejecting holes.24 SnO2 represents a somewhat unique case among electron transport materials 

due to its relatively low conduction band position. It has been reported to benefit from the presence 

of a small number of non-hydrolyzed bonds and oxygen vacancies, which have the combined effect 

of increasing the material’s conductivity and reducing the relatively high work function of the bulk 
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material.25 The solution process employed here, with its nearly complete conversion of alcoholyzed 

tin chloride to tin oxide, can be expected to capitalize on an effective reduction in work function due 

to the presence of high energy bonding structures that were not completely converted to the oxide 

phase during the synthesis reaction. As most of the metal-oxide bonds are formed prior to film  

 

Figure 4.4. (a) I-V characteristics of PBDTT-DPP:PCBM solar cells using nanoscale SnO2 as an 

Electron Transport Layer (ETL). The device characteristics in devices using SnO2 are dramatically 

improved compared to those made using bare ITO. (b) External Quantum Efficiency (EQE) data 

from an SnO2 ETL device. (c,d) Schematic diagrams of the active materials and device architecture 

used in solar cell fabrication. (e) Photovoltaic parameters of the SnO2 and control devices. Image 

reproduced with permission from reference [23] 
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deposition, relatively little heat treatment is required to convert the material into a form that is useful 

for integration into devices. This allows the film to be either deposited on the substrate or possibly 

on top of the active layer without risking unnecessary damage to the polymer materials. 

Solar cells were fabricated following the device structure shown Figure 4.4. Blends of the 

polymer PBDTT-DPP and PCBM were used as the absorber material in this cell structure, with an 

SnO2/ITO front electrode providing a selective contact for collecting photogenerated electrons and 

an MoO3/Al back contact for collecting holes. The SnO2 electron transport layer provides 

substantial benefits in cell performance, increasing both the open circuit voltage and fill factor of the 

completed cell as compared with a bare ITO film as the cathode in control devices. The improved 

photovoltaic characteristics indicate substantially improved current collection as a result of the 

nanoparticle-based electron transport layer, and the enhanced voltage suggests an apparent 

reduction in parasitic recombination at the active layer/cathode interface. In addition to more 

suitable electronic properties, it is possible that the smooth tin oxide transport layers provide a more 

favorable foundation upon which to grow the active layer. Additional investigation into the precise 

structure of the polymer:fullerene films will be necessary in order to discern whether or not any 

significant changes are induced in the morphology of the active layer as a result of the modified 

surface structure of the SnO2/ITO electrode. Given the large number of applications currently 

available to nanostructured oxides and related materials, we expect that similarly synthesized 

particles will find uses in a variety of optoelectronic applications that require low temperature 

deposition procedures, including batteries, logic circuits, and transparent electronics. 
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4.2. Low Temperature AgNW/SnO2 Transparent Electrodes 

Matrix materials have been shown to provide a number of benefits to silver nanowire network 

electrodes, including improving the adhesion and durability of the networks as well as filling gaps 

between wires while improving electrical contact with the rest of the device.26 A far less common 

advantage of matrix materials is the ability to enhance the coating properties of the nanowire ink, 

and improve its uniformity once placed on the substrate. This effect is leveraged far less often 

because the formation of a viable ink containing both nanowires and the desired matrix material is 

not an easy process, and is made even harder when the specific surface properties of the nanowires 

are unknown (as is the case when commercially purchased nanowires are used). The act of mixing 

SnO2 nanoparticles into silver nanowire dispersions is a rare case where the properties of both 

appear to be enhanced by the presence of the other. When handled properly, the high viscosity and 

excellent wetting properties of the gelled tin oxide nanoparticles allow for the formation of a silver 

nanowire composite paste that can be blade coated onto a variety of surfaces with high uniformity, 

and as an added bonus an n-type matrix material comes pre-packaged into the mixture.   

 

4.2.1. Polymer Surfactants in Silver Nanowire Synthesis 

The vast majority of silver nanowire synthetic recipes make use of Polyvinylpyrrolidone (PVP) 

as a surfactant that induces one dimensional growth in the resulting wires. This leaves a substantial 

PVP coating on the outer surface of every wire formed in this manner, that must then be washed off 

after synthesis is completed.27 It is possible to remove most of the PVP layer with several cycles of 

washing and redispersing in ethanol, but 5 to 7 washing cycles is a time consuming and somewhat 

wasteful process to require. In addition, the PVP surface layer plays a useful role in dispersing the 

wires, and the removal of too much polymer from the surface tends to result in some wires 

clustering and reducing the effectiveness of the completed ink.  
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Using wires that still have thin layers of PVP on their outer surface can result in severe issues 

forming wire/wire connections, and ultimately produce an extremely high sheet resistance even at 

high wire densities. The resistance introduced by the insulating junctions between nanowires can be 

reduced through various physical and chemical means, including burning off ligands and partially 

melting the wires via thermal annealing,28,29 depositing additional materials on top of the nanowire 

network,30–33 applying mechanical forces to enhance network morphology,34–36 or using various other 

post-treatments to improve the contact between adjacent wires.37–39 Any attempt to remove 

insulating materials the network must be weighed against the risk of damaging the wires or changing 

them in a way that blocks transmitted light, so many such treatments must be reined in from their 

full effectiveness to avoid endangering the performance of the completed electrode.  

Nanowires seeded using copper chloride have been observed to create particular difficulty in 

forming wire/wire junctions, often requiring annealing temperatures of 200 oC or above before long 

range electrical conductivity becomes possible within the network. This temperature range is 

unacceptable in applications that involve sensitive or volatile underlayers, or many kinds of plastic 

substrates. The use of a ligand material capable of electrical conductive offers an interesting 

substitute to post-deposition network treatments, as conductivity would already be established as 

soon as the film was dried.  

   

4.2.2. Ammonia-based Coordination of SnO2 Nanoparticles with Silver Nanowires 

When as-synthesized silver nanowires that have been washed two or three times with ethanol 

are mixed with a solution of gelled tin oxide nanoparticles, the two show little interaction. The 

addition of small amounts of ammonia into the AgNW/SnO2 mixture, however, creates an 

immediate effect. The combined solution begins showing increased viscosity, and when swirled 

within its vial clings to the walls and stains almost any surface it touches. At one point few drops of 
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accidentally spilled solution were left on a lab countertop, and once dry it was difficult to remove the 

resulting solid even with a razor blade. The properties of NH3 mediated mixtures of gelled SnO2 

particles and silver nanowires are not completely understood to date, but we have done our best to 

begin the process of documenting and characterizing some of their more useful properties. 

Tin oxide nanoparticles with somewhat different characteristics were used in AgNW/SnO2 

composite ink formation. The relevant synthesis reaction again begins with 10 ml of SnCl4·5H2O 

stock solution (approximately 1.25 grams) into which ammonium acetate (.5 grams) and 

tetramethylammonium chloride (.25 grams) were introduced in powder form at room temperature. 

30 ml of water was then added, and the flask was heated to 90 oC for 1 to 2 hours until the solution 

turns a cloudy white color. This recipe is convenient for the formation of large quantities of 

nanoparticles that do not need to be as conductive as those used in ETL formation. The use of 

excess water in the synthesis reaction appears to reduce the conductivity of the material, but makes it 

significantly more mechanically robust and improves both its coating properties and adhesion. 

Figure 4.5 shows TEM images of a silver nanowire that has been washed three times since its 

original synthesis, a silver nanowire in the presence of SnO2 nanoparticles, and a silver nanowire that 

has been exposed to SnO2 nanoparticles in the presence of a small amount of ammonia. Also shown 

in the figure is the settling behavior of pure silver nanowires, pure SnO2 nanoparticles, and several 

mixtures of the two with and without trace ammonia. Without ammonia to induce coordination 

between the two species, the nanoparticles and nanowires appear to more or less ignore one 

another, leaving the SnO2 nanoparticles scattered randomly throughout the TEM image, and with 

the nanowires settling completely to the bottom of the vial while the SnO2 remains suspended.  

Our current explanation for this behavior is that the PVP coating on the surface of the as-

synthesized wires is sufficient to prevent interaction with isolated SnO2 nanoparticles. The addition 

of ammonia into the solution quickly strips off the PVP surface coating and allowing the 
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nanoparticles to coordinate directly with the nanowire surface. This explanation is based on the 

effects that the addition of ammonia has one a solution of pure silver nanowires, which immediately 

begin to agglomerate into clusters and sink to the bottom as soon as any significant quantity of NH3 

is added. 

 

Figure 4.5. Schematic diagrams and TEM images of (a) a single untreated silver nanowire, (b) a 

silver nanowire in the presence of non-coordinating tin oxide (all ammonium ions removed), and (c) 

a silver nanowire with a coordinating tin oxide shell. (d,e) Optical images of silver nanowire and tin 

oxide nanoparticle dispersions mixed in varying amounts (d) before and (e) after settling for 24 

hours. The numbers associated with each solution represent the AgNW:SnO2 concentrations in 

mg/ml. The uncoupled solution contains silver nanowires and non-coordinating tin oxide 

nanoparticles, and shows behavior similar to the pure AgNW and pure tin oxide solutions. 
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We attribute the stripping ability of ammonia in these mixtures to the strong dative bonding 

that occurs via the lone pair on the nitrogen atom interacting with the partially filled d-orbitals of the 

silver atoms on the nanowire surface. These interactions are evidently strong enough to displace the 

existing coordination of the five-membered rings and carbonyl groups contained in the original PVP 

ligands and allow the ammonia to attach directly to the nanowire surface. Since ammonia and 

tetramethylammonium are the original surfactants used to stabilize the surface of the tin oxide 

nanoparticles, we believe that ammonia coordination on the nanowires provides an appropriate 

environment for the nanoparticles to cluster on and around the surface of the silver nanowires, as 

shown in the TEM image in Figure 4.5(c). 

 

Figure 4.6.  Process flow diagram entailing the synthesis of silver nanowires and tin oxide 

nanoparticles followed by mixing in the presence of ammonium or alkylammonium ions to create 

the final nanocomposite ink. Transparent conducting films were produced by blade coating the 

completed inks onto the desired substrate.  



82 
 

 

4.2.3. Electrode Fabrication and Properties 

Figure 4.6 shows a diagram of the process flow for producing AgNW/SnO2 composite inks. 

Silver nanowires and tin oxide nanoparticles are synthesized separately and transferred into an 

ethanol solvent system and combined in the desired concentration. As the tin oxide recipe contains a 

substantial amount of ammonia as part of the buffering compound ammonium acetate that is used 

to control the reaction pH, the tin oxide is conveniently able to coordinate with the silver nanowires  

 

Figure 4.7. (a-c) SEM images of as-synthesized silver nanowires at various magnifications. (d-f) 

SEM images of nanocomposite films, showing the tendency of the tin oxide nanoparticles to coat 

the entire outer surface of the silver nanowires, increasing their apparent diameter and giving them a 

soft appearance.    
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without the addition of any excess stripping agents. We have determined empirically that if the tin 

oxide is washed more than twice in ethanol, there will not be sufficient ammonia present in the 

resulting solution to allow the nanoparticles and nanowires to coordinate together, and the ink with 

not function properly during film deposition. 

When combining the silver nanowires and tin oxide nanoparticles, several actions have been 

observed to aid in the formation of the final ink. First, the silver nanowires should be added to the 

tin oxide nanoparticles, and not vice-versa. A threshold concentration of tin oxide nanoparticles is  

required to effectively disperse the nanowires, and using fewer will result in the formation of large 

clusters of particles and wires that do not disperse well in solution. Adding the wires to the particles 

ensures that there are no regions of the mixture that contains only small amounts of the nanoparticle 

solution. Additionally, using relatively dilute solutions of silver nanowires and tin oxide nanoparticles 

(i.e. 10 mg/ml or less) helps to ensure that the coordination reaction does not happen too quickly, 

and that the eventual dispersion of the nanowires is as good as possible. After mixing the diluted 

solutions, the product is then allowed to settle overnight and excess solvent can be removed to 

obtain the desired concentration of nanowires in the solution. 

Figure 4.7 shows SEM images of blade coated films of bare silver nanowires and AgNW/SnO2 

composite inks. The tin oxide coating that surrounds each nanowire appears in the image as a slight 

softening of the nanowires edges. Shown in the higher magnification images are several wire/wire 

junctions, which illustrate the tendency of the nanoparticles to cluster around the junctions and 

improve the contact area that is available to transfer current between wires. Although it is not readily 

visible over the handful of microns that make up the SEM images, the uniformity of AgNW/SnO2 

films is much better  that those that contain only bare nanowires, likely due to the increased viscosity 

of the ink due to the addition of the gelled SnO2 particles. 
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Figure 4.8. (a) Sheet resistance versus temperature for films deposited using (red) untreated silver 

nanowires and (blue) silver nanowire tin oxide mixtures with an AgNW:SnO2 weight ratio of 2:1. 

The annealing time at each temperature was 10 minutes. We attribute the slight increase in sheet 

resistance at high temperatures for the nanocomposite inks may be due to changes in morphology of 

the tin oxide matrix surrounding each nanowire.  (b) Sheet resistance and transmission data for 

samples deposited from solutions of varying concentration. (c) Transmission spectra of several 

transparent conducting networks. 

 

The properties of transparent electrodes formed by blade coating AgNW/SnO2 inks are shown 

in Figure 4.8. The comparison with a bare AgNW electrode at different annealing temperatures 

provides evidence of the replacement of the insulating PVP layer that coats the as-synthesized silver 

nanowires with semiconducting SnO2 nanoparticles that are able to mediate current transfer between 

wires. The bare silver nanowire electrode shows the high temperatures required to form sufficient 
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electrical connections between nanowires synthesized using copper chloride seeds, while the 

AgNW/SnO2 electrodes (made using the same nanowires) are conductive immediately upon 

deposition and drying. Figures 4.8(b) and 4.8(c) show the transmission and sheet resistance 

properties of several AgNW/SnO2  composite films formed using an AgNW:SnO2  weight ratio of 

2:1 with differing concentrations of nanowires in solution. The aspect ratio of these nanowires 

typically falls in a range between 100 and 200, which creates a maximum achievable transmission 

value of just over 85% while still maintaining a continuous nanowire network. 

Transparent conductors with approximately 85% transmission at 10 Ω/⧠ sheet resistance are 

not the best that have been fabricated to date, but should be sufficient for the fabrication of high  

efficiency solar cells, which benefit considerably from low sheet resistance values in each of their 

electrodes. As the limits of transmission and sheet resistance are determined primarily by the 

nanowire component of the nanocomposite, we are confident that if this strategy were applied to 

nanowires with even higher aspect ratios, then the figures of merit of the resulting transparent 

conductors would increase accordingly.  

This method for the formation of wire/wire interconnections is unique in its modification of 

the initial ink in order to improve the properties of the as-deposited films. This is convenient in its 

removal of the need for post-treatments of any kind, and also because of its benefits to film coating 

and uniformity. There have been many and varied reports of methods for establishing wire/wire 

connections, and some reports of methods for improving the coating of wires on various substrates. 

The fairly unique strategy of coordinating silver nanowires with conductive matrix materials while 

still in solution offers an interesting combination of benefits that may ultimately be proven useful in 

the rapid deposition of large area nanocomposite films. 

 



86 
 

References. 

1. E. N. Dattoli, Q. Wan, W. Guo, Y. Chen, X. Pan, and W. Lu, Nano Lett., 2007, 7, 2463–9. 

2. R. E. Presley, C. L. Munsee, C.-H. Park, D. Hong, J. F. Wager, and D. a Keszler, J. Phys. D. 
Appl. Phys., 2004, 37, 2810–2813. 

3. J. Sun, A. Lu, L. Wang, Y. Hu, and Q. Wan, Nanotechnology, 2009, 20, 335204. 

4. H. Snaith and C. Ducati, Nano Lett., 2010, 10, 1259–1265. 

5. M. Hossain, J. Jennings, Z. Koh, and Q. Wang, ACS Nano, 2011, 5, 3172–3181. 

6. K. L. Chopra, P. D. Paulson, V. Dutta, Prog. Photovoltaics Res. Appl., 2004, 12, 69–92. 

7. J. Qian, P. Liu, Y. Xiao, Y. Jiang, and Y. Cao, Adv. Mater., 2009, 21, 3663–3667. 

8. C. Kim, M. Noh, M. Choi, J. Cho, and B. Park, 2005, 3297–3301. 

9. P. Meduri, C. Pendyala, V. Kumar, G. U. Sumanasekera, and M. K. Sunkara, Nano Lett., 2009, 
9, 612–6. 

10. Y. Idota, Science (80-. )., 1997, 276, 1395–1397. 

11. T. Kida, T. Doi, and K. Shimanoe, Chem. Mater., 2010, 22, 2662–2667. 

12. R. Lin, M. Luo, Y. Zhong, and Z. Yan, Appl. Catal. A Gen., 2003, 255, 331–336. 

13. K. Vinodgopal, I. Bedja, and P. Kamat, Chem. Mater., 1996, 8, 2180–2187. 

14. F. Gyger, M. Hubner, and C. Feldmann, Chem. Mater., 2010, 22, 4821–4827. 

15. J. Jang, R. Kitsomboonloha, S. L. Swisher, E. S. Park, H. Kang, and V. Subramanian, Adv. 
Mater., 2013, 25, 1042–7. 

16. A. Yella, H.-W. Lee, H. N. Tsao, C. Yi, A. K. Chandiran, M. K. Nazeeruddin, E. W.-G. Diau, 
C.-Y. Yeh, S. M. Zakeeruddin, and M. Grätzel, Science, 2011, 334, 629–34. 

17. S. Ito, T. N. Murakami, P. Comte, P. Liska, C. Grätzel, M. K. Nazeeruddin, and M. Grätzel, 
Thin Solid Films, 2008, 516, 4613–4619. 

18. B. Rech and H. Wagner, Appl. Phys. A, 1999, 69, 155–167. 

19. J. B. and C. Ferekides, Appl. Phys. Lett., 1993, 62, 2851–2852. 

20. G. Larramona, C. Choné, and A. Jacob, Chem. Mater., 2006, 18, 1688–1696. 



87 
 

21. Z. Zhuang, F. Huang, Z. Lin, and H. Zhang, J. Am. Chem. Soc., 2012, 134, 16228–34. 

22. C. Yu, J. C. Yu, F. Wang, H. Wen, and Y. Tang, CrystEngComm, 2010, 12, 341. 

23. B. Bob, T. Song, C. Chen, Z. Xu, and Y. Yang, Chem. Mater., 2013, 25, 4725–4730. 

24. Y.-I. Lee, J.-H. Youn, M.-S. Ryu, J. Kim, H.-T. Moon, and J. Jang, Curr. Appl. Phys., 2012, 12, 
46–48. 

25. S. Trost, K. Zilberberg, A. Behrendt, and T. Riedl, J. Mater. Chem., 2012, 22, 16224. 

26. C.-H. Chung, T.-B. Song, B. Bob, R. Zhu, H.-S. Duan, and Y. Yang, Adv. Mater., 2012, 24, 
5499–504. 

27. J. Lee, I. Lee, T.-S. Kim, and J.-Y. Lee, Small, 2013, 9, 2887–94. 

28. A. R. Madaria, A. Kumar, and C. Zhou, Nanotechnology, 2011, 22, 245201. 

29. J.-Y. Lee, S. T. Connor, Y. Cui, and P. Peumans, Nano Lett., 2008, 8, 689–92. 

30. R. Zhu, C.-H. Chung, K. C. Cha, W. Yang, Y. B. Zheng, H. Zhou, T.-B. Song, C.-C. Chen, P. 
S. Weiss, G. Li, and Y. Yang, ACS Nano, 2011, 5, 9877–82. 

31. C.-H. Chung, T. Song, B. Bob, and Y. Yang, Adv. Mater., 2012, 24, 5499–5504. 

32. A. Kim, Y. Won, K. Woo, C.-H. Kim, and J. Moon, ACS Nano, 2013, 7, 1081–91. 

33. J. Ajuria, I. Ugarte, W. Cambarau, I. Etxebarria, R. Tena-Zaera, and R. Pacios, Sol. Energy 
Mater. Sol. Cells, 2012, 102, 148–152. 

34. T. Tokuno, M. Nogi, M. Karakawa, J. Jiu, T. T. Nge, Y. Aso, and K. Suganuma, Nano Res., 
2011, 4, 1215–1222. 

35. J.-W. Lim, D.-Y. Cho, S.-I. Na, and H.-K. Kim, Sol. Energy Mater. Sol. Cells, 2012, 107, 348–
354. 

36. S. De, T. Higgins, and P. Lyons, ACS Nano, 2009, 3, 1767–1774. 

37. L. Hu, H. Kim, J. Lee, P. Peumans, and Y. Cui, ACS Nano, 2010, 4, 2955–2963. 

38. E. Garnett, W. Cai, J. Cha, and F. Mahmood, Nat. Mater., 2012, 11, 241–249. 

39. Z. Yu, Q. Zhang, L. Li, Q. Chen, X. Niu, J. Liu, and Q. Pei, Adv. Mater., 2011, 23, 664–8.  

  



88 
 

Chapter 5 

5. Applications of Silver Nanowires in Amorphous Silicon Solar Cells 

 

 

Figure 5.1. Summary of the various properties that are attainable during nanocomposite formation 

through the use of different nanowires and matrix materials. 

 

Nanocomposite electrodes based on silver nanowires, metal oxide nanoparticles, and polymeric 

fillers and binders can be designed to exhibit versatile range of material properties. Figure 5.1 shows 

a summary of some of the properties that we have observed during our work on nanocomposite 

formation, including the various benefits available depending on the choice of nanowire and matrix 

material. One of the most stringent, and also one of the most important, assessments of the 

usefulness of a recently developed technology is its ability to act as a drop-in replacement for 

existing industrial methods. Amorphous silicon photovoltaics are a relatively mature technology that 
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have been under development for several decades to date. The strong dependence of amorphous 

silicon (a-Si) solar cells on not one but two transparent conducting layers make them both an 

interesting and impactful area of study for the application of next generation transparent electrodes. 

 

Figure 5.2. Process Flow for amorphous silicon solar cell fabrication using, (top) standard vacuum 

processing (middle) silver nanowire electrodes with ZnO contact layers, and (bottom) silver 

nanowire composite electrodes without contact layers. The middle case requires the bottom ZnO 

layer to be deposited in such a way that it does not support lateral conductivity between cells. The 

final scribe (P3) occurs after the illustrated process flow, and so is not shown. 

 

5.1. Nanocomposite Deposition onto Amorphous Silicon 

The basic process flow for amorphous silicon solar cell fabrication is shown in Figure 5.2. The 

absorber layer is typically deposited using Plasma-Enhanced Chemical Vapor Deposition (PECVD),1 
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and consists of a p-i-n stack deposited onto the front electrode so that the cell eventually functions 

in a superstrate configuration. The device architecture is actually quite simple, containing only the 

absorber stack and two electrodes, and so can be fabricated fairly quickly. Also shown in Figure 5.2 

are the locations of the three scribing procedures that are necessary for the production of monolithic 

thin film modules.2 These scribing steps are generally conducted using modular laser scribing 

stations, and so require the samples to be removed from vacuum both before and after the 

deposition of the absorber stack.3,4  

 

Figure 5.3. Process flow for the formation of monolithic thin film solar cells through the P1, P2, 

and P3 scribing steps that take place at different points during cell fabrication. The final product is a 

module of arbitrary size, although the width of each cell is generally less than one centimeter in 

order to accommodate the limited sheet resistance of the TCO layer. Images reproduced from 

references [3] and [4]. 

 

Figure 5.3 provides a summary of how the three scribing steps (P1, P2, and P3) ultimately 

produce the final monolithic module configuration. Since the P1 and P2 scribing steps occur 
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between the deposition of the absorber and the two transparent conductors, using electrodes that 

are deposited in the open atmosphere would allow for the easiest possible integration into an in-line 

deposition system. The additional requirement that the rear electrode be deposited at temperatures 

below 200 oC in order to avoid damaging the a-Si junction make silver nanowire electrodes one of 

the few non-vacuum electrodes that may be successfully applied in this system. 

 

Figure 5.4. (left) Traditional amorphous silicon solar cell structure with thick double-sided TCO 

layers. (center and right) replacement of the back side electrode with a much thinner silver 

nanowire composite. Left image reproduced with permission from reference [5]. 

 

The architecture of a completed amorphous silicon solar cell is shown in Figure 5.4. The need 

for significant light scattering in transparent electrode layers deposited via relatively low cost vacuum 

technologies such as Low Pressure Chemical Vapor Deposition (LPCVD) has resulted in the use of 

very thick oxide layers that actually make up the vast majority of the device volume.5 Also shown in 

the figure is an alternative structure that uses a silver nanowire rear electrode to dramatically reduce 

the deposition time of one of the electrodes. The replacement of the front electrode requires a 

transparent conductor that can be deposited on glass, which has been demonstrated numerous times 
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for silver nanowire films and composites. 6–9 The replacement of the rear electrode carries slightly 

more complex deposition requirements, as the amorphous silicon surface is both rougher and more 

hydrophobic than glass.     

 

5.1.1. Nanocomposite Deposition onto Amorphous Silicon Devices 

Two types of nanowires were used during the fabrication of amorphous silicon devices. 

Commercially available nanowires purchased from Blue Nano, Inc. provide the highest aspect ratio 

and therefore the best transmission and sheet resistance values. The cleaning and purification 

procedures used to produce the completed commercial inks are unknown, but the final nanowires 

are rather hydrophobic, and cluster together immediately when suspended in water. This is quite 

different from the properties of as-synthesized nanowires with PVP on their surfaces, and is a likely 

indication of the near-complete removal of the original PVP coating via either intensive washing or a 

ligand exchange procedure. Nanowires synthesized in-house via the double-batched copper chloride 

procedure discussed in Chapter 3 were also tested in order to investigate the effects of chemical 

changes on the nanowire surface. Unlike the commercial wires, we have full control of the 

formulation of home-made nanowire inks, and so can use them to provide a more hydrophilic set of 

materials for transparent electrode fabrication. 

The first device structure tested with an AgNW rear electrode was an amorphous silicon solar 

cell with the basic structure Glass/FTO/p-i-n a-Si/10 nm AZO, similar to the structure shown on 

the right side of Figure 5.4 with a thin conductive oxide layer deposited on top of the a-Si film. The 

purpose of the thin conductive oxide layer is to reduce the likelihood that a silicon oxide layer would 

form on top of the absorber stack that would reduce the contact quality between the silver nanowire 

electrode and the rest of the device. The sheet resistance of the AZO layer was approximately 20 
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kΩ/⧠, so it was responsible only for forming electrical contact and did not play a significant role in 

the actual transport of current along the top surface of the device. 

 

Figure 5.5. (a) Commercial silver nanowires coated onto an AZO-coated amorphous silicon 

substrate, showing extremely poor film uniformity. (b) AgNW/SnO2 nanocomposite synthesized in-

house and deposited onto the same substrate, showing far better lateral uniformity.  

 

Figure 5.5(a) shows the result of spin coating commercial nanowires onto the AZO-coated 

surface of the amorphous silicon absorber. Rather than making a continuous network, the nanowires 

formed large clusters with no measurable conductivity between them. The complete coating failure 

observed in this substrate/nanowire combination demonstrates the importance of ink formulation 

and nanowire surface chemistry in depositing films from solution. Figure 5.5(b) shows a film 

deposited using one of the AgNW/SnO2 mixtures discussed in Chapter 4. The coating is markedly 

improved due to either the more compatible nanowire surface or to the enhanced viscosity of the 

nanocomposite ink that prevents the nanowires from agglomerating while the film dries. The use of 

oxide contact layers to modulate the surface properties of a-Si junctions is thus an option that is 

available to properly formulated nanowire inks, but not to all such materials. 
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5.1.2. Spray Coated Networks 

Spray coating represents a distinctly different deposition method than deposit-and-dry methods 

such as spin, blade, or rod coating.10 The dispersion of an ink into microscale droplets that are often 

able to evaporate either before or as they come in contact with the substrate dramatically reduces the 

ability of deposited materials to agglomerate into the islands on the substrate surface. This allows for 

the deposition of silver nanowires onto a variety of substrates regardless of the specific surface 

properties of the nanowires. Figure 5.6 shows the deposition of Blue Nano nanowires onto AZO-

coated substrates via spray coating, which is able to almost completely avoid the long-range 

clustering problems experienced when spin coating. 

 

Figure 5.6.(a) Commercial silver nanowire network spray-coated onto an AZO-coated amorphous 

silicon substrate. (b,c) Non-ideal nanowire geometries commonly observed in spray coated films. 

 

There are, however, inherent difficulties associated with the spray coating of silver nanowires. 

The lack of solvent present when the nanowires strike the substrate prevents them from relaxing 

together into clusters, but also frequently leaves them in somewhat unusual configurations, such as 
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the circular shape depicted in Figure 5.6(b). The nebulization process that takes place at the nozzle 

tip also causes nanowires to continuously dry and attach to the nozzle and internal tubing of the 

airbrush used for coating. Ultrasonic cleaning of the nozzle and ink reservoir after every deposition 

round is absolutely necessary for the deposition of uniform nanowire films. Failure to do so will 

result in the deposition of increasing numbers of wire clusters similar to that shown in Figure 

5.6(c). The used of spray coating is a convenient way to scale the nanowire coating process to larger 

substrates than are feasible for spin coating or for small blade coating systems. We have been able to 

reliably coat substrates up to 10 cm x 10 cm in size using this method, which could easily be scaled 

higher through the use of automated spray systems. 

 

Figure 5.7. The use of AZO contact layers in a-Si devices with AgNW/SnO2 rear electrodes, 

showing the need for high conductivity intermediate layers when using a relatively low conductivity 

matrix material such as intrinsic SnO2 nanoparticles. 
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5.2. Device Performance and Electrode Parameters 

As the AgNW/SnO2 inks were able to coat both the AZO-coated and bare amorphous silicon 

substrates, we were able to directly test the effects of the oxide surface layer. Figure 5.7 shows the 

device performance of AgNW/SnO2 rear electrode cells with and without a 10 nm AZO contact 

layer. The dramatic difference is evidently due to extremely poor contact between the SnO2 matrix 

material and the n-type a-Si surface. This comparison does a fine job elucidating the benefits of 

using a conductive contact layer to create acceptable device properties, but this unfortunately results 

in the addition of two additional steps in the process flow originally shown in Figure 5.2. As shown 

in the figure, the greatest benefit is obtained when the contact layers are omitted and the silver 

nanowire nanocomposite electrodes are able to contact the amorphous silicon stack directly. 

 

Figure 5.8. J-V characteristics of amorphous silicon devices with a AgNW/ITO-NP rear electrode 

(with no ZnO contact layer) and vacuum-processed AZO/Ag/AZO rear electrode stack. 
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In order to form direct contact with the amorphous silicon layer, we switched using the ITO-

NP matrix material originally developed by our group11 in order to make use of its higher 

conductivity values. We also tested the use of a brief HF etch just prior to contact deposition in 

order to remove any surface oxide that may have formed on the amorphous silicon layer during the 

transport and storage the amorphous silicon absorbers. Figure 5.8 shows the resulting device 

characteristics along with those of an AZO/Ag/AZO vacuum-deposited electrode that serves as a 

representative contact structure for a number of commercial fabrication procedures. The two curves 

agree almost perfectly in the area near the maximum power point, although the silver nanowire 

electrode did produce a slightly effective series resistance in the high voltage regions of the curve. 

This can be a considered a successful demonstration of contact formation between a silver nanowire 

electrode and an amorphous silicon junction, although it did require the use of a relatively high 

conductivity matrix material to make the contact effective. 

 

5.2.1. Consequences of Rear Electrode Properties 

The rear electrode was chosen as a starting point for the integration of silver nanowire 

electrodes into amorphous silicon devices due to the relatively forgiving nature of its required optical 

and electronic properties. The use of a transparent electrode at the rear of the device is a 

counterintuitive design strategy, as light that escapes the back of the device will almost certainly be 

lost, especially with regard to amorphous silicon absorbers that are often intentionally made too thin 

to absorb all light in a single pass. The textured nature of amorphous silicon absorbers, however, 

results in any continuous metal layers that are used as a rear electrodes forming creases, folds, and 

canyons as they follow the topography of the absorber upon which they are deposited. These sharp 

features produce plasmonic absorption in the metal layer, and actually result in a decrease in 

photocurrent in the cell compared to the use of a transparent conductor as a rear electrode.12 
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As the transmission of silver nanowires is easily controllable by varying the nanowire areal 

density used in network fabrication, we have tested the effects of using dense networks of wires as 

the rear electrode during amorphous silicon solar cell fabrication. Most of the photovoltaic 

parameters of the cells remained static while varying the sheet resistance of the silver nanowire rear 

electrode, while the photocurrent exhibited a small but continuous trend. Figure 5.9 shows the 

effects of nanowire concentration on device current, with higher densities of nanowires slowly but 

steadily reducing the collected current. This is actually the opposite trend that we were expecting, as 

more nanowires should reflect and scatter more light back into the absorber layer, which would 

conceivably enhance the amount of carriers generated for collection. Since the reverse appears to be 

true, absorption within the nanowire network appears to be the dominant factor in determining 

device properties. 

 

Figure 5.9. Device output current as a function of silver nanowire rear electrode sheet resistance. 

  

Figure 5.10 shows the measured absorption properties of three AgNW/ITO-NP composite 

electrodes fabricated with a similar range of sheet resistance values as were used in the device 

performance study. The absorption of the composite electrodes rapidly increases at high nanowire 

concentrations, but recovers to fairly low values at sheet resistance values above 6 Ω/⧠. The 

substantial absorption in the infrared that is less dependent on nanowire concentration than is the 
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case at other wavelengths is due to the ITO nanoparticles, which begin to exhibit plasmonic 

absorption at longer wavelengths. Maximizing photocurrent will therefore require avoiding 

excessively high nanowire concentrations, which is good news, as lower nanowire concentrations 

should allow for reductions in nanowire usage and thus in production costs. 

 

Figure 5.10. Absorption measurements of AgNW/ITO-NP composite electrodes on glass 

substrates. The silver nanowire areal density was varied to produce the range of sheet resistance 

values labeled in the figure, while the thickness of the ITO-NP encapsulating layer is expected to 

have remained approximately the same between electrode structures. 

 

5.2.2. Prospects for Front Electrode Implementation 

Although rear electrode fabrication represents a reasonable starting point for the integration of 

nanowire electrodes into amorphous silicon photovoltaics, the true goal would be a device that 

replaces both vacuum-deposited electrodes with silver nanowire composites. The optoelectronic 

requirements of the front electrode are substantially higher than those of the rear electrode, as all 
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light must pass through it before reaching the absorber material. Figure 5.11 shows the transmission 

spectra of silver nanowire networks formed using some of the thinnest commercial nanowires 

available. With transmission values of roughly 90% in the middle of the visible region at a sheet  

 

 

Figure 5.11. Transmission properties of 35 nm diameter commercial nanowires. 

 

resistance value of 10 Ω/⧠, these networks represent performance that is as good or even slightly 

better than the best commercially available oxide-based transparent conductors. 

In addition to optical and electronic properties, the front electrode must be able to withstand 

the deposition of each of the remaining device layers without decomposing or contaminating the 

absorber layer. Typical deposition temperatures for amorphous silicon fall just under 200 oC, which 

is easily withstood by most nanocomposite electrodes in open air. Even at somewhat reduced 

pressure, silver nanowire networks can withstand temperatures of 200 oC without significant 

degradation, as shown in Figure 5.12. The application of such temperatures at pressures of several 

Torr and in the presence of a hydrogen plasma, however, is much less certain. 
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Preliminary device fabrication has been conducted using front electrodes made from bare silver 

nanowires, AgNW/ITO-NP composites, and CVD ZnO layers as a reference. Figure 5.13 shows 

tilted SEM images that show the final structure of each type of device. The bare silver nanowire 

front electrode clearly did not survive the a-Si deposition process, as it had no measurable sheet 

resistance value (i.e. the network continuity had been destroyed), and the morphology of the  

 

Figure 5.12. Electrical performance of silver nanowire networks made using nanowires of different 

diameters at reduced pressure. Minimal change is typically observed in this temperature range. 

 

 

Figure 5.13. Tilted SEM images of completed devices made using (left) Bare AgNW front 

electrodes, (center) AgNW/ITO-NP composite front electrodes, or (right) Vacuum-processed 

ZnO front electrodes. 
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Figure 5.14. Initial J-V characteristics of cells using an AgNW/ITO-NP front electrode and a 

LPCVD ZnO front electrode. The difference in photocurrent is due to the AgNW device not using 

a back reflector to return light through the cell. 

 

subsequent device layers had actually been visibly altered by the presence of the damaged silver 

nanowires underneath.  

The AgNW/ITO-NP layer survived the rest of device fabrication with its network integrity 

intact, and its sheet resistance was relatively unchanged with respect to its original value. However,  

the majority of cells fabricated in this way were largely shorted for reasons that are still not fully 

understood. The diffusion of silver into the absorber stack is certainly a possibility, but wrap-around 

of the top electrode during cell separation or the penetration of silver nanowires through the 

absorber have not been fully ruled out yet. The device characteristics of one of the silver nanowire 

front electrode devices that was not shorted during fabrication is shown in Figure 5.14, along with a 

ZnO reference. Further optimization is clearly required in order to bring the silver nanowire devices 
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anywhere close to the same level of performance as those with oxide front electrodes, but hopefully 

this can at least serve as a demonstration that this type of device structure is possible. 
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Chapter 6 

6. Window Layers and Space Charge Formation in CZTSe Solar Cells 

 

Cu2ZnSnSe4 (CZTSe) thin film solar cells have been a topic of growing research interest during 

the past several years in response to steadily increasing power conversion efficiency values and the 

promise of readily available raw materials in the event of widespread industrial adoption.1 In the 

development of this class of photovoltaic cells, considerable focus has fallen on their relatively high 

VOC-deficits, defined as the difference between the band gap of the absorber material and the open 

circuit voltage of completed devices.2–4 A number of reports with open circuit voltage values that are 

lower than would be expected based on numerical simulations, and also that do not revert to the 

absorber band gap at low temperatures are already available in the relevant literature,5,6 but there is 

still a great deal of uncertainty in determining what creates these effects. The following is a study of 

junction formation and interface properties in CZTSe solar cells that was conducted on-site at the 

National Renewable Energy Laboratory (NREL) as part of a six month subcontract with UCLA.  

 

6.1. Recombination Mechanisms in Thin Film Photovoltaics 

The open circuit voltage of a solar cell can be approximated by rearranging the standard 

current-voltage equation at zero output current in order to obtain the following relation: 
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Both of which are generally true for solar cells under open circuit conditions. The quantity I0 is 

the recombination current, which is a measure of how easily the diode that makes up the core of the 

solar cell begins to pass forward current upon the application of a forward bias. A large 

recombination current will invariably result in a low open circuit voltage, and vice-versa for a small 

recombination current. Figure 6.1 shows several simulated I-V curves of solar cells with different I0 

values, showing the effect of recombination current on the output voltage of the device. 

 

Figure 6.1. Simulated J-V curves of solar cells with varying recombination current (I0) values 

ranging over three orders of magnitude. 

 

The total recombination current I0 is actually a combination of several currents, each of which 

correspond to different recombination mechanisms within the device, and each of which can have 

its own associated ideality factor. This would create a situation that is nearly impossible to resolve if 

not for the fortunate fact that in any given voltage region one recombination mechanism tends to be 

dominant over the others.7 The presence of a single, dominant recombination mechanism allows the 

solar cell equation to make use of a single recombination current and ideality factor, whereas if 

multiple recombination mechanisms are present additional diode terms must be added into the 

current-voltage relationship.8 
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Table 6.1. Material Properties used to simulate CZTSe device performance. This table originally 

appeared in Chapter 1, but has been reproduced here for convenience.[9] 

 

6.1.1. The Case of the Missing Voltage 

The material properties of CZTSe and its junction partners CdS and ZnO have been studied in 

detail over the past several years, and it has become possible to construct models of this type of 

solar cell with what should be a high degree of accuracy using software packages such as SCAPS, 

AFORS, and Sentaurus. Characterization of CZTSe films has produced minority carrier lifetimes on 

the order of 2 ns, a bandgap of approximately .96 eV, and values for the effective mass of electrons 

and holes as well as many other relevant properties. A complete description of the various properties 

used to simulate idealized CZTSe solar cells can be found in a forthcoming manuscript from NREL, 

and are given in Table 6.1,9 which originally appeared in Chapter 1 but is reproduced here for 
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convenience. When the resulting simulations are compared with experimental results, however, there 

is a reproducible discrepancy in open circuit voltage that cannot be easily explained. The voltage 

values predicted by simulation are invariably higher than those observed experimentally, which has 

left researchers in the field with an unexpected problem to resolve. A set of simulations illustrating 

the effect of device lifetime on predicted open circuit voltage are shown in Figure 6.2, with the 

somewhat lower experimental values also provided for comparison.5  

 

Figure 6.2. Simulated open circuit voltage values versus minority carrier lifetime in the absorber 

material using several sets of assumptions regarding the absorber materials properties. 

 

Current-Voltage-Temperature (J-V-T) measurements have also played an important role in 

bringing the attention of the research community to the unusual voltage generation processes that 

take place in CZTSe solar cells. In these measurements, current-voltage curves are acquired at a 

series of temperatures, so that the thermal activation of different device properties can be examined. 

In particular, VOC-T measurements that track the open circuit voltage of the device at varying 
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temperatures can provide a great deal of insight into the mechanisms that govern photovoltaic 

device function. Figure 6.3 shows a plot of open circuit voltage as the measurement temperature is  

 

Figure 6.3. Dependence of open circuit voltage on measurement temperature for CZTSe solar cells 

with (squares) or without (circles) high Zn-content at the surface of the absorber layer. Data 

acquired by Dr. Jian Li at NREL. 

 

reduced from room temperature to lower and lower values. The device failure that takes place near 

the lower end of the curve represents carrier freeze-out, which indicates the temperature at which 

dopants in the absorber material are unable to thermally ionize and produce free carriers.10 CZTSe is 

somewhat unique among solar materials in that its carriers freeze out at higher than usual 

temperatures due to its acceptor defects being located farther from the valence band than is the case 

in most materials.11 

In most solar cells, the open circuit voltage can be traced back to a value close to the band gap 

of the absorber material at temperatures approaching absolute zero, but CZTSe cells almost always 

extrapolate to voltage values well below the measured band gap. Several explanations have been 
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proposed to explain this effect,2,6,12 one of which is that recombination at the CZTSe/CdS interface 

plays a strong role in determining the output voltage of this type of device. 

 

6.2. Bulk, Space Charge, and Interface Recombination 

Recombination Current, and thus voltage generation, in thin film solar cells is generally 

controlled by one of three mechanisms: Bulk, Space Charge, or Interface Recombination. These 

mechanisms have been studied in detail, and follow individual formulations that determine their 

magnitude as a function of various material properties.13 Figure 6.4 shows the band diagram of a 

heterojunction solar cell such as CIGS or CZTSe, each form of recombination labeled at its 

approximate location within the device.  

 

Figure 6.4. Diagram of the primary recombination mechanisms found in heterojunction solar cells. 

(A) Bulk recombination, (B) Space charge recombination, and (C) Interface recombination. The hole 

barrier ϕb
p that plays a role in defining the voltage in devices dominated by interface recombination 

is also shown. Image adapted with permission from reference [13]. 
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6.2.1. Bulk Recombination 

Bulk recombination is perhaps the most fundamental recombination mechanism of the three, 

and is typically taught in undergraduate and graduate semiconductor courses as students are being 

introduced to concepts related to p-n junctions. This type of recombination can be either radiative 

or mediated by defects, but it must take place in the bulk of the absorber and outside the space 

charge region. The relationship that determines open circuit voltage as a function of temperature 

takes on the following form for bulk recombination:13 
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This equation has been formulated for a p-type absorber material in a device where the majority 

of the recombination takes place on the p-type side of the junction, as is the case in CZTSe, CIGS, 

and CdTe solar cells. The derivation of this relation begins directly from Equation 6.1, then plugging 

in the following two relations: 
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This form of I0 is easily recognizable as the p-type term that is present in the recombination 

current of an idealized p-n junction. Equation 6.3 is valid for a solar cell that is dominated by bulk 

recombination, and traces back to match the band gap of the absorber material as the temperature 

goes to zero. The failure of CZTSe devices to follow the expected trend in temperature has caused 

researchers to look for other recombination mechanisms that could be responsible for their 

behavior. 
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6.2.2. Space Charge Recombination 

Space charge recombination encompasses recombination that takes place within the space 

charge regions, and is a somewhat more difficult recombination mechanism to examine 

quantitatively. The expected form of the VOC-T behavior for devices dominated by space charge 

recombination is as follows:13 
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The form of this equation is much more complex than the bulk version because the carrier 

concentration of the material is continuously changing throughout the junction as the bands bend in 

accordance with the shape of the space charge region. The quantity Fm is the magnitude of the 

electric field at the location of maximum recombination within the device. Fortunately, the most 

relevant part of the formula is also the simplest, the low temperature limit of open circuit voltage as 

the temperature goes to zero is still the band gap of the absorber material, making this mechanism 

also an unsuitable explanation for the low temperature behavior of CZTSe devices. 

 

6.2.3. Interface Recombination 

The final form of recombination in heterojunction solar cells occurs at the interface between 

the absorber and the adjacent n-type device layer. The use of multiple materials to form 

heterojunction solar cell architectures, such as those used in CIGS, CZTSe, or CdTe device 

fabrication has a number of advantages, including the penetration of the vast majority of sunlight 

directly onto the space charge region and the extremely low recombination currents that originate 

from wide bandgap window materials such as CdS and ZnO. The disadvantage of using 

heterojunction architectures, however, is that the interface between two materials with different 

lattice structures will inevitably be home to a vast number of structural defects that can mediate large 
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amounts of recombination within a very small section of the device. Interface recombination 

produces voltage behavior that follows a somewhat different form than the recombination 

mechanisms discussed above, which makes it potentially more relevant to this situation:14 
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The hole barrier ϕb
p has replaced the band gap as the energy value that is responsible for 

determining the voltage at low temperatures, which offers a mechanism through which the VOC-T 

behavior of CZTSe devices can be explained. It should be noted that simplifying this formulation to 

the form given in equation 6.6 requires the electron quasi-Fermi level to remain pinned near the 

conduction band in order to make recombination dependent only on hole populations at the 

interface.14 The magnitude of ϕb
p is labeled in Figure 6.4, and is determined by the distance 

between the valence band of the absorber material and the equilibrium Fermi level at the interface 

with the adjacent n-type layer. The ability for interface recombination to produce an open circuit 

voltage that does not trace back to the bandgap at low temperatures makes it one of the leading 

theories for explaining the high VOC deficits commonly observed in CZTSe devices. If the devices 

are truly dominated by interface recombination, the manipulation of ϕb
p through changes in material 

properties and device architecture would allow the direct observation of changes in output voltage.  

  

6.3. Window Layer Modulation, Space Charge, and Device Performance 

If the voltage issues currently afflicting CZTSe devices are a result of excessive interface 

recombination, certain modifications to the device structure should exacerbate them. In particular, 

the presence of significant amounts of space charge in the n-type device layers will reduce the hole 

barrier and ultimately the device voltage. This effect is shown in the simulated band diagrams and 
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J-V curves depicted in Figure 6.5, which makes use of thin and thick CdS layers to modulate the 

distribution of space charge within the device. These simulations were conducted using the SCAPS 

simulation package,15 and make use of a relatively lightly doped CdS layer (1016 electrons/cm3), 

which is an assumption commonly made for buffer layers deposited using chemical bath deposition. 

 

Figure 6.5. Simulated J-V curves and associated band diagrams for devices with CdS layers of 

varying thickness. These simulations make use of a fully depleted CdS layer (carrier concentration is 

set to 1016 cm-3) to draw space charge out of the absorber and into the window layer. The red line in 

the band diagrams is the equilibrium Fermi level, and the green lines are the intrinsic Fermi level of 

each material.  

 

Since the CdS buffer layers are fully depleted in this situation, using a thick buffer with draw 

space charge out of the absorber and into the window materials. This results in a smaller hole 

barrier, as is shown in the figure. The rather severe effects of reducing the hole barrier can be seen 

in the accompanying J-V curves, which show a dramatic decrease in open circuit voltage with 

increasing CdS thickness. The interface recombination velocity has been set to 104 cm/second, 

which is a high but not unreasonable value for heterojunction interfaces.5  
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The eventual appearance of an inflection point in the J-V curve at the highest simulated CdS 

thickness is due to the positive conduction band offset between the CdS and CZTSe layers that 

forms a barrier against electron injection into the CdS buffer. If too much space charge is removed 

from the absorber material, there will not be a sufficient population of electrons at the CZTSe/CdS 

interface to support the thermionic emission of carriers over the barrier and into the CdS layer.  

 

Figure 6.6. Device architecture of a CZTSe solar cell. The TCO and buffer layers consist of a 

CdS/i-ZnO/AZO stack with a Ni/Al grid deposited on top. Adapted with permission from 

reference [18]. 

 

Since the number of carriers passing over the barrier must match the photocurrent being collected 

from the absorber, insufficient thermionic emission will suppress carrier collection and distort the J-

V curve. An extensive literature base exists on this topic, particularly with regard to CIGS solar 

cells,16,17 but for our purposes J-V distortions can be viewed as an indicator of two things: the 

presence and magnitude of a barrier in the conduction band that suppresses electron flow into the 

CdS layer, and the distribution of space charge between the absorber material and the n-type 

window layers. 
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6.3.1 Cell Fabrication 

The basic structure of the CZTSe devices used in this study is shown in Figure 6.6.18 The cells 

follow the architecture of traditional high efficiency CIGS and CZTSe cells, with molybdenum-

coated soda lime glass as the substrate and a CdS/ZnO/AZO window layer with a Ni/Al grid 

defined by shadow mask. The cells were separated using photolithography, with an HCl dip used to 

etch away the n-type layers in regions not masked with photoresist.  The absorber layers were 

deposited using four-source coevaporation, with the precise deposition details provided in an 

existing manuscript.19 Additionally, a thin layer of sodium fluoride was deposited on top of the 

molybdenum layer prior to CZTSe deposition in order to increase the amount of sodium available to 

assist with film growth during absorber deposition. 

One unique aspect of the absorbers used in this study is the presence of a zinc rich layer near 

the surface that is intentionally introduced at the end of the deposition process. This layer is typically 

referred to as a Zn-cap, and its presence is vital in producing devices with acceptable open circuit 

voltage values. Devices that include a Zn-cap typically show VOC values in the range of 350 to 375 

meV, while devices that do not contain a Zn-cap can have voltage values as low as 180 to 220 meV. 

We are only now beginning to understand the function of this layer, and its various effects on device 

performance will be discussed in a forthcoming publication.20 

 

6.3.2 CdS Layer Thickness 

Cells with differing CdS layer thickness were fabricated in order to examine the resulting effects 

on cell performance. CdS buffers of varying thickness were deposited by varying the duration of the 

chemical bath used to deposit them from 9 minutes and 15 seconds in the thinnest sample to 12 
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minutes and 30 seconds in the thickest sample, producing final layer thicknesses of roughly 25, 40, 

55, and 70 nanometers. 

 

 

Figure 6.7. Conductivity and nominal carrier concentration of a CdS film upon exposure to 

AM1.5G illumination. After sufficient illumination time, the film reaches an approximate carrier 

density of roughly 1018 cm-3, indicating that it is not fully depleted during device operation. Data 

acquired by Dr. Jian Li at NREL. 

 

An additional concern when using the CdS layer to control space charge distribution within the 

device is photoconductivity in the CdS. The extraction of space charge from the absorber relies on 

the CdS layer being fully depleted, which in turn requires it to have a relatively low carrier 

concentration. This is true for most as-deposited CdS films, but strong photoconductivity would 

produce noticeable changes in film properties, and so must be examined ahead of time. Figure 6.7 

shows the photoconductive properties of a CdS film deposited on glass, which show that upon 



117 
 

exposure to AM1.5 simulated light the CdS layer can accumulate a large carrier concentration, much 

larger than the 1016 cm-3 that created left the buffer layer fully depleted. In order to avoid 

photoconductive effects in the CdS layer during device measurement, a 630 nm long pass filter was 

used to obtain red light measurements just before each white light measurement. This would allow 

for the device parameters to be extracted while the CdS still had a very low carrier concentration, 

which can then be compared to the white light results. 

 

Figure 6.8. J-V curves of CZTSe cells with (a) thin and (b) thick CdS layers. (c) Trend in the fill 

factor distortion between red and white light measurements, with high numbers indicating strong 

red-kink behavior. 

Red and white light J-V results for devices with thick and thin CdS layer thicknesses are shown 

in Figure 6.8, along with the trend in fill factor distortion with increasing buffer thickness. In this 

case, the fill factor distortion is measured by simply subtracting the red light fill factor from its white 
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light counterpart, and it shows a clear trend with increasing CdS thickness. Strangely, the observed 

trend is the opposite of what is expected, and what has been observed in the literature.17 Thicker 

CdS layers have always been known to draw space charge out of the absorber and increase the 

severity of red light J-V distortions, which makes this situation somewhat unique among red light J-

V studies. 

There are few explanations available that can account for this unusual red light behavior. One 

of the few possibilities that fit this situation is that it is not the CdS thickness but the exposure to 

cadmium ions that is creating this change in red light J-V characteristics. The longer CdS baths that 

are required to produce thick CdS films would then produce stronger changes in the absorber, and 

eventually produce a trend that reverses the original expectations. A study of cadmium partial 

electrolyte treatments was conducted to examine this possibility.   

 

6.3.3. Cadmium Partial Electrolyte Treatments 

A “partial electrolyte” bath is a name given to a chemical bath deposition process that is 

conducted with only one member present of the final species that is to be deposited. In the case of a 

CdS bath, partial electrolyte treatments generally involve using only the cadmium salt that serves as 

the cadmium source in the reaction. The complexing agent ammonium hydroxide is included as well 

in order to clean the sample surface and provide chemical conditions that are as close to the actual 

reaction as possible (only without the sulfur source, thiourea). 

Devices with 25 nm CdS layers were used in this part of the study, which were then subjected 

to cadmium ion treatments timed to match the durations of each thicker CdS layer. For example, the 

longest duration sample was soaked for 3 minutes and 15 seconds in order to match the total time 

spent in the thickest CdS bath. The red and white light J-V characteristics of devices fabricated with 

and without an extra cadmium soaking step are shown in Figure 6.9, with the red light distortion 
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almost completely removed after only a few minutes extra soak time in a cadmium solution. This is a 

clear indicator that exposure to cadmium is far more important than the thickness of the CdS layer 

in determining the degree of red light distortion present in the J-V characteristics of this type of cell. 

 

Figure 6.9. Red light J-V characteristics of devices with a 25 nm CdS layer with and without a 3 

minute 15 second cadmium partial electrolyte treatment. 

 

6.4. Implications for CZTSe Devices 

In order to gain a more complete picture of the internal workings of these devices, absorbers 

without a Zn-cap were fabricated and measured using red and white light. The J-V results of no-cap 

devices with differing CdS layer thickness are shown in Figure 6.10, which exhibit only minor 

distortions in fill factor under red light. The near-complete lack of a kinking effect in the no-cap 

samples is an indication that a barrier is present in the conduction band of devices with a Zn-cap, 

while the no-cap samples have no such barrier. Exposure to cadmium ions in solution is apparently 

able to circumvent this barrier, although the exact mechanism through which this occurs is not 

completely clear at present. Additionally, there was little to no change in output voltage in any of the 
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devices tested, regardless of CdS buffer layer thickness of Cd soaking time. Figure 6.11 shows the 

VOC values of both standard and no-cap devices under the various treatment conditions. The 

following is a discussion of the various phenomena that might explain the observed data. 

 

 

Figure 6.10. Red and white light J-V curves for samples without a Zn-rich capping layer, illustrating 

the lack of red-kink behavior exhibited by this type of absorber. 

 

Figure 6.11. VOC values vs CdS thickness of samples with a Zn-rich capping layer. The lack of a 

concerted trend in voltage generation in these devices serves as an indicator that traditional interface 

recombination is not dominant in these devices. 
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Figure 6.12. Band diagrams of CZTSe devices with (left) thin and (right) thick CdS layers along 

with a heavily doped n-type surface layer that has been induced at the top of the absorber through 

the Cd-soaking process. In this scenario, the thickness of the CdS layer has minimal effect on the 

amount of space charge contained within the absorber layer. The red line in each figure is the 

equilibrium Fermi level, and the green line is the intrinsic Fermi level in each material. 

 

6.4.1. Surface Doping, Electron Barriers, and Interface Recombination 

In order to explain both the red kink behavior and the static voltage voltages, one of two 

scenarios are required. The first is that cadmium diffusion into the absorber material creates a 

heavily doped n-type layer near the surface that completely excludes the CdS layer from the space 

charge region. This would explain the strong dependence of the red kink behavior on and cadmium 

soaking time as well as the negligible effect that changes in CdS thickness have on device properties. 

Figure 6.12 shows the band diagrams that might result from this situation, with most of the 

rectification properties determined by the absorber and surface layer, and the various window 

materials playing only a minor role, perhaps protecting the device from sputter damage or improving 
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electrical contact with the electrode layers. There is actually some evidence for this scenario that has 

been obtained by XPS and similar measurements that indicate the CZTSe layer to be at least partially 

inverted at its surface, especially after soaking in a cadmium solution. 

 

 

Figure 6.13. Band diagrams representing the removal of a barrier in the conduction band upon 

extended exposure to Cd-ions during CdS deposition. This model contains a slightly wider bandgap 

surface layer to the CZTSe absorber (the Zn-rich surface layer), that blocks electron transport in the 

conduction band. This barrier would be located between the dashed lines in the figures, and would 

be lowered upon exposure to Cd ions during thick CdS layer deposition. The red line in each figure 

is the equilibrium Fermi level, and the green line is the intrinsic Fermi level in each material. 

 

The other possibility is dominated by the barrier that appears to be present in the conducting 

band due to the Zn-cap. If soaking in a cadmium solution was able to reduce the barrier height 

through the replacement of zinc with cadmium in the capping layer, it would explain the strong 

dependence of red kink behavior on Cd soaking time rather than CdS layer thickness. Figure 6.13 
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shows the band diagrams that would result from this scenario for thick and thick CdS layers. In 

order to explain the lack of change in output voltage on CdS layer thickness, this situation would 

require that CZTSe devices not be controlled by interface recombination, which would otherwise 

respond to the removal of space charge from the absorber layer. This would be a useful outcome 

should it become possible to prove this situation true. 

 

6.5. Conclusions and Future Work 

At the present stage of this investigation, we are able to say two things with certainty. First, 

there is a significant barrier in the conduction band in CZTSe devices that are fabricated with a Zn-

rich surface layer that can impede electron injection into the n-type layers if the space charge region 

is shifted far enough out of the absorber material. Second, soaking the absorbers in a cadmium 

solution, either during CdS deposition or a partial electrolyte treatment, dramatically reduces the 

effect that this barrier has on device performance. Whether it achieves this effect by doping the 

CZTSe surface or by chemically modifying the Zn-rich layer to lower the effective position of its 

conduction band is a topic for continued study.  

Differentiating between whether the electronic behavior of CZTSe solar cells are determined by 

the presence of a surface doping layer or by the removal of a barrier in the conduction band would 

be a useful piece of information for the community of researchers that work on these and related 

devices. A comprehensive capacitance analysis of the p-n junctions that make up the core of these 

devices would most likely be able to discern whether the CdS layer remains as part of the space 

charge region or whether it is being excluded. Examining changes in the width of the space charge 

region as well as its built-in potential should give an idea of whether or not a heavily doped surface 

layer is being formed upon exposure to cadmium.  
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Chapter 7 

7. Conclusions and Outlook 

 

Next generation materials for solar cell fabrication have the capacity to either dramatically 

improve the rate of penetration of photovoltaics into the energy market, or to divert attention from 

more mainstream material systems such as sputtered oxide transparent conductors and silicon 

devices. It would be negligent of the research community to leave materials such as silver nanowire 

electrodes and thin film solar cells completely untested, but caution should be exercised to keep such 

investigations from continuing well past their usefulness.  

At present, silver nanowire electrodes show remarkable transmission and sheet resistance 

values, easily matching and sometimes surpassing conventional oxide TCOs in performance. They 

can be deposited in a variety of methods that induce little damage in underlying device layers due to 

either processing temperatures or chemical damage, and can be incorporated into a versatile array of 

nanocomposite structures that maintain excellent electrode performance while improving coating 

properties, contact formation, and film adhesion. The flexible and stretchable nature of many silver 

nanowire electrodes also makes them applicable in numerous next generation device structures as 

the goal of producing useful wearable electronics draws ever closer.  

The single greatest issue confronting silver nanowire electrodes is their eventual susceptibility to 

degradation due to atmospheric exposure or continued electrical and mechanical damage. Future 

development of nanowire electrodes should be heavily weighted in this direction in order to ensure 

their usefulness in devices with lifetimes on the order of a decade instead of a few weeks. 

Thin film solar cells have their own array of advantages and disadvantages separating them 

from conventional devices. The wide availability of raw materials for CZTSe cell fabrication has 

attracted a substantial amount of research attention, but if the problems that presently appear to be 
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related to junction formation and defective surface layers turn out to be fundamental to the CZTSe 

system, it may never reach the level of usefulness required for industrial adoption. Amorphous 

silicon solar cells are at present being largely retired from the photovoltaic market due to an inability 

to achieve high efficiency values that is inexorably linked to the large amounts of disorder that is 

present in the amorphous silicon lattice structure. Although a polycrystalline material, CZTSe is 

capable of forming a large number of defect complexes due to its many cation species, and is 

sometimes surmised to be partially disordered between the Kesterite and Stannite phases.  

The next handful of years will likely be an important time in the development of CZTSe 

devices, during which it will be determined whether or not the various material difficulties associated 

with CZTSe film and junction fabrication can be resolved to a sufficient degree for high efficiency 

device fabrication. Such a conclusion will undoubtedly take time, but will be worth paying attention 

to as it will likely serve as an example for the development of future material systems with non-ideal 

structural properties that hope to find a role in photovoltaic device development. 

 

 




